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ABSTRACT

A key factor for the successful implementation of mass customization is joint product-process
optimization. This paper proposes a linear programming model that jointly optimizes prod-
uct configuration and process planning in a reconfigurable manufacturing system (RMS) to
minimize manufacturing costs while ensuring idividual customer requirements (CR) satis-
faction. The impact of the initial RMS configuration and changes in CRs on the total cost 1s
ivestigated. The results show that for a given set of CR, different product variants can appear
like the optimal solution, and the total cost can vary up to 30%, confirming the benefits of

joint product-process optimization.

1. Introduction

Mass customization (MC) 1s a production strategy
for producing a large variety of customized goods and
services capable of meeting individual customer re-
quirements at relatively low costs while keeping mass
production efficiency [1]-[4].

Modular Product Design (MPD) 1s characterized
by products composed of many building blocks that
can be combined to create different product variants.
MPD 1s well-known as the best strategy to manage
high variety for MC [5], [6]. In MPD, multiple prod-

uct variants can derive from a generic product archi-
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tecture through the combination of different module
mstances at the product configuration phase.

There are two main ways of offering mass-custom-
izable products: 1) alternative-based, where custom-
ers configure their products from a set of product
parts alternatives and 2,) attribute-based where cus-
tomers are asked about their product attribute/func-
tionalities preferences, based on which, a product 1s
configured, by the seller, through the combination of
candidate product modules.

The attribute-based approach reduces perceived
complexity and increases customer satisfaction [7].
Customers prefer not to choose from a long list of
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customizable options but instead express their per-
sonal needs [8]. In this case, the company should
be able to identfy, among all product candidates,
the one that satisfies all customer requirements at
minimal cost, which 1s affected by raw material costs
of modules and operational decisions related to the
manufacturing process.

Defining product configuration and process de-
cisions concurrently is a key issue in customer and
manufacturer relationships, becoming a crucial fac-
tor of successful MC implementation [9], [10]. A
product designed with no consideration of process
constraints may increase costs and lead time, directly
Impacting customer satisfaction.

The shorter time to market and the increasing
competitiveness and customer demand for variety
have forced companies to increase their manufactur-
g systems’ responsiveness and cost-effectiveness.
From that arises the Reconfigurable Manufacturing
Systems (RMS), which is known as the best manufac-
turing system to thrive i unpredictable and change-
able markets [11].

The high RMS responsiveness is due to their abil-
ity to rapidly adjust their production capacity and
functionality, within a product family, thanks to their
machines’ reconfigurability [11]. In RMS, many ma-
chine configurations can perform a single operation,
while a single machine configuration can fulfill differ-
ent operations. Thus, a given product can have many
alternative process plans. Depending on the current
RMS configuration, a specific process plan will lead
to lower manufacturing costs. Hence, the process
plan of a given product in RMS should often be revis-
ited, highlighting the relevance of jointly optimizing
product and process planning in RMS.

Some works have suggested that optimizing mod-
ular products and RMS decisions concurrently can
be more advantageous and effective than sequential/
non-jointly methods [12], [13]. However, most of
the works optimizing the process planning in RMS
address a pre-defined product, with no consider-
ation of the product configuration phase, meaning
that they use a sequential (or non-jointly) approach
[14]-[17]. Therefore, more research on this topic
1s still needed, including the development of new
mathematical models and solution techniques. Fur-
ther, research investigating to which extent the pa-
rameter modifications will affect the optimal solu-
tion in joint optimization is still missing (e.g., initial
machines' configurations, functions required by the
customer).

Therefore, the main research questions addressed
in this paper are summarized as follows:

I) How to jointly optimize the product con-
figuration, driven by individual customer re-
quirements, with its process planning in an
RMS to minimize the overall manufacturing
cost?

II) How the initial RMS configuration can al-
fect the overall manufacturing cost and the
selected product variant to meet the same set
of functions?

This paper proposes a 0-1 integer linear program-
ming (0-1 ILP) model, based on an attribute-based
approach, to jointly optimize product configuration
with process planning in RMS while ensuring all indi-
vidual customer requirements are satisfied. A hybrid
solution approach based on the combination of an
exhaustive search method with CPLEX 1s developed
to test and validate the proposed mathematical mod-
el. An analysis 1s carried out to investigate how chang-
es In the current RMS configuration and customer
requirements affect the overall manufacturing costs.

