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Abstract: Manufacturing companies are nowadays facing the high volatility of market con-
ditions and the need for increased customization, which lead them to consider Reconfigurable
Manufacturing Systems (RMS) as a way to react quickly and efficiently to changes in order
to remain competitive. Two important characteristics of such systems are the scalability and
the customization. Scalability and customization refer to the ability to change the throughput
capacity and to the flexibility to produce various models from the same part family, respectively.
However, if both characteristics have been studied in the literature in recent years, they are
usually considered independently. In this article, we are proposing a new scalability indicator
dedicated to the case of multi-model RMS as well as a procedure to generate a set of configura-
tions. An illustrative example is presented to explain the main differences with the single-model
case.

Keywords: Reconfigurable Manufacturing Systems, Scalability, Customization, Multi-model
lines, Batch production.

1. INTRODUCTION

Todays manufacturing companies have to face a quickly
evolving demand, with the customers’ desire for cus-
tomized products. To remain competitive their systems
must produce in a cost-effective way but also be able to ef-
ficiently reconfigure when the volume of the demand or the
specification of the products change. Reconfigurable man-
ufacturing systems (RMS) were introduced by Koren et al.
(1998) to answer to these requirements. The typical struc-
ture of these systems is centered around a main conveyor,
insuring the transport of parts between the serial stages 1 ,
each are composed of several identical resources (Com-
puter Numerical Control, Reconfigurable Manufacturing
Tools, workers, cobots...) joined by a gantry. Works in the
literature sometimes denote these systems as parallel-serial
lines with crossover (see for example Freiheit et al., 2004).

An important feature of RMS is the ability to produce
different models in a family, i.e. the customization. If these
models are produced in batches, the system is usually
called multi-model in the literature (see e.g. van Zante-
de Fokkert and de Kok, 1997). Since the models belong to
the same family, most of the operations are common and
are therefore usually processed at the same stage for each
model. However, as the processing time of an operation
depends on the model, the takt time of each model can
be different. Figure 1 shows the organization of batch
production in a multi-model system.

1 These stages are also called stations in the line balancing literature
and both words could be used alternatively. In the following we will
stick with stage as in Koren et al. (2018)
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Two other features of RMS are important to deal with
uncertainty: the scalability and the convertibility. The
former is the ability to adapt the volume of production,
i.e. in a mix model environment the global throughput
volume keeping the same product mix. The latter is the
ability to change the product mix, i.e. either to change
the respective demand level of the different models or to
introduce new models. Koren et al. (2017) states that the
scalability might be the most important feature of RMS.
The two main levers of scalability are the ability to add or
remove parallel resources and the possibility to reconfigure
the machines. In this study, we focus on the first lever
and we propose a new scalability indicator for multi-model
RMS.

In this paper, we extend the scalability indicator of Wang
et al. (2017) from the single-model RMS to the multi-
model RMS. The remainder of the article is organized as
follows: Section 2 presents the related literature, Section 3
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1. INTRODUCTION

Todays manufacturing companies have to face a quickly
evolving demand, with the customers’ desire for cus-
tomized products. To remain competitive their systems
must produce in a cost-effective way but also be able to ef-
ficiently reconfigure when the volume of the demand or the
specification of the products change. Reconfigurable man-
ufacturing systems (RMS) were introduced by Koren et al.
(1998) to answer to these requirements. The typical struc-
ture of these systems is centered around a main conveyor,
insuring the transport of parts between the serial stages 1 ,
each are composed of several identical resources (Com-
puter Numerical Control, Reconfigurable Manufacturing
Tools, workers, cobots...) joined by a gantry. Works in the
literature sometimes denote these systems as parallel-serial
lines with crossover (see for example Freiheit et al., 2004).

An important feature of RMS is the ability to produce
different models in a family, i.e. the customization. If these
models are produced in batches, the system is usually
called multi-model in the literature (see e.g. van Zante-
de Fokkert and de Kok, 1997). Since the models belong to
the same family, most of the operations are common and
are therefore usually processed at the same stage for each
model. However, as the processing time of an operation
depends on the model, the takt time of each model can
be different. Figure 1 shows the organization of batch
production in a multi-model system.

1 These stages are also called stations in the line balancing literature
and both words could be used alternatively. In the following we will
stick with stage as in Koren et al. (2018)
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Two other features of RMS are important to deal with
uncertainty: the scalability and the convertibility. The
former is the ability to adapt the volume of production,
i.e. in a mix model environment the global throughput
volume keeping the same product mix. The latter is the
ability to change the product mix, i.e. either to change
the respective demand level of the different models or to
introduce new models. Koren et al. (2017) states that the
scalability might be the most important feature of RMS.
The two main levers of scalability are the ability to add or
remove parallel resources and the possibility to reconfigure
the machines. In this study, we focus on the first lever
and we propose a new scalability indicator for multi-model
RMS.

