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Abstract The problem of reconfiguration appears also for the transfer lines that are
designed for mass production of a single product. When a new product should be
produced at an existing transfer line, it is necessary to reconfigure it. This is costly, thus
the reconfiguration process should be optimized. This chapter presents a multi-
objective mathematical model for such a problem and develops a goal programming
approach to solve it. The results of computational experiments are reported.
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1 Introduction

Global competition causes fluctuations in product demand and requires more frequent
modifications of product characteristics. As a consequence, the production systems
have to be timely adapted to new products and production requirements. The
manufacturing systems used for mass production as transfer lines are usually not
designed to be reconfigured (Guschinskaya and Dolgui, 2009). Because of their rigid
architecture, the reconfiguration of such systems is costly and a source of new
investments and presents an important issue for manufacturers. However, this option
may remain more interesting in terms of time and budget comparing to the installation
of new lines. In the automotive industry, for example, in the Groupe PSA, each transfer
line is reconfigured at least once every 7 years. In August of each year, the transfer lines
which need reconfiguration are stopped and reconfigured. However, few studies in the
literature dealt with the reconfiguration of transfer lines (Makssoud et al., 2015).
Moreover, the majority of existing work was devoted to the case of manual assembly
in which the use of flexible human resources makes the reconfiguration feasible in
relatively short time. Unfortunately, this is not the case for the automated transfer lines
where the involvement of the equipment manufacturer is usually required in order to
replace the obsolete machining modules with new ones adapted to new product



characteristics or production requirements. Obviously, the whole line has to be stopped
during the reconfiguration period. For these reasons, the manufacturers are looking for
reducing the reconfiguration cost and time.

The reconfiguration of automated transfer lines consists of the following: a
reconfiguration team of the original equipment manufacturer has to decide which
equipment can be reused in the reconfigured line and what new equipment has to be
installed in order to meet new product and production requirements. The compatibility
constraints between new and old equipment have to be taken into account.

This chapter presents a multi-objective mathematical model for such reconfiguration
problems and develops goal programming techniques to solve them.

2 Design and optimization of transfer lines

Transfer lines are usually used and designed for mass production of a single product
(Dolgui and Proth, 2006). They consist of a number of linearly ordered workstations
linked by an automated material handling device. The products are released at the
beginning of the line with a constant frequency imposed by the objective cycle time.
All stations work in parallel on the products that move from a workstation to another
in a paced way.

Each workstation is equipped with several spindle heads that are activated
sequentially. An example of workstation equipment is presented in Fig. 1. A spindle
head is used for performing a set of operations in parallel, since it may carry multiple
tools activated simultaneously by the force of a common engine. A set of operations
executed by a spindle head is referred to as a block.

i\

Figure 1. Multi-spindle equipment (PCI SCEMM, Groupe PSA)

Fig. 2 presents an example of a transfer line for performing 16 operations that consists
of 3 workstations and 6 blocks. Here, when the part is loaded on workstation 1, first,
operations 1 and 3 are performed simultaneously (block 1), then operation 2 is executed
on the part. After the time interval equal to the line cycle time, the part is moved to



workstation 2 where two blocks of operations are executed sequentially. We consider
here that the time needed to process a block is equal to the time of the longest operation
included in it. The workstation time is the sum of processing times of its blocks and the
line cycle time is the maximum of workstation times.
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Figure 2. An example of task assignment in a transfer line

When a new line is designed, the three following cases are usually considered (Battaia
etal., 2014):

1. There exist several types of equipment and task processing time as well as cost (if
considered) for each task depends on which piece of equipment it is executed with.
The pieces of each equipment type are available in unlimited quantity (Bukchin and
Tzur, 2000; Gadidov and Wilhelm, 2000; Kimms, 2000; Pekin and Azizoglu, 2008;
Essafi et al., 2010; Li et al., 2011; Ozdemir and Ayag, 2011; Yoosefelahi et al.,
2012).