This paper 1s organized as follows. Section 2
brings the theoretical background. Section 3 presents
the methodology followed by the problem statement
m Section 4. The mathematical model and solution
approach are presented in Section 5. Section 6 pres-
ents the mathematical model verification and valida-
tion as well as the results and analysis. Finally, Section
7 presents the conclusion.

2. Theoretical background

Concurrent product-process-supply chain engi-
neering standout as one of the main MC enablers
[18], [19]. These three issues are interdependent, but
when companies provide high variety and mass-cus-
tomized products, their interdependencies become
higher and should be considered m an integrated
manner [20].

In this paper, only the concurrent configuration
of product and process 1s addressed, because related
works have highlighted it as a key issue in MC de-
velopment and customer/supplier relationship [9],
[10]. Further, this paper addresses a specific type of
modular process, the RMS, and the complexity re-
lated to its reconfiguration. Differing from a non-re-
configurable process, an RMS can be reconfigured at
software and hardware levels to adjust its production
capacity and functionality according to new market
requirements [21]. Therefore, the process planning
of a given product may change according to the RMS
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current configuration and may be revisited many
times during its lifecycle.

Conlfiguring products according to customer re-
quirements 1s not recent as a research subject and
has been broadly investigated in the literature. How-
ever, when it comes to the concurrent configuration
of product and RMS, the number of researches is
still very scarce, especially when individual customer
requirements are considered in MC contexts.

Due to the lack of researches focused on the joint
configuration of product and process planning in
RMS for MC, this literature review 1s divided into
two main parts. The first one presents an overview of
researches working on concurrent product-process
configuration for MC. In the second part, we bring
a literature review focused on works addressing the
concurrent optimization of product and RMS con-
figuration.

2.1. Joint Product-Process configuration for
Mass Customization

Works configuring products according to specific
customer requirements for MC often embed the
process costs into the module instance [22]-[25]. Al-
though they consider customer requirements, these
works do not directly address process decisions (i.e.,
process/production planning, scheduling, etc.) be-
cause they assume that each module/component has
a fixed cost with no reference to process changes.

Customer requirements are often integrated into
modular product configuration (module selection)
optimization in assemble-to-order environments
[26]-[28]. These works are generally focused on
selecting the supplier of components/subassemblies
that will lead to minimal cost while respecting cus-
tomer’s deadline and requirements. Similarly, Rezael
[29] and Galankashi [30] addressed the optimization
of supplier selection and production planning, but in
addition to cost and lead time, they also optimized
the quality through the minimization of defective
supplied components, which directly affects custom-
er satisfaction.

Some works classify customer requirements into
non-negotiable and negotiable requirements [9], [10],
[31]. They mapped their problem into a two steps
constraint satisfaction problem. At first, they filtered
the solution space with non-negotiable elements,
and second, optimized process planning integrated
to product configuration according to negotiable re-
quirements.

Customer requirements are also often addressed
as functions/functional requirements that are mapped

into modules or module instances [23], [25], [32]-
[36]. These works consider that each customer re-
quirement corresponds to a function associated with
a given module, meaning that if this module appears
in the final product, then the function/customer re-
quirement 1s satisfied.

In summary, works optimizing the product con-
figuration to meet specific customer requirements
use them to constrain their optimization problem to
ensure they will be satisfied in the configured prod-
uct. Some papers addressed product and process
configuration decisions jointly in other systems than
RMS, backing up the relevance of integrating prod-
uct and process decisions. Due to RMS reconfigu-
rability and flexibility, it becomes still more relevant
to integrate both decisions.

2.2. Joint Product-Process configuration in
RMS

As previously stated, there are still relatively few
works addressing the concurrent optimization of
product decisions (e.g., design, configuration, family
formation, etc.) and process planning (or assembly
planning) in reconfigurable manufacturing (or assem-
bly) systems.

Since RMS are built around product families,
many researchers have investigated the optimiza-
tion of product family formation/design or evolution
considering RMS reconfiguration issues. Benderbal
and Benyoucef [37], for example, tried to reduce the
evolution effort within the same product family to n-
troduce new products for meeting the evolutions in
customer requirements. Abdi and Labib [38] investi-
gated the impact of the product life cycle of different
product families on the RMS’s capacity usage. They
addressed the impact of the customer needs changes
on the product life cycle, based on market demands
forecasting.

