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Abstract: One of the most topical issues of sustainable development is extending the life cycle
of production systems. Reconfigurable manufacturing system (RMS) aims to adapt efficiently
to the rapidly changing market. One lever to extend the life cycle of RMS is the ability to
quickly adapt to a new product (called convertibility). In this article, we present a model for
the design of RMS, optimizing both its convertibility to prolongate its life cycle, and its cost
to remain competitive. The convertibility is assessed on three axes: the choice of machines, the
choice of transportation systems, and the physical configuration of the machines in the plant
and their connection. We formalize this problem and model it by a bi-objective mixed-integer
linear program. We illustrate our approach on an example.

Copyright © 2024 The Authors. This is an open access article under the CC BY-NC-ND license

(https://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. INTRODUCTION

The concept of Reconfigurable Manufacturing System
(RMS) was introduced by Dr. Koren in 1999 to respond
to rapid market changes (Koren et al., 1999). These sys-
tems rely on reconfigurable machines that can be easily
added, removed or adjusted - by modifying the hardware
or reprogramming the software - to adapt to variations in
demand. RMSs aim to provide an alternative to dedicated
manufacturing systems (DMS), which are highly produc-
tive but not flexible, and flexible manufacturing systems
(FMS), which are expensive and have low productivity.
Therefore, they offer a level of flexibility to produce a
family of products, keeping high productivity. A review
of RMSs can be found in (Pansare et al., 2023).

Battala et al. (2020) discuss how the characteristics of
RMS can be applied to develop sustainable and energy-
efficient manufacturing systems. In particular, the convert-
ibility of RMS, i.e. its ability to integrate new products,
is linked to the life cycle of the system. Koren (2010)
defines convertibility as the ability to easily change the
functionality of the existing system and machines to meet
new market requirements. Indeed, a more convertible sys-
tem will sustain more changes in the specifications of
the products, delaying the moment when the re-design
of the system is needed, and thus the duration of use of
the machines. However, the configurations and resources
allowing such a convertibility are often more expensive,
either in investment or operations.

The first measure of the convertibility of the system was
introduced by Maier-Speredelozzi et al. (2003). The con-
vertibility measure is a weighted sum of three components,
focusing on the convertibility of configuration, machine,

* This work is supported by Institut Carnot M.I.N.E.S.

and material handling. To assess the convertibility of con-
figuration featuring identical machines at each station, the
authors propose the mathematical approach based on (i)
the minimum increment of conversion, (ii) the width of
the system and (iii) the number of connections between
machines. As for the convertibility of machines and mate-
rial handling, the authors operate on the assumption that
certain machines/material handling possess inherent fea-
tures and characteristics that make them more convertible.
The authors propose a questionnaire in which each answer
gives its own assessment of convertibility based on these
features and characteristics.

Lafou et al. (2014) provide a convertibility indicator for
manual mixed-model assembly lines by adapting the model
of Maier-Speredelozzi et al. (2003). The authors introduce
two new components. The first component concern the
consideration of different products on the same line in the
convertibility of the configuration. The second component
concerns the addition of a fourth term to take into account
product family convertibility.

Chinnathai et al. (2017) define system convertibility as an
average of equipment convertibility and layout convertibil-
ity each of which has its own weight. In the article, equip-
ment convertibility is the function of the convertibility of
each assembly sub-system, where a sub-system represents
either workstations or material handling units. The layout
convertibility is the average of the indices describing vari-
ous aspects of the system, such as autonomy, connectivity
and replication index. The authors decompose automated
assembly systems into individual components, and an as-
sessment is conducted to understand their impact on the
system’s adaptability.

2405-8963 Copyright © 2024 The Authors. This is an open access article under the CC BY-NC-ND license.
Peer review under responsibility of International Federation of Automatic Control.
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Previous works describe measures of the convertibility of
the system. However there are no works that would take
into account the convertibility of the system simultane-
ously with other factors such as cost of the RMS from the
design phase. This is the gap to be filled in this paper.