In this paper, we extend the scalability indicator of Wang
et al. (2017) from the single-model RMS to the multi-
model RMS. The remainder of the article is organized as
follows: Section 2 presents the related literature, Section 3
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Two other features of RMS are important to deal with
uncertainty: the scalability and the convertibility. The
former is the ability to adapt the volume of production,
i.e. in a mix model environment the global throughput
volume keeping the same product mix. The latter is the
ability to change the product mix, i.e. either to change
the respective demand level of the different models or to
introduce new models. Koren et al. (2017) states that the
scalability might be the most important feature of RMS.
The two main levers of scalability are the ability to add or
remove parallel resources and the possibility to reconfigure
the machines. In this study, we focus on the first lever
and we propose a new scalability indicator for multi-model
RMS.

In this paper, we extend the scalability indicator of Wang
et al. (2017) from the single-model RMS to the multi-
model RMS. The remainder of the article is organized as
follows: Section 2 presents the related literature, Section 3
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explains the new scalability indicator, which is illustrated
on a didactic example in Section 4, and the paper is
concluded by Section 5 with some perspectives.

2. LITERATURE REVIEW

With the recent evolution of the customers’ needs and
desires, interest for RMS has grown in the last decades,
as can attests literature reviews, for example Andersen
et al. (2015); Bortolini et al. (2018); Yelles-Chaouche et al.
(2021).

Multi-model systems are of particular interest in this con-
text to answer customized demand by producing multiple
product models on the same system. Dolgui et al. (2021)
compared the performance of one multi-model system to
multiple dedicated systems and analyzed the parameters
impacting the performance (product demand and sell-
ing prices, setup and manufacturing times, demand and
production cancellations). Hu et al. (2011) presented a
literature review on the design and operation of assembly
line with multiple models. Regarding the optimization
of multi-model system, two main axis which have been
particularly studied in the literature are the line balancing
and the configuration planning:

• On line balancing, Battäıa and Dolgui (2013) and
Sivasankaran and Shahabudeen (2014) presented lit-
erature reviews which includes sections dealing with
multi-model lines. Thomopoulos (1970) was among
the first paper to study the minimization of idle time
in a line balancing problem with multiple models
produced in batches. Kabir and Tabucanon (1995)
considered the multi-model line balancing problem,
taking into account several objectives, among which
the number of stations, the changeover time, produc-
tion rate and variety. More recently, Kovalev et al.
(2017) proposed an linear programming model and
heuristics for the multi-model line balancing mini-
mizing the number of stations and activation cost of
the machines and Yelles-Chaouche et al. (2020) aimed
to optimize the operation re-assignements from one
model to another to minimize the costs for RMS.

• On configuration planning, Dou et al. (2010) used
a genetic algorithm to optimize the configuration
selection in RMS, with objectives on the number
of workstations, the number of paralleling machines
and the assigned operation setups. Youssef and El-
Maraghy (2008) presented two metaheuristics, taking
into account multiple aspects such as the arrangement
of machines, the equipement selection, the assigne-
ment of operations. Ashraf and Hasan (2018) also
considered the configuration selection, by optimizing
simultaneously the reconfigurability, the capability
and the reliability with a multi-objective approach.

Whereas multi-model lines have gained some attention in
the literature on balancing and planning problems, the
scalability of RMS has mainly been studied for single-
model systems. Son et al. (2001) investigated the link
between the balancing of the system and its scalability.
In Koren and Shpitalni (2010), the authors studied the
impact of the numbers of configurations available and the
structure of the RMS. Deif and ElMaraghy (2006, 2007)
proposed a dynamic method optimizing each reconfigura-

tion independently and assessed different reconfiguration
policies on various scenarios of demand evolution. Wang
and Koren (2012) presented a genetic algorithm, simulta-
neously changing the system configuration and rebalancing
the reconfigured system, for successive reconfigurations.
They also proposed a first metric assessing the scalabil-
ity by the smallest possible incremental capacity change.
Based on this metric, Delorme et al. (2016) proposed a pro-
cedure to generate the set of trade-off configurations and
Wang et al. (2017) presented a first evaluation based on
the set of possible configurations, taking into account the
gap between the minimum and maximum throughput and
the average gap between the configurations. Cerqueus and
Delorme (2021) proposed a multi-objective evaluation of
the scalability considering all the available configurations.
All these performance measures are defined for single-
model systems.