Although the previous works address strategies
to integrate product and process decisions in RMS,
their approaches are not based on product module
selection or product configuration. Differing from
them, Bryan et al. [12], [39] addressed the joint for-
mation/evolution of product family and reconfigu-
rable assembly lines (RAL), by considering a module
selection approach, to optimize the total profit.

In addition, Bryan et al. [12] compared the joint
optimization of a product family and RAL with the
sequential (separated or non-joint) method. While in
the joint optimization product and process decisions
are taken concurrently, in the separated method, the
product family is formed, and then, the assembly line
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1s designed. Their analysis has shown that jointly op-
timizing product and RAS leads to equal or better
profits than the sequential engineer strategy, where
product family 1s formed and then the RAS 1s con-
figured.

Some works from the literature have reported
the joint optimization of product configuration and
RMS or RAL. Pattanaik and Jena [40], for exam-
ple, addressed the selection of modular products
to be assembled into an RAL. They reported the
selection of modules and their assembly sequence
to minimize balance delay, cycle time, and smooth-
ness index i MC contexts. However, they do not
address individual customer requirements. Sabioni
et al. [13], [41] focused on meeting individual cus-
tomer requirements for MC while jointly optimizing
product configuration, process planning, and layout
design in RMS. They highlighted the benefits of con-
currently optimizing product and process decisions
i RMS.

Xu and Liang [42], [43] did not focus on MC,
but they also tried to integrate modular products and
assembly line configuration to optimize some per-
formance criteria (e.g., product weight, reconfigura-
tion cost, reliability, etc.). Yigit et al. [44] and Yigit
and Allahverdi [45] concurrently optimized modu-
lar product configuration with an RMS configuration
to meet individual/specific customer requirements.
They stated many candidate sets of parameters rep-
resenting different customer requirements to con-
strain product configuration optimization depending
on customer demands. The total system reconfigu-
ration cost was associated with the module nstanc-
es selected to be manufactured without specifying
which machines or workstations were reconfigured.

Mittal et al. [46] used multi-criteria decision analy-
sis to choose a product variant according to the pro-
duction process in an RMS. Based on the instances/
options of modules present in each product variant,
they tried to select the one leading to maximum re-
liability and power at minimal reconfiguration cost.
They assumed that reconfiguration cost was depen-
dent on the reconfiguration effort. The latter is as-
sociated with the costs of adding/removing modules
from machines. They do not address individual cus-
tomer requirements or MC.

In summary, concurrent optimization of prod-
uct module selection and RMS/RAL configuration
has been reported as more advantageous than the
sequential optimization strategy [12]. However, no
previous work has investigated the impact of differ-
ent mnitial machine configurations while jointly opti-
mizing process planning and product configuration

according to different customer requirements. In
this work, we investigate how the changes in mitial
machine configuration and customer requirements
affect total manufacturing cost in RMS while jointly
optimizing product configuration and process plan-

ning in RMS for MC.

3. Methodology

The methodology used to develop this research
can be described into five main steps, which are illus-
trated in Figure 1. In the first one, the research scope
was defined through the problem statement, which
1s detailed in Section 4. Once the problem was de-
fined and objectives specified, a mathematical model
was developed to quantitatively describe the problem
stated in Section 4. The mathematical model as well
as all assumptions that delimit the scope and limits
of the model are detailed in Section 5.1. A solution
approach was developed to solve and verify the math-
ematical problem, as presented in Section 5.2.

Following, the mathematical model and the solu-
tion approach were verified through an illustrative
example, presented in Section 6. It 1s important to
highlight, that the mathematical model and solution
approach were tested for different inputs (e.g., nput
cost and time values, functions required, etc.) and dif-
ferent problems sizes; however, in this paper, only
one 1llustrative example 1s presented. After validating
the mathematical consistency and the solution ap-
proach's ability to solve it, we carried out an analysis
to evaluate the impact of changing machines’ mitial
configuration (Section 6).

4, Problem statement

This paper addresses the attribute-based custom-
1zation problem to jointly optimize the product con-
figuration according to customer requirements and
the process planning in an RMS.