Our goal is to propose a measure which calculate the
convertibility of the system taking into account the cost at
the design phase. We propose an approach of bi-objectif
optimization of the convertibility and the investment cost.
Two main developments are presented in this article.
Firstly, in Section 2, we propose an adaptation of a
measure to assess the convertibility of a system producing
different models of a same product family, during the
design phase. Then, in Section 3, we formalize the problem
of designing a RMS optimizing the convertibility and the
cost, while satisfying the demand, as a Mixed-Integer
Linear Programming (MILP). The numerical experiments
are presented in Section 4. Finally, Section 5 concludes this
paper and discusses the perspectives.

2. PROBLEM DESCRIPTION

We consider a reconfigurable manufacturing system as a
parallel-serial line with crossovers, as presented in (Freiheit
et al., 2004). The system is composed of several stations.
The necessary operations for the production are parti-
tioned on these stations, and the product is processed suc-
cessively on each of them. Each station is composed of one
or several production resources, which we will denominate
as machines in this paper. Transportation devices are used
between the machines of the different stations to transport
the product throughout the system.

We suppose that the line balancing of the system was
done in a previous phase, taking into account the pro-
duction constraints (precedence, inclusion, exclusion) for
all products of the family. Thus we considered that the
assignment of operations to stations S = {1,..., Smax} is
known, and is the same for all machines for a same station.
This assumption is inspired from industrial case studies
on related research works. One of them is (Malyutin,
2016) which considered an engine assembly line design
at Mercedes Benz in Germany, aiming to minimize the
number of workers knowing the line balancing.

We aim to optimize the investment cost and the three
components of the convertibility measure proposed by
(Maier-Speredelozzi et al., 2003), associated with the con-
figuration, machine and transportation of material. The
main difference is that our goal is not to measure the
convertibility of an existing system, but to create a tool
that helps to choose the optimal system in terms of cost
and convertibility. Thus, in our approach, the number
of machines, transport and connections is not known in
advance so we use linearized measures in the problem. Our
problem is composed of three main decisions:

e the type of machines to use at each station,

e the type of transport devices to use between the
stations,

e the number of connections between the machines
existing in the system (varying from a fully parallel
structure, to a fully crossover one, through hybrid
intermediates).

2.1 Machine selection and convertibility

In this study, we suppose that I different types of machines
are available (forming the set Z = {1,...,1}). We suppose
that a station can be implemented with only one type
of machines. Knowing the assignment of operations to
stations and the specification of each type of machines
regarding the productivity, we define V; ; the number of
machines of type ¢ € Z that are required on the station
s € S to ensure the respect of the takt time.

The cost induced by the use of one machine of type ¢
is composed of two elements: Cy; the purchase cost of
a machine of type ¢ and e; the energy spent during the life
of a machine of type ¢ multiplied by the cost of 1 kWh of
electricity CFgjec-

Each type of machine has a convertibility score, noted v;,
which takes values between 1 and 10, for dedicated and
fully flexible machines respectively. These data are inspired
from (Maier-Speredelozzi et al., 2003) where the authors
take the average to calculate the measure of convertibility
of machines. We use a different approach, since we do not
know in advance the number of machines that we will
use (it depends on the type of machine selected at each
station). The machine component of the convertibility,
oy, is computed as the sum of the product v; x N; g
for each station s, if ¢ is the type of machines used in
this station. o, is normalized to lie in [1,10], using the
equation (1).

r )
aM:1+9( M~ OM min ) (1)

!
OM max OM min

OM min 804 O) max ar€ respectively a lower and upper
bound for o}, . They are computed by the equations (2)
and (3).

Smax

0{\/1 min — I;Iél%l (Ui NLS) (2)
s=1
Smax

OM max = ) max (v; Ni) (3)
s=1

2.2 Transport devices and convertibility

A set J = {1,...,J} of types of transport devices are
available. Each transport type has a purchase cost of a
transport C;, and a convertibility score v;, fixed thanks
to a procedure given in (Maier-Speredelozzi et al., 2003).
The maximum number of connections that can be covered
by a single device of type j is given by z;. For example,
a classical conveyor is implemented to cover the transport
between points on the straight line, while an automated
guided vehicle (AGV) or an autonomous mobile robot
(AMR) do not have this limitation and can cover a
larger number of points. The only constraint regarding the
transportation system is that the chosen transportation
devices must have a total covering capacity large enough
to cover all the connections of the systems.