2. The set of available equipment is limited and different constraints between
equipment exist and have to be taken into account (Belmokhtar et al., 2006;
Delorme et al., 2012). In this case, if one of these unique resources is allocated to a
workstation, then it becomes unavailable for other workstations.

3. The compatibility between tasks is modelled by means of exclusion and inclusion
constraints which indicate if some tasks can be executed with the same equipment
or not. The equipment to be used in the line is designed (created) on the basis of the
obtained task assignment (Dolgui et al., 2006ab; Guschinskaya et al., 2008; Dolgui
et al., 2009; Guschinskaya et al., 2009; Guschinskaya et al., 2011; Battaia et al.,
2012ab; Osman and Baki, 2014).

The problem considered here is a mixture of the two latter cases. On the one hand,
the available equipment can be reused for proceeding some existing or new operations,
on the another hand, new equipment should be designed for the operations that cannot
be performed with available resources. While grouping the operations into blocks and
assigning them to the workstations, the following technological constraints have to be
taken into consideration:

- Precedence constraints are usually expressed with a digraph G = (N, D) where N is
the set of all operations to be assigned and (i, j) € D means that operation j cannot
be started before the end of operation 7, but operations i and j can be performed in
the same block if no block exclusion constraint forbids it.



- Block exclusion constraints contain the groups of operations that cannot be grouped
to the same block. These constraints are represented by family £B of subsets from
N such that each subset e € EB cannot belong to the same block.

- Workstation exclusion constraints contain the groups of operations that cannot be
assigned to the same workstation. These constraints are represented by family ES
of subsets from N such that each subset e € ES cannot be assigned to the same
workstation.

- Inclusion constraints force the assignment of certain operations to the same
workstation. These constraints are represented by family IS which is a family of
subsets from N such that all operations of the same subset e € IS must be assigned
to the same workstation.

For example, for the line presented in Fig. 2, the following constraints may exist:
« ES={{2,5}, {2,9}, {2,13}, {3.4}, {3,5}, {3,9}, {3,13}};

* EB = {{1,2}, {2,3}, {6,7}, {7,8}, {10,11}, {11,12}, {13,14}, {14,15}, {8, 16} };
o IS={{7,11}}.

The precedence constraints are given in Figure 3.

More details on such constraints as well as on pre-processing treatments on them
can be found in (Battaia and Dolgui, 2012) and (Battaia et al., 2013).

The design objective is often to minimize the total line cost (Battaia et al., 2012ab),
however, other performance criteria can be also considered, for example the robustness
of the obtained solution (Gurevsky et al., 2012; Gurevsky et al., 2013a; Gurevsky et
al., 2013b; Rossi et al., 2016; Sotskov et al., 2019).

Figure 3. Precedence graph for the example given in Fig. 2

In contrast, the reconfiguration problem is characterized by a different objective
which is to minimize the cost incurred by the modifications of the line. This cost can
be reduced by reusing the existing equipment as much as possible. In the general case,
the workstations and spindle heads (used for performing blocks of operations) can be
reused under the following constraints:

* Operations can be deleted and new operations can be added to an existing spindle
head (block) if all compatibility constraints among machining operations are respected.

+ Existing spindle heads can be removed from their initial workstation and
installed at any workstation of the line.



For instance, in the line given in Fig. 2, if operations {9, 10, 11, 12} become
obsolete and new operations {17, 18, 19, 20} are required with the new precedence
constraints given in Fig. 4 and the following technological constraints:

« ES={{2,5}, {2,17}, {3.4}, {3,5}, {3,13}, {3,17} };

« EB={{1,2}, {2,3}, {6, 7}, {7, 8}, {13, 14}, {13, 18}, {13, 19}, {14,15}, {14,
17}, {14, 18}, {14, 19}, {15, 16}, {15, 17}, {15, 18}, {15, 19}, {17, 18}, {18, 19},
{19,20}};

« IS=0.