Customer requirements can be described 1in
terms of product functions (PF), which can be satis-
fied by at least one available module instance (MI).
Fach MI can satisfy one or many PFs. A set of MIs
forms a product variant. Therefore, all product vari-
ants compounded of MlIs, which together satisfy all
required PFs, correspond to products meeting all
customer requirements, and therefore, are solution
candidates.

Each product candidate requires a set of opera-
tions to be manufactured. Depending on the product
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Figure 1. Methodology illustration. The number appearing in each bloc corresponds to the section in which
the methodology step is detailed

candidate selected, a given set of operations should
be processed. The process planning is responsible
for assigning those operations to specific machine
configurations. Fach machine can have multiple
configurations, and each of them can perform one
or many operations. A given operation can be per-
formed by different machine configurations.

Therefore, the problem statement can be summa-
rized as follows:

The joint optimization ol product configuration
and process planning in RMS consists of simultane-
ously finding the product configuration - that satisties
all customer requirements - and its corresponding
process plan resulting in minimal manufacturing cost.

5. Proposition

5.1. Mathematical model

This section presents the 0-1 ILP model devel-
oped to concurrently optimize modular product con-
figuration and process planning i an RMS, driven
by individual customer requirements. Its objective
1s minimizing overall manufacturing costs, including
costs of (1) module instances’ raw material (CRM),
(2) manufacturing and assembly operations (COP),
(3) machine configuration change (CCC), and (4)
material-handling (MHC).

Before detailing the mathematical model, we
would like to explain how the attribute-based cus-
tomization process 1s addressed by the mathemati-
cal model proposed in this paper. First of all, this
mathematical model assumes that the customer can
choose, within all available PFs which ones she/he
desires in her/his product (Figure 2). Each PF can

be satisfied by at least one available MI, meaning
that several product variants can be created from the
combination of different MIs capable of satisfying the
set of PFs. Therefore, there are probably many prod-
uct variants candidate solutions for the set of PFs re-
quired by the customer. Once the customer selected
the desired PFs, the latter will constraint the solution
space. The solution space of product configuration
comprises all feasible combinations of MlIs, each
representing a different product variant, according to
their compatibility constraints.

MIs belonging to each product variant require
specific processing operations to be fabricated and
assembled, which are supposed to be sequenced and
assigned to different machine configurations while
ensuring minimal processing cost. Therefore, each
product variant candidate requires a given process
plan configuration in an RMS. Itis assumed that each
machine can assume multiple configurations and per-
form different operations, while different machine
configurations can perform the same operation. The
optimal solution will correspond to the product con-
figuration (product variant) and the process planning
that together led to the minimal overall manufactur-
g cost, including all costs previously mentioned.

In summary, the major decisions related to the
mtegrated optimization of the product’s and RMS’s
configuration are described as follows:

L. Decisions on product configuration:
a. Module instances selection: define which

module instances will compose the product
variant, ensuring that all FRs are satisfied.
b. Operations identification: identify which

operations will be manufactured based on
the module instances selected.
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Figure 2. Illustration of the joint optimization of product configuration and process planning in RMS for MC

I1. Decisions on RMS configuration selection:

a. Process planning: sequence and assign
identified operations to the machine-con-
figurations while respecting precedence and
compatibility constraints and considering
current machine configuration.

Here below we present the main assumptions

used on the mathematical model development ac-

cording to the research scope.

IL.

111
IV.

VI

VIIL

Fach product function (PF), can be satisfied
by at least one module nstance;

Module instances are independent; the
selection of an instance from module m
does not imply the inclusion of another
mstance from module m .

Modules have decoupled interfaces;

The raw maternial for producing module
Instances are prompt available;

Cost and time of changing an RMT
configuration include both hardware and
software levels;

Each machine can be configured in a set of
available configurations;

Fach machine configuration can perform
one or more operations;

VIII. All machines are available and compatible;

IX.

Each operation can be performed by one
or several pairs of machine-configuration.

The notations used on the mathematical model

are described below:

f Index of all available PFs
m,m’  Module index
i,i Module instance index
p,p’  Operations index
w,w’  Machine index
cc Machine configuration index
j Index of process plan position

Some input parameters are required to find the

optimal solution. They can be divided mto three

main 1s

sues: I) Product and PFs, II) Product process-

ing and III) Process planning. Fach will be further

detailed in the following.