Finally, some works have considered the possibility to
change the system for a new product (i.e. the convert-
ibility of the system), along with the scalability (e.g. Hees
et al. (2017) and Hu et al. (2017) for production plan-
ning, Napoleone et al. (2019) classifiyng the main root
causes of these two key features and Rösiö et al. (2019)
providing a list of key enablers for them). However, very
few works have focused on system handling simultaneously
several products, with the sole exception of Moghaddam
et al. (2020) where the authors propose an Integer Lin-
ear Program to minimize the reconfiguration costs of a
system composed exclusively of Reconfigurable Manufac-
turing Tools by changing the modules used to process a
given new product-mix. Indeed, this approach only works
step by step and does not allow to evaluate the future
scalability of the designed system. Overall it seems that
the customization and scalability features of RMS have
actually been considered independently in research works
and Koren et al. (2018) highlighted the need for future
research looking at these two issues together.

3. A NEW SCALABILITY INDICATOR FOR
MULTI-MODEL LINES

Let’s consider a set F of models produced by a RMS
composed of m stages. The product mix is {nf : f ∈
F}. The current state of the RMS can be defined by

the workload on each stage for each model {W f
k : k ∈

1, . . . ,m, f ∈ F} and by the number of parallel resources
assigned to each stage {rk : k ∈ 1, . . . ,m}. The RMS
can thus produce each model f with a takt time Tf =

maxk∈1,...,m {W f
k /rk} which means that the time needed

to produce the whole product mix is D =
∑

f∈F nf .Tf
2

and the throughput capacity per unit of time is equal to∑
f∈F nf/D.

Usually, the scalability of a RMS can be defined as
the incremental capacity which could be obtained for a
minimal cost (i.e., one additional resource) (Wang and
Koren, 2012).

2 D is defined assuming that the setup times between models can
be neglected. Indeed, setup times generally depend on batch size and
model sequence, both of which are decisions made in the planning
phase and therefore are not known in the design phase considered in
this paper.

If an additional resource is added to the stage k, then the
new takt time of each model T ′

f (k) is calculated according

to (1) and the time needed to produce the whole product
mix D′(k) can be updated (2).

T ′
f (k) = max

{
W f

k

(rk + 1)
;

{
W f

k′

rk′
: k′ ∈ 1, . . . ,m, k′ �= k

}}

, ∀k ∈ 1, . . . ,m (1)

D′(k) =
∑
f∈F

nf .T
′
f (k), ∀k ∈ 1, . . . ,m (2)

Actually, adding a resource to a stage k can only reduce
the takt time of a model f if this stage is a bottleneck

for this model (i.e., W f
k /rk = Tf ). Since each model can

have a different bottleneck, throughput increase can come
from the addition of a resource to various stages. Among
them, the one leading to the largest increase determines
the maximal capacity increment. Thus, keeping the same
product mix, the scalability factor σ can be defined as
the ratio between the future throughput capacity and the
current one (3).

σ = max
k∈1,...,m

{ nf

D′(k)
nf

D

}

=
D

min
k∈1,...,m

{D′(k)}

(3)

Based on the scalability indicator σ, we can extend the
approach proposed by Delorme et al. (2016) to obtain a set
of configurations using the same balancing. Starting from
an initial configuration with only one resource for each
stage, we can incrementaly generate new configurations
maximizing the capacity until the maximum number of
resources per stage rmax is reached (see Algorithm 1).

4. ILLUSTRATION ON A DIDACTIC EXAMPLE

To illustrate the scalability indicator and the process to
derive a set of configurations for a given balancing, we
present a small example in this section. Three models
of the same family have to be produced by the system.
The processing time of the operations to be performed
for these three models are given in Table 1. All eight
operations are not necessarily needed for each model, this
case being indicated by “-” in the table. The product mix
is {n1 = 60, n2 = 30, n3 = 10}.
The joint precedence graph, which integrates the prece-
dence relations from each model as described in van Zante-
de Fokkert and de Kok (1997), is given by Figure 2. We
assume that the maximum number of resources per stage
is rmax = 3.

Let us consider a balancing B1 assigning the operations
{1, 2, 3} to the first stage, {5} to the second and {4, 6, 7, 8}
to the last. The type of resource used on each stage is
determined based on the assigned operations, and the
workload on each RMS stage is given in Table 2.