Figure 4. New precedence graph

Then the transfer line given in Fig. 2 can be reconfigured as shown in Fig. 5.
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Figure 5. Transfer line after reconfiguration

As it can be seen, 3 workstations and 6 blocks have been reused and a new
workstation and 2 new blocks were installed in order to satisfy the new production
requirements.

For example, Altemeier et al. (2010) considered an assembly line reconfiguration
problem in the context of a make-to-order production process with a huge product
variety. The goal was to minimize production costs by reassigning tasks between
workstations. Corominas et al. (2008) addressed a rebalancing problem at a
motorcycle-assembly plant. The rebalancing problem was to reassign tasks among
permanent and temporary workers while minimizing the number of temporary workers
required. Gamberini et al. (2006; 2009) dealt with the rebalancing problems in single-
model manual assembly lines, where workers should be retrained to perform new tasks.
They used two separate objective functions concerning expected completion costs and
the degree of similarity between initial and new task assignments.

As it can be noted, the rebalancing problem for an assembly line mostly concerns
the reassignment of tasks to workers without taking into account the reconfiguration of



the equipment used. However, in highly automated lines, as the transfer lines
considered in this paper, the reconfiguration problem is focused on the readjustment of
the equipment. To reduce the investment costs, the users aim to reuse the available
equipment as much as possible. The existence of compatibility constraints between new
operations to be performed and existing facilities makes the reconfiguration problem
hard and combinatorial for the decision makers. At the same time, the models and
methods proposed for the initial design of such systems cannot be applied directly for
the reconfiguration problem, since they do not take into account the possible reuse of
the existing equipment.

Therefore, the decision makers need new efficient solution methods for the
reconfiguration problem. It can be noted that this problem is a generalization of simple
assembly line balancing problem (SALBP) (Dolgui and Proth, 2010). As for SALBP,
the goal is to assign operations from a given set to a number of workstations under
precedence and cycle time constraints. However, additional constraints have to be taken
into account and different objectives have to be considered. A first Mixed Integer
Program (MIP) for the reconfiguration problem of transfer lines was proposed in
(Makssoud et al., 2014). However, this model is based on the assumption that the
benefit of the reutilisation of an equipment can be assessed. Since it is not always
possible in practice, the model presented in this chapter does not need this information.

For this new combinatorial optimisation problem, this chapter formulates a
mathematical model and proposes a goal programming approach to solve it.

3  Goal programming

Goal programming (GP) is a technique often used in multi-objective optimisation to
simultaneously satisfy a number of design goals. The concept of GP is to introduce
extra auxiliary variables called deviations which represent the distance between the
target values of goals and the realized results. Two kinds of deviations are considered,
under-achievement of the goal as represented by negative deviation (d-) and over-
achievement of the goal as represented by positive deviation (d+) (Kim and Emery,
2000). Each goal is expressed as a linear equation with deviations.

GP model consists of two sets of constraints, system constraints and goal constraints.
System constraints are formulated following the concept of linear programming, whilst
goal constraints determine the deviations from target values.

In the literature, the goal programming has been already successfully applied to the line
balancing problems mostly in the assembly environment.

First, a zero-one goal programming model for the assembly line balancing problem was
developed by Deckro and Rangachari (1990). It considered varying operational
requirements, such as zoning, sequencing, idle time, cycle time and costs. Gokcen and
Erel (1997) extended this model by taking into account the assembly of several product
models in the same line (mixed-model assembly line).