The convertibility component related to the transporta-
tion device o is the number of transport devices of each
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type multiplied by the score v;. Similarly to oy, , it is
normalized to lie in [1,10] by equation (4).

!/ /
GT=1+9< /UT UT/min ) (4)
T max T min

The computation of the lower and upper bounds (o7 i,
and of ...) are given by equations (5) and (6), where
Zmin and zmax are lower and upper bound of the number
of connections in the system (described in further details
in Section 2.3).

U',I‘ min — %1‘171(1}] Zmin) (5)
O—ZI‘ max — g,nea}((vj Zmax) (6)

2.8 Configuration choice and convertibility

We are inspired by Maier-Speredelozzi et al. (2003) for
a measure of configuration convertibility, but in our case
the number of stations is supposed fixed and the num-
ber of machines is variable. This difference implies that
the minimum increment component of the configuration
convertibility is not needed in our context. Indeed, it was
designed to assess the minimum amount of machines to
shutoff when the product changes. In this situation, at
least one machine per station must be shutdown. With a
fixed number of stations, this effort does not depend on
the design of the system. Thus, we do not consider it in
this study. The two other components (minimum width
and number of connections) are kept.

The width of the system is the fewest number of machines
at the station, i.e. minges N; s where ¢ is the type of
machines used on the station s.

The number of connections between machines is a decision
of our problem. This number is bounded both by a
lower and a upper bound. Indeed, since in a system
each machine must be part of a production path, then
it must have at least one upstream connection and one
downstream connection. Moreover, it cannot be connected
to more points that there are at the direct upstream and
downstream level.

We can split the connections in the following parts: zg the
number of connections upstream to the first station, zg,, .
the number of connections downstream to the last station
and z; the number of connection between the stations s
and s+ 1, s € [1; Smax — 1]-

Since there is a single point at the entrance and the exit
of the system, the lower and upper bound for 2y and zg,,,
are calculated in the same manner: zy and zg,,,, are equal
to the number of machines in the first and last station,
respectively.

The minimum value for z, is the maximum between the
number of machines at stations s and s + 1. An example
with 3 stations and 9 machines is provided in Figure 1.

&

S2
L
@-

@
Entrance —— Q@ ——— Exit
@

0000

( J\ ' J\ ’ Y J

zZo=3 z"" =3 " = z3=4%

Fig. 1. Example of a system with minimum number of
connections

The lower bound on the number of connections zy;, in the

system can be computed by considering the system with
the fewer numbers of machines N™™ at each station:

Smax—1

Zmin = NP0 4 Nm[i’:x + max(N™", ;n_ﬁ‘)

s=1

The maximum number of connections z*** between sta-
tions s and s+ 1 is the product of the number of machines
at these stations. An example with 3 stations and 9 ma-
chines is provided in Figure 2.

&

S2
o

O -
Entrance —— —Q@—— —— Exit

“ 0000

\ J\ ‘ J\ ’ Y J

zp=3 z{"™* =6 ;¥ =8 z3;=4%

Fig. 2. Example of a system with maximum number of
connections

Conversely, we can define the upper bound on the number
of connections in the system, with the higher numbers of
machines N"®* = max;ecz N; s at each station:

max

S, 1
Zmax = {nax 4 Nmax § : N;nax ~
s=1

max

s+1 -

max

In this study, the configuration convertibility o¢ is the
product of the width and the number of connections of
the system. Similarly to of; and o/, it is normalized to
lie in [1,10] by Equation (7).

Y
(Tc].+9< 9¢c 9C min ) (7)

OJC max 0-6 min
The computation of the lower and upper bounds (o¢ i,
and 0§ ,..) are given by equations (8) and (9).