Operation Processing times

Model P1 Model P2 Model P3

1 10 - 7
2 1 - 3
3 9 10 -
4 3 - 1
5 8 10 11
6 - 11 5
7 2 1 3
8 14 13 10

Table 1. Processing time of the operations
for the three models, “-” indicates that the

operation is not required for the model.
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Fig. 2. Precedence graph on the operations of the three
products

Stage 1 Stage 2 Stage 3 Takt time

Model 1 W 1
1 = 20 W 1

2 = 8 W 1
3 = 19 T1 = 20

Model 2 W 2
1 = 10 W 2

2 = 10 W 2
3 = 25 T2 = 25

Model 3 W 3
1 = 10 W 3

2 = 11 W 3
3 = 19 T3 = 19

Table 2. Workloads and takt times resulting
from the balancing B1 for the three models.

The first configuration Ca generated by Algorithm 1 has
one resource on each stage. The time needed to produce
the whole product mix is given by (4).

D = 60× 20 + 30× 25 + 10× 19 = 2140 (4)

In configuration Ca, the bottleneck stages are the first
stage (for P1) and the third stage (for P2 and P3), so
adding resources to the second stage would be useless.
Thus the algorithm computes D′(1) and D′(3) according
to (5) and (6), leading respectively to the configurations
Cb (with two resources on Stage 1 and one on Stages 2
and 3) and Cc (with one resource on Stages 1 and 2 and
two on Stage 3). Actually, this is the main difference with
the single model case where the bottleneck would be single
and therefore only one stage could be selected to increase
throughput, respectively the first stage for the P1 model
or the third stage for P2 or P3 model.
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The first configuration Ca generated by Algorithm 1 has
one resource on each stage. The time needed to produce
the whole product mix is given by (4).

D = 60× 20 + 30× 25 + 10× 19 = 2140 (4)

In configuration Ca, the bottleneck stages are the first
stage (for P1) and the third stage (for P2 and P3), so
adding resources to the second stage would be useless.
Thus the algorithm computes D′(1) and D′(3) according
to (5) and (6), leading respectively to the configurations
Cb (with two resources on Stage 1 and one on Stages 2
and 3) and Cc (with one resource on Stages 1 and 2 and
two on Stage 3). Actually, this is the main difference with
the single model case where the bottleneck would be single
and therefore only one stage could be selected to increase
throughput, respectively the first stage for the P1 model
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Algorithm 1 Generating a set of configurations for a given balancing

Require: the set of workloads {W f
k } resulting from the balancing

Ensure: a set S = {({W f
k }; {r1k}), . . . , ({W

f
k }; {r

p
k})} of p configurations corresponding to successive incremental

capacity throughput increase
1: rk ← 1, ∀k ∈ 1, . . . ,m

2: S ← {({W f
k }; {rk})}

3: while (∃k ∈ 1, . . . ,m, f ∈ F |W
f
k

rk
= Tf and rk < rmax) do

4: k∗ = argmink∈1,...,m {D′(k)}
5: rk∗ ← rk∗ + 1
6: S ← S ∪ ({W f

k }; {rk})
7: end while

{
D′(1) = 60× 19 + 30× 25 + 10× 19 = 2080
D′(3) = 60× 20 + 30× 12.5 + 10× 11 = 1685

(6)

We can note that the configuration with the best capacity
increment is Cc. This might seem counter-intuitive that
adding a resource on the stage that is bottleneck for the
most demanded model (i.e. Cb) does not lead to the best
capacity increment. In configuration Cc, the takt time does
not change for P1, but the reduction of takt time for model
P2 and P3 when adding a resource to stage 3 is high
enough to compensate for the difference in the volume of
demand. Thus the total time to produce the product mix
is lower for Cc than for Cb.

Cc is added to the set of configurations that will be
returned by the algorithm and it is used for the next
iteration.

The set of configurations returned by Algorithm 1 are
given by Table 3. As a comparison, Table 4 provides the
set of configurations which would be generated by the
procedure of Delorme et al. (2016) for the single-model
case with P1.

Configuration r1 r2 r3 D′ σ

Ca 1 1 1 2140 1.27
Cc 1 1 2 1685 1.55
Cd 2 1 2 1085 1.07
Ci 2 1 3 1010 1.13
Cl 3 1 3 890 1.33
Cn 3 2 3 713.33

Average 1.26

Table 3. Configurations returned by Algorithm
1 for the balancing B1 in the multi-model case

Configuration r1 r2 r3 T1 σ

Ca 1 1 1 20 1.05
Cb 2 1 1 19 1.90
Cd 2 1 2 10 1.05
Cg 3 1 2 9.5 1.19
Cl 3 1 3 8 1.20
Cn 3 2 3 6.67

Average 1.28

Table 4. Configurations returned by the proce-
dure of Delorme et al. (2016) for the balancing

B1 in the single-model case with P1

The algorithm stops on configuration Cn because the only
stage on which it would be possible to add a resource
without exceeding rmax (Stage 2) is not bottleneck for any

of the models, thus adding this resource would not lead to
an increase of throughput capacity.