A goal programming model for the simple U-line balancing problem with multiple
objectives was presented in (Gokcen and Agpak, 2006). It was used for simultaneously
optimizing such conflicting goals as the number of workstations, the sum of processing
times of operations which are assigned to any workstation and the total number of
operations which are assigned to each workstation. The same model but for the case
where the goal values are imprecise, vague, or uncertain was treated by Toklu and
Ozcan (2008) by a fuzzy goal programming approach. This problem has also been
considered by Kara ef al. (2009) but with different fuzzy goals, namely the number of



workstations and the cycle time. Agpak and Gokcen (2007) used the goal programming
techniques for the stochastic straight and U-type line balancing problem in order to
equalize the workloads between workstations with respect to variances and/or mean
times. Ozcan et al. (2009) developed a pre-emptive goal programming model for
precise goals and a fuzzy goal programming model for two-sided assembly line
balancing problem. The number of mated-stations (pairs of two directly facing stations),
cycle time and the number of operations assigned per station were considered as goals.

Choi (2009) used the goal programming approach for balancing assembly lines in terms
of processing time and physical workload assigned to each worker.

Kara et al. (2010) proposed two goal programming approaches to balance parallel
assembly lines with precise and fuzzy goals. Three conflicting goals, namely number
of workstations, cycle time, and number of operations assigned to a workstation were
optimised in crisp and fuzzy environments. Kara et al. (2011) developed two pre-
emptive goal programming models, one with precise and the other with fuzzy goals to
balance mixed-model assembly lines for model mixes having precedence conflicts and
duplicable common operations. Minimizing the number of workstations, the cycle time
and the total cost required to duplicate common operations were used as goals.

The conducted studies showed that the goal programming approaches provide
flexibility for decision makers to balance assembly lines based on their decision
environments and preferred priorities. To the best of our knowledge, this approach has
not been applied yet for transfer line balancing or reconfiguration problems.

4 Problem statement
4.1 Definitions

The notations used in this section are summarized as follows:

* Indices

k Index of a workstation, k= 1,...,m

q Index of a block in the new line

q0 Maximal possible value of g

no Maximal number of blocks per workstation

mo Maximal authorized number of workstations

/ Index of a block in the initial line

lo Maximal possible value of /

» Sets

N Set of the operations that are needed for machining the new part
N’ Set of “old” operations that remain for the new part

PredD(j) Set of direct predecessors of j € N

B(k) Set of block indices for workstation k&

o)) Set of block indices q where operation j can be assigned

K () Set of workstation indices k where operation j can be assigned



e Set of operations to represent an element of IS, ES or EB

N Set of operations assigned to block / in the initial solution

e Times

7 Processing time for operation jEN

To Maximal line cycle time (defines the line throughput)

' Auxiliary time needed for processing a block (activation of a spindle head)

Auxiliary time needed for loading/unloading the part on a workstation

e Decision variables

Xiq = 1, if operation i is assigned to block ¢ in the new line configuration, and 0,
otherwise.

By, = 1, if an existing bloc 1 is assigned to bloc q in the new line configuration,
and 0, otherwise.

Y, Auxiliary variable that indicates if block g exists in the new line configuration.

Zy Auxiliary variable that indicates if workstation k exists in the new line
configuration.

F, Auxiliary real variable used for calculating block processing time, F,€ [0, To

- TS], q= 1,2,..., qo

4.2 Basic constraints

Each operation must be assigned to exactly one block from Q(j):
YgeonXjg =1 JEN; M

Precedence constraints:
Yaeow 4 Xiqr = Yqea( AXjq; i € PredD(j); j € N; @)

Inclusion constraints:

X, = Z qu;i,jee;eelS;keK(i); 3)
q<Q()NB(k) q<Q(j)HNB(k)
Block exclusion constraints:
DX, <l|e| - LeeEB;qe()Q0):; “)

Jjee Jjee

Workstation exclusion constraints:

> > X, <|e -1 ecES;ke(\K(); 5)

Jjee B(k)NQ()) Jee



Block working time is greater or equal to the processing times of the operations

assigned to it (taking into account 7°):

b . .
F 2 (t,+7)X,,jeN,qe00); ©)

Workstation working time has to respect the cycle time constraint:

S F,<Ty—1" k=12, ..., my; )
geB(k)

A block g is created, if at least one operation is assigned to it:

Y,2X,,jeN,qe0(j); ®

A workstation £ is created if at least one block is assigned to it:

Z,2Y, k=12,...my,q=(k—1)n, +1; )

A block ¢ can be created at workstation £ if and only if block ¢ - 1 exists already for
this workstation:

Yy — Y, > 0;q € BN~ Do+ 11 k=1,2, ..., mq; (10)

A workstation k can be created if and only if workstation & -1 has been created:
Z — Zk> 05 k=2, 3,..., mo; (11

4.3 Reconfiguration constraints
An old block may be reused at maximum once:

S0 By <L =12l "

A new bloc may reuse an old bloc at maximum once:

2B <L q=12,..,q0 (13)

At least one old operation of block / has to be assigned to new block ¢ to justify the
reuse of block / once:

ZiGNlXiq < qu; q= 1,2, ., q0; l = 1,2, ...,lo: (14)

4.4 Goal constraints

The aim of this study is to find an optimal solution that maximizes the reuse of the
equipment from the initial line. We have two goals to achieve, the first is to obtain the
same number of machines as in the initial line and the second is to reuse all blocks
existing in the initial line.



> Z,—m —d +d; =0; (15)

k=1

30:1 Y, - Zii1 311 Bjg + d3 —d; =0; (16)

where (di, di)and (d5, dJ) are the negative and positive deviations of goals 1 and 2,
respectively.

4.5 Objective function

The objective function for the reconfiguration problem of the transfer lines aims to
minimize the changes in the initial line, i.e. the objective is to reuse all machines and
all spindle heads. This objective is formulated as follows:

Minimize (wi (dy, di)+w: (d3, dI)); 17)

where wi, ws are the weights of goals 1 and 2, respectively, wi + w, = 1.

In the next section, model (1) - (17) is evaluated in a numerical experiment.

5 Experimental results

To analyse the performance of the proposed model, a set of 41 problem instances
inspired from real life industrial problems was solved by using ILOG 280 CPLEX 12.4
on PC Intel(R), 2.20 GHZ, with 8 Go RAM.

For all test instances, the number of operations |N | was equal to 30, the values of m
and no were fixed to 10 and 4, respectively. The desired line cycle time 7y = 100 seconds.

Table 1. Results of tests for the proposed goal programming model

wl w2 +#Sts +#Blocks #Breused Total blocks Total time
0.1 0.9 17 14 154 168 3593.32
0.2 0.8 16 18 151 169 4559.06
0.3 0.7 16 16 150 166 3685.89
0.4 0.6 16 14 152 166 3029.06
0.5 0.5 14 19 152 174 2539.07
0.6 0.4 10 20 153 173 1499.65
0.7 0.3 9 14 152 166 1959.70
0.8 0.2 10 14 152 166 1632.85
0.9 0.1 10 21 151 172 1155.38

The overall results for 41 test examples with different weights w; and w2 used for goals
1 and 2 are reported in Table 1.

In this table, column “+#Sts” represents the total number of extra workstations in
comparison to the initial lines. Since all stations and spindle heads are modular, the
reuse of a workstation is not restricted by the assignment of blocks, as a consequence,
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all workstations were reused in all reconfigurations. Columns “+#Blocks” and
“#Breused” report respectively the total number of extra blocks and the number of old
blocks that were reused in the new lines, for all 41 examples. Finally, columns “Total
blocks” and “Time” present the total number of blocks for the old and new lines and
the solution time (in seconds). Note that the “Total blocks” can be greater than the sum
of “+#Blocks” and “#Breused”, in this case, the new lines use less blocks than the old
lines.

As expected, the choice of w; and w, is important for the evaluation of solutions. Since
the workstations have less restrictions to be reused, lower values of w; lead to the
growing number of extra workstations, but lower values of w» do not necessarily lead
to the growing number of extra blocks.

The obtained results show that for the reconfiguration of the transfer line considered in
this example with the hypotheses on the reusability of the equipment presented in this
chapter, the best values of goal weights are: w; =0.7 and w» =0.3. It also can be noted
that the problems with greater values of w; were generally solved faster.