Product and PFs: the set of modules/module

instances available to fulfill the available
functions in the product are provided by the
product design team. No module instance can
be created 1n this step.

Parameter Description

F ={12,....f, ., |F1}, Set of all available product
functions (PFs)
D {= 1,if f is required
/ = 0 otherwise
M ={1,2,..,m, .., IMI|}, Set of available modules
1 ={1,2,...,1,.., I}, Set of available module instances
=1, ifinstance i of module m is compatible with
Gyim' ! instance i’ of module m'
= 0, otherwise
=1, ifinstance i of module m satisfies the
Smif Sfunction f

0, otherwise
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II. Product processing: the information

regarding the operations required by each
product module instance and the precedence
relation between these operations are known.

Parameter Description

or  ={12,..,p,..,|0P|}, Set of available operations

=1, ifinstance i of module m requires
Romi an operation p to be manufactured

0, otherwise

1, if an operation p must be processed before

P, an operatzonr p
p' € 0P,

vp, p#p
= 0, otherwise

II1. Process planning: the machine-configurations
cost and time required to accomplish each
operation p 1s supposed to be available. The
cost and time of changing machines’
configuration and handling material are also
available. Machines are placed into layout lo
cations that have known distances between

them.

Parameter Description

w ={1.2,...,w, ., W[}, Set of all available
machines
Cw ={12,..,c,..,|Cy|}. Set of available
configurations for machine w
cw [nitial configuration c® of machine w, where
0
cQeCy
= 1, if an operation p is feasible on machine w
Qpwe with configuration ¢
= 0, otherwise
] ={1.2, ... j, ., 1}, Set of all process plan

positions

dww:  Distance between each pair (w and w’) of machines

Raw material cost of an instance i of module m
Cost of operation p processed on machine w with

Copwc . . .
configuration c per time unit
cc Cost of machine w changing from configuration ¢
r o .
W o ¢! per time unit
cT Cost of transporting material per distance unit
TO Time of processing operation p on machine w with
pwe configuration c
T Time of machine w changing from configuration
Cw,cct X

ctoc'

Decision variables:
{ = 1,if instance i of module m is selected
ymz

=0, otherwise

= 1,if operationp is assigned to machine w with

Xpwej configuration c in process plan position j

=0, otherwise

= 1,if there is a change of configuration c to c'of machine
w, between position j and j + 1

U,
in the process plan

w,ecjj+1

= 0, otherwise

= 1,if machine w with configuration c is in process plan
hyej position j

= 0, otherwise

= 1,if machine w is utilized at position j and machine
w'is utilized at position j + 1 in the process plan
= 0, otherwise

bww'jj+1 }

Objective function:

The objective function presented in Eq. (1) aims
to minimize the overall manufacturing cost, including
costs of raw material, operations, machine configura-
tion change, and material handling.

Z:fCRM+ fCOP+ fCCC_I_ fCMH
min z

Where:
fFERM: Cost of raw material of module instances:

Zzymi X CRp; ©)

fEOP: Cost of operations (manufacturing and assem-
bly) carried out each in a given machine-configura-
tion pair:

DO Sowes X COpue X TOpue @
j p w ¢

£¢¢C: Cost of changing the configuration of machines:

Z Z Z Uy cc’ jj+1 X CCw,ccl X TCw,ccl (4)

W CclECy, |

FEMH: Costs of material handling between all pairs
ol machines:

Z Z Lww'jj+1 X CT X dy )

ww'ew j

Subject to:

The following constraints are related to product
configuration. Eq.(6) states that only one instance 1 of
module m can be selected from alternative mstances
of the same module at a time. Eq.(7) ensures that
only compatible module instances will be present in
the same product variant. Eq.(8) ensures that each
required PF must be satisfied by at least one selected
module mnstance at a time.

ZYmi <1
i

Ymi t Ymiir Gm,i,m’,i’ +1

vmeM (6)

vmm' eM
vii'el @)
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Zzymi X Smif = Dy
m i

The following equations present operations-re-

VfEeF )

lated constraints. Eq.(9) states that each operation
1s processed at most at one process plan position by
one machine-configuration. Eq. (10) states that each
operation is processed at most once in one machine-
configuration. With constraints, Eq.(9) and (10), Eq.
(11) ensures that only required operations will be
processed, and they must each be performed in only
one machine-configuration i only one process plan
position. Eq. (12) states that an operation can only
run in a machine having the correct configuration.
Eq. (13) states operations’ precedence relationships.