/ _ . min X
0C min — Hlsln Ns Zmin (8)

/ I max
0C max — msll’l Ns Zmax (9)
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3. MATHEMATICAL FORMULATION

We model the problem described in Section 2 with a mixed
integer linear program with two objectives functions. The
first objective function maximizes system convertibility
(configuration, machine and transport convertibility) with
appropriate weights for each convertibility component.
The second objective function minimizes the cost of the
system (purchase and operating machine cost and pur-
chase transport cost). The summarize of parameters nota-
tions is presented in Appendix A.

The decision variables are the following:

used in station s

0, otherwise

e n1; € N: Number of transport of type j

e y; € N: Number of connections of type j

e 2, € N: Number of connections between the stations
sand s+ 1

® oy, 0,06 € N: Machine, transport and configura-
tion convertibility, respectively

® oM, 0T,0¢, € [1;10]: Normalized machine, transport

and configuration convertibility, respectively

Equations (10) to (28) presents the MILP formulation of
the problem.

{1, if the type ¢ of machines is chosen to be
Ti,s =

max Convs(i,j) = weoc + wmoMm + wror (10)
I Slnax
min CS(Za.]) = Z Z (CM7. + CFCICC ei) Ni,s xi,s+
i=1 s=1
J
+ ZCTj nr; (11)
J
Stnax
s.t. Ni,S Z Zs + Ml(]. 7I1‘75) Z O'IC
s'=0
ieZ,seS (12)
R
e B (13
0C max — 9C min
Snlax I
Z Z'Ul‘ Ni,s Ti,s Z J;\/I (14)
s=1 =1
ON = ON i
1+9< e )>o—M (15)
OM max — M min
J
> vy > oh (16)
j=1
ol —aoh .
oo ) -
OT max — 9T min
nrj Zj 2 yj jedg (18)
J Smax
D= % (19)
j=1 s=0
I
20 = ZNi,lxi,l (20)
i=1

I
e = O Ni S Ti S (21)
i=1
Ze < Ni Nt gp1 + Ma(2 — 24 g1 — @i )
i €Z,i' €Z,s €[1;max — 1] (22)
I
Zs Z Z Ni,sxi,s s € [[17 Smax - 1]] (23)
i=1
I
Zs Z ZNi,s+1zi,s+l s € [[17 Smax - 1]] (24)
1=1
I
i=1
Tis € {0, 1} (26)
oc,om,or € [1;10] (27)
nTjayj7ZS7UIC7UII\A7J'/I‘€N (28)

The constraints (12)-(17) present the convertibility of the
configuration, machines and transport with their normal-
ization as described in Section 2. To note the the constraint
(12) is linearized with the method of big M (Petersen
et al., 1971). The constraints (18) and (19) provide the
necessary number of transport to cover all connections.
The constraints (20)-(21) give the number of connections
at the entrance and the exit of the system. The constraint
(22) is a linearization of the upper bound of connec-
tions between station s and s + 1: N; s@; s Nyt 641247 s41-
The constraints (23) and (24) are a linearization of the
lower bound of connections between station s and s + 1:
max (N; s s, Ni s+12%is+1). The constraint (25) ensures
that there is only one type of machine at each station.
The constraints (26) - (28) provide the definition domains
of variables.

4. NUMERICAL EXPERIMENT

Now we illustrate the problem on a numerical example.

We consider three types of machines: dedicated station
(type i = 1), standard CNC (type ¢ = 2) and CNC
with flexible fixtures (type ¢ = 3). There are 3 stations in
the system. The following matrix describes the minimum
number of machines of each type at each station:

Nl,l =12 N1’2 =2 N1’3 =8
Ny1=95 Naa=2 Ny3=3
N31 =2 N3o=1N33=3

To simplify the example, we do not take into account the
energy consumption CFge. = 0. We have three types of
transport: conveyor (type j = 1), AGV (type j = 2) and
AMR (type 7 = 3). An AGV is an autonomous vehicle
traveling on rails and an AMR is an autonomous robot
using camera and radar to locate itself. Thus AMR is more
flexible than AGV. The data of machines and transport is
given in Tables 1la and 1b, respectively.