Table 2 presents the detailed results of optimization for all 41 test examples for w; =0.7
and w, =0.3. In the table, #Sts is the number of station in the reconfigured line, #Blocks
is the number of blocks in the reconfigured line, %Blocks is the percentage of old
blocks that were reused in the reconfigured line.

Table 2. Results of tests for 41 examples with w1l =0.7 and w2 =0.3
Ex #Sts  +HSts #Blocks  #Breused +#Blocks %Blocks  Calculation time

1 3 1 4 4 0 100 13.29
2 3 0 4 3 1 100 122.88
3 4 0 5 4 1 100 201.1
4 3 0 4 3 1 100 34.52
5 4 1 4 4 0 100 34.35
6 3 0 3 3 0 100 3.24

7 4 1 5 4 1 100 85.59
8 4 1 4 4 0 100 97.14
9 4 1 5 5 0 100 155

10 3 0 4 4 0 100 56.25
11 3 1 5 5 0 100 173.77
12 4 1 4 4 0 100 36.84
13 3 0 4 4 0 100 23.41
14 3 1 4 4 0 100 16.06
15 4 0 5 4 1 100 561.58
16 3 0 4 4 0 100 4.47
17 3 0 4 3 1 100 66.61
18 3 0 4 4 0 100 34.16
19 3 0 4 4 0 100 2.48
20 4 0 4 4 0 100 4.43
21 3 1 5 3 2 75 508.28
22 3 1 3 3 0 75 22.3
23 3 1 4 4 0 100 44.39

11



24 4 0 4 4 0 100 5.44
25 3 0 3 3 0 100 64.91
26 3 0 4 3 1 100 87.56
27 3 0 3 3 0 100 8.98
28 4 0 4 4 0 100 49.28
29 4 1 5 5 0 100 81.82
30 3 0 4 3 1 100 145.98
31 3 0 4 4 0 100 5.39
32 3 1 4 4 0 100 16.63
33 3 0 5 3 2 100 221.95
34 4 1 4 4 0 100 394.24
35 3 1 3 3 0 75 17.47
36 3 0 4 3 1 100 76.33
37 3 0 4 3 0 75 33

38 3 0 4 4 1 100 16.41
39 3 0 4 4 0 100 7.39
40 4 1 3 2 1 50 142.44
41 3 0 4 3 1 100 39.23

6 Conclusion

In this chapter, a goal programming model for the transfer line reconfigurations has
been proposed. This problem arises when major changes affecting the characteristics
of the production process occur. In such a situation, the line has to be reconfigured in
order to meet the new production requirements minimizing the changes made in the
line and reusing the existing equipment as much as possible.

The following hypotheses on the reusability of the equipment were assumed:

e operations can be removed and new operations can be added to an existing spindle
head (block) if all compatibility constraints among machining operations are
respected;

o all stations and spindle heads were considered as modular; thus, existing spindle
heads could be removed from their initial workstation and installed at any
workstation of the line.

The numerical experiment carried out for the evaluation of the goal programming
approach showed that the obtained results strongly depend on the weights used in the
model. The weights were attributed to the considered goals which were to reuse all
workstations (goal 1) and all spindle heads (goal 2).

Future work may consider the integration in the proposed model of new constraints or
goals in link with the environmental impact of the line reconfiguration, such as
recycling of the obsolete equipment or evaluation of energy consumption of the
reconfigured line, etc.

The approach and techniques proposed in this chapter can be used for a large spectrum
of reconfigurable manufacturing systems.
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Another way for further research is to search for new techniques how design
manufacturing systems which are able to produce different products from a given
family without a costly and time consuming reconfigurations, see for example, recent
publications (Battaia er al., 2014ab, 2015, 2017ab; Kovalev et al., 2017) for
reconfigurable rotary transfer machines.
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