Among all the configurations possibly derived from B1,
Algorithm 1 only keeps one at each iteration. Figure 3
shows all the configurations that could actually be derived
from B1, iteratively adding a resource in a bottleneck stage
at each iteration. A graph is formed in which an edge
(Cα, Cβ) specifies that the configuration Cβ can be ob-
tained from the configuration Cα by adding one resource.
This graph shows there are signicant differences of perfor-
mance between the configurations with the same number
of resources. However, there is only one configuration for
each extremal case (with the lowest number of resources
and the hightest number of resources, respectively), which
means that any sequence of configurations will always
converge to the configuration Cn.
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Fig. 3. Graph of all configurations that can be derived from
B1 with an incremental procedure, the weight on the
arcs is the station on which the resource have been
added and the weight of the vertices is the value of
D for the configuration. The configurations kept by
Algorithm 1 are indicated in bold red.

In Figure 4, all configurations are presented in a two
dimensional space according to their total number of
resources and their D value, the configurations in red
are those kept by Algorithm 1. We can see that on this
example, the configurations generated by Algorithm 1 are
always the best for each total number of resources added.
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Fig. 4. Number of resources and values of D of all config-
urations that can be derived from B1, the red circles
representing those generated by Algorithm 1 and the
white circles corresponding to the other configurations
possibly derived by adding resources.

Let us now consider a second balancing B2 assigning the
operations {1, 3, 4} to the first stage, {2, 5, 7} to the second
and {6, 8} to the last. The workload on each stage of the
RMS is given by Table 5 and the derived configurations in
Table 6

Stage 1 Stage 2 Stage 3 Takt time

Model 1 W 1
1 = 22 W 1

2 = 11 W 1
3 = 14 T1 = 22

Model 2 W 2
1 = 10 W 2

2 = 11 W 2
3 = 24 T2 = 24

Model 3 W 3
1 = 8 W 3

2 = 17 W 3
3 = 15 T3 = 17

Table 5. Workloads and takt times resulting
from the balancing B2 for the three models.

Configuration r1 r2 r3 D′ σ

C′
a 1 1 1 2210 1.28

C′
b 2 1 1 1730 1.45

C′
c 2 1 2 1190 1.08

C′
d 2 2 2 1105 1.25

C′
e 3 2 2 885 1.16

C′
f 3 2 3 765 1.04

C′
g 3 3 3 736.67

Average 1.21

Table 6. Configurations returned by Algorithm
1 for the balancing B2

In this second example, the bottleneck stages are different
for the three models. Thus adding one resource on a
bottleneck stage impacts the productivity of only one
model and at minimum three additional resources are
needed to impact the three models.

We can also remark that the values of D are higher for B2

than for B1 at same number of resources in total (except
one value). This indicates that the productivity of the
configurations derived from B2 is lower than for B1 which
can be explained by the higher initial value of D (because
of a higher takt time on the most demand model) and
by the lower average the value of the scalability indicator,

which indicates that on average adding a resource for B1

gives a higher capacity increment than for B2. Thus B1 is
not only more productive than B2, it is also more scalable.

5. CONCLUSION

Scalability is a very important feature of RMS however
its evaluation has not yet been studied in the case of
multiple models. In this paper, we suggest to extend an
indicator initially presented for single-model RMS. This
extension highlights the fact that when dealing with multi-
model RMS the choice of the stage where we should add
a resource to scale up the throughput capacity is not as
straightforward as for single-model RMS.

Indeed, the capacity is increased by adding a resource to
a stage which is a bottleneck for at least one the models.
The number of new configurations can thus be up to the
number of models. In the method we present, we focus on
the one leading to the largest capacity increase keeping
the same product mix when adding one resource. We
illustrate this approach on a didactic example and analyze
the quality of the obtained configurations.

Additional experiments are still needed to better analyze
the impact of the balancing on the scalability of multi-
model RMS but further works could consider the proposed
evaluation as a criteria to optimize for the design of RMS.
Also, the proposed indicator could be adapted for the case
of multi-model lines with setup times or reconfiguration,
as well as for the slightly different case of mixed-model
lines.
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