With three types of machines and three stations, there are
27 combinations for the values of the variables x; 5.

If there is only one admissible value for zy and zg, .
once the z; ; are set, the number of admissible values
for the other z, is large. For example, if the machines of



Mari Chaikovskaia et al. / IFAC PapersOnLine 58-19 (2024) 91-96 95

v; | Cmi (mil. §)
i =1 (dedicated station) 1 1
¢ = 2 (standard CNC) 5 2
¢ = 3 (CNC with flex. fixtures) | 10 4

(a) Machines
Vj Z; CTj (mil. $)
1

j =1 (conveyor) 3 0.01
7=2(AGV) | 5] 6 0.025
J=3(AMR) |10 9 0.05

(b) Transport

Table 1. Instances of the example

type 1 are implemented on all stations, then the number
of connections between the first and the second stations
ranges from 12 to 24, and from 8 to 16 between the second
and third stations. Thus there is up to 19 -3 = 117
admissible combinations for the variables z;. In addition,
we have a choice between 3 types of transport. In the
system, the number of connections varies from 10 to
60. The number of transport type distributions for each
connection is the number of ways to write the chosen
number of connections as the sum of three numbers
(including 0). For z connections in the system, there are
(z+1)(z + 2)/2 ways. Thus, for 10 connections, there are
66 ways. For 60, the number of ways is 1891. So even in
such a small example we need to use automatic process.

To find a solution of the example described above, the
program of section 3 was implemented in Python, on
a PC 13th Gen Intel(R) Core(TM) i7-13800H 2.5 GHz.
The model is handled by the docplex (the IBM Decision
Optimization CPLEX Modeling package for Python).

To solve the optimization problem with two objective
functions, we use the e—constraint method. The function
of maximizing convertibility (10) is taken as the objective
function, and the function of minimizing the cost (11) is
taken as an additional constraint. First of all, the two
lexicographic optimal solutions are computed, and starting
from the one maximizing the convertibility, we gradually
decrease the value of the cost, with a step of ¢ = 0.005,
until the other lexicographic solution is reached. The ob-
tained solutions are filtered by dominance. Indeed, since
there is no constraint imposing the number of transporta-
tion device is not higher than needed, dominated solutions
can be found by the method.

In the case of a balanced weights: we¢ = wy = wr =
1/3, we get 43 points (processing time is 3.66 sec.). The
solutions are shown in Figure 3 with the addition of the
convertibility gradient for the machines and transport. The
darkest points correspond to the highest convertibility.

The Pareto front has a stepped form, that is, while main-
taining almost the same cost, we can increase convertibil-
ity. This behavior is explained by the selected values of
the cost of the machines, with each decision using a set of
machines that are more expensive, we jump to a new level.

We can observe a negative correlation of the convertibility
of transport and machines. To maintain the cost in the
same level, we reduce the convertibility of the machines
and increase the convertibility of transport.

244
6
a 221 *» 5
.E
220 esne 4
o]
]
£ 3
E 18, 'RY XL ININ]
2
16 1
3 4 5 6 7
Max Convertibility
(a) Machine convertibility
10
24 9
e 000 8
— w o0 000
ﬁ 22 7
E 6
L " o
§ 20 5
= 4
18
3
2
16 L

3 4 5 6 7
Max Convertibility

(b) Transport convertibility

Fig. 3. Gradient of convertibility components

The Pareto front was also computed for two other sets
of weights (see Figure 4). The blue dots represent a set
of weights we = 1/3,wy = 7/12,wr = 1/12, there are
77 points (processing time is 3.99 sec.). The red dots
represent a set of weights where the convertibility of the
transport is quite insignificant and the weights of the
convertibility of the machine and the configuration are
equal, we = wy = 49/99, wr = 1/99, there are 130 points
(processing time is 18.63 sec.).