53 Y
P w c

5 S
w ¢ ]
ZzzymiXRpmiz ZZ szpwcijpwc
p m i p w ¢ j

(11)

vje] )

Vp € OP (10)

VwelW
vjeJ (
VcelC (12)
Vp €OP

Xp'w'c!j! 2 szp,w.c,j X Pop

j'=1 w c s
Vp,p €0P (13)

p*p'
vVi=12..,n

Xpwej < hwcj

The following equations concern the constraints
mainly associated with machine changes. Eq. (14) en-
sures that there 1s at most one configuration change
for a machine w between position j-1 and j. Eq. (15)
ensures that there 1s at most one machine change be-
tween position j-1 and j. Eq. (16) states if there is
a machine change between position j-1 and j, while
Eq. (17) states if there 1s a configuration change for a
given machine w between position j-1 and j. Eq.(18)
states that each machine has exactly one configura-
tion at each process plan position. Eq. (19) ensures
that a machine’s configuration stays the same unless
its configuration 1s changed in the process plan. Eq.
(20) sets the mitial configuration of each machine.

65
Uw,c,c'jj+1 <1 R
c.c’eC,, Vvw eW (14)
Z bww'jjan S 1 vjeJl (15)
w,w'ew
vVjej
!
Lww'jj+1 2 Z(xpwcj + %) —1 vp.p ,E OMI;
- VYw,w €
w#w'
(16)
vVje]
Vpp €O0OP
Upcc'jj+1 = Xpwej T Xp'we!jer — VweW
Ve, c' €C,
c#+c
(17)
hoo—1 VvwelW
Z wcj Vj E] (18)
hwcj = hwcj—l
+Z“’W.C’,C,j—1,j VwelW

cr vjej (19)

VcelC
- Z Uw,cc'j-1,j

cr

VwelW
Vcel (20)
vVji=0

— 0
hwcj = Cw

Eq.(21)-(25) represent the decision variables do-
mains.

Ymi € {011}

Vvm eM Viel (21

VweW Vje]j
e {0,1 22
Xowej € 0L 0 op v e,

Vj e
Jel Vw € W(©23

U ; € {0,1}
J+1Lw.c.c )
7 Ve, c' €C,

tww'jj+1 € 0,1} Vjie] vww eW (24)

YVweW

huej € {0,1} VjieJ ©)

VcelC

5.2. Solution approach

A deterministic approach 1s proposed to test and
validate the mathematical model detailed m Sec-
tion 5.1. This hybrid approach 1s based on the com-
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bmation of an exhaustive search algorithm (IXESA)
(presented in Algorithm of Appendix A) and IBM
CPLEX solver, as presented in Figure 3. The ESA 1s
used 1n the first phase to filter all MIs combinations
(1.e. product variants - PVs) capable of satisfying the
set of PFs required by the customer while respecting
module mstances compatibility constraints.

The CPLEX, a commercial software based on
the combination of branch and bound algorithm
with cutting plane method [47], 1s used in the sec-
ond phase to get the optimal process plans for each
product variant candidate individually. The optimal
solutions found for the product variants were ranked
(1.e., process planning with the minimal cost), and
then the global optimal solution corresponding to the
minimal overall manufacturing cost - including costs
of product variant (raw material costs) and process
planning - was selected.

6. Results and analysis

6.1. lllustrative example description

An 1illustrative example 1s used to verify the math-
ematical model consistency and solution approach-
ability to solve that. It contains 11 available product
functions, 4 modules (total of 10 module instances),
16 operations, and 4 machines (a total of 14 machine
configurations).

As shown 1 Table 1, one module instance can
satisfy different PFs, and a given function can be satis-
fied by different Mls. Table 2 presents MIs compati-
bility. A product variant is formed only of compatible
MIs. Therefore, their compatibility will directly affect
the number of product variant candidates for a given
set of functions required by the customer.