28{ o w_C=w_M=49/99, w_T=1/99 L
o W_C=1/3, w_M=7/12, w_T=1/12

N
o
®
®
'y
.
[}

i

Min Cost (mil. $)
3 N
]
1]

-
[=4)
°
[
3
1

=
(o)}
°
[]

5 6
Max Convertibility

Fig. 4. Pareto front solutions for different sets of weights

On the graph, we clearly observe the grouping of values, on
the same horizontal level. This is explained by the fact that
in both of these sets the configuration weight exceeds the
transport weight. Thus there are solutions differing only
from the number of connections, forming these groups.
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The comparison of optimal solutions with the maximum
convertibility is presented in Table 2. We see a pattern of
high convertibility of low-cost components. For instance,
in the case of calibrated weights, preference is given to the
convertibility of the transport and configuration, which
is much lower in cost than the machines. In the second
case, with the highest convertibility weight of the machine,
its convertibility is maximum. Finally, the maximum cost
is achieved with uniform convertibility values where the
weight of transport convertibility insignificant.

Cost oc oM oT

we = wym = wr = 1/3 2435 | 10 | 2.67 | 10

we = 1/3,wn = 7/12,p = 1/12 | 26.15 | 4.11 | 10 | 4.5
we = wy = 49/99, wr = 1/99 28.25 | 7.55 | 7.28 | 7.71

Table 2. Solutions of maximum convertibility

5. CONCLUSION

We develop a deterministic mathematical framework for
the contribution to the sustainable development of a RMS
by increasing the system life cycle. To increase the life cycle
of a RMS, we consider an indicator called convertibility,
i.e., the ability of the system to adapt to market changes.
Our model allows to select a type of machine per station
as well as a type and quantity of transport by optimizing
the convertibility and cost of a production system.

We adapted the convertibility measure proposed in (Maier-
Speredelozzi et al., 2003) to formalize the decision problem
of designing a RMS maximizing the convertibility and
minimizing the cost. A mixed linear program is presented
to formalize the problem. A numerical example illustrates
the approach and shows some patterns as well the difficulty
to solve this problem even for the small instances.

In the near future, numerical experiments will be con-
ducted for a more detailed examination of the model as
well as further analysis of the results. It would be inter-
esting to consider other characteristics of the RMS that
contribute to the adaptation to the market changes, as
scalability. On the other hand, sustainability axes, with
an environmental focus, can also open up new directions.
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Appendix A. NOTATIONS

Table A.1. Parameters notations

S Set of stations, s = {1,..., Smax}

z Set of machine types, : = {1,...,I}

J Set of transport types, j = {1,...,J}

V4 Ranking of the convertibility of a machine of type 4

e; Energy spent during the life of a machine of type @

Ni s Number of machines of type ¢ required at station s
to ensure the respect of the takt time

Chii Cost of a machine of type ¢

v Ranking of transport convertibility of a transport of
type j

Z; Number of connections that transport of type j can
cover

Crj Cost of transport of type j

CFelec Cost of 1 kWh of electricity

Nmin Minimum number of machines at the station s,
NP = min; N; 5

Nax Maximum number of machines at the station s,
NP8 = max; N; s

Zmin Minimum number of connections, i.e. the case of the
least number of machines at each station,
Zmin = NP + NP& -+ ngf*‘l max(N@in, Nmin)

Zmax Maximum number of connections, i.e. the case of the
largest number of machines at each station,
Zmax = NP 4 Npgx 4 S Smax—d ymax ymax

G min Minimum Conﬁguration convertibility,
G i = Mins NIz,

6 max Maximum configuration convertibility,

a’c max = Mins NP 200y

Ull\/[ min Minimum machine convertibility,
0.1/\/[ min — Zf:fx miniez (vi Ni,s)

M max Maximum machine convertibility,
o—{\/l max Zssilfx maXxiecT (U'i Ni,s)

O',IT min Minimum transport convertibility,
O min = Winjes (V) Zmin)

lr max Maximum transport convertibility,

U"T max maX;eg (vj Zmax)

My, Mz  Arbitrarily large numbers (for linearization
of the mathematical program)

we Weight of configuration convertibility

wM Weight of machine convertibility

wT Weight of transport convertibility