@

v

Initialization step 1:

operations, machines, configurations, layout
locations, matrices of costs and time

Initialization step 2:

Product module instances,
functional requirements (FRs),
FRs required by the customer

I‘

PVindexv=1

v

l Optimize the process planning for each PV

Filter the V product variants

individually using CPLEX solver

(PVs) capable of satisfying all
FRs required by the customer
with the ESA

Update
v=v+1l
Yes

No
v

Input the V
filtered PVs

Select the process variant presenting the minimum

overall manufacturing cost

(raw material and process planning costs)

«»

Figure 3. The framework of the hybrid method based on the exhaustive search algorithm and CPLEX (ESA-CPLEX) for solving the 0-1
ILP problem of jointly optimizing the product configuration and process planning in RMS.

Table 1. List of module instances and the product functions each of them satisfies. M12 represents module instance 2 of module 1

Modules: M1 M2 M3 M4

Cost: 2 2 35 8,76 6,1 15,9 26,7 16 18,3 17,8
Module instances: M11 M12 M13 M21 M22 M31 M32 M1 M42 M43
Functions satisfied: F1,F4  F2,F4  F3,F4 | F5,F6 F6 F8 F7 F9 F9, F10 F10, F11
Required operations: 1,2 1,3 1,2,4 | 6,7,8 57 19,10,12 10, 11,12 14,16 14,16 13,15, 16
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Table 2. Module instances compatibility

Instances M11 M12 M13  M21T M22 M31 M32 M4l M42 M43
MT1 1 0 0 1 1 1 1 1 1 1
M12 0 1 0 1 1 1 1 1 1 1
M13 0 0 1 1 1 1 1 1 1 1
M21 1 1 1 1 0 1 1 0 1 1
M22 1 1 1 0 1 0 1 1 0 1
M31 1 1 1 1 0 1 0 1 1 1
M32 1 1 1 1 1 0 1 1 1 1
M4l 1 1 1 0 1 1 0 0
M42 1 1 1 1 0 1 1 0
M43 1 1 1 1 1 1 1 0 1

Table 1 also shows the operations required by
each module mstance to be manufactured. Depend-
g on the MIs forming a product variant, different
operations should be manufactured, directly affecting
process planning. The total raw material cost will be
represented by the sum of all module instance costs
present in a product. The cost of each module n-
stance 1s also shown in Table 1. Further details are
presented in Appendix B.

6.2. Mathematical model and solution
approach verification

The mathematical model, as well as the solution
approach, were mmplemented in Python 3.7 lan-
guage. DOcplex Python API was used for modeling
the mathematical programming problem as well as to
import CPLEX solver. The calculations were carried
out in a laptop computer powered by an Intel Core
17-7600U CPU(2.80 GHz) and 16 GB of RAM.

Table 3 summarizes some of the main inputs
used to verify the 0-1 ILP model (W1C4 means con-
figuration 4 of machine 1). The other mputs were
previously presented in this section or detailed in
Appendix B.

Table 3. Some of the main inputs used in the illustrative example

Required product functions
Fa, Fe, F7, Fio

Initial machines’ configurations
WiCy, WGy, WsCp, WCs

Table 4 summarizes the optimal solution found by
ESA-CPLEX, evidencing that the best product vari-
ant 1s composed of the following module instances
M, I, M1, ML, M,I,. Only one MI of each module
type was selected, all MIs are compatible (see Table
2), and all functions required were satisfied, which
means that all constraints related to the product and
functions were satisfied (see Eq. 6-8). The process

plan shows that each operation was performed once
by only one machine-configuration couple. Further,
all operations required by the selected module -
stances were correctly performed, with respect to
the precedence constraints. Therefore, constraints
related to the operations processing (Eq. 9-13) were
also satisfied.

The total cost of the product configuration and
the process plan obtained as optimal solution corre-
sponds exactly with the sum of costs associated with:

CRM ) . .

1. """ Raw material costs of module instanc-
es selected i the optimal product configura-
tion

cop . . .

9. 777 Costs of processing the required op-
erations 1n the corresponding machine-con-
figurations

CMH

3. f

machines (e.g. from machine W, to machine

: Costs of transferring material between

W, between process plan positions J, and J;)

cce . . .
4. 7" Costs of changing a machine configu-
ration :

I) Between consecutive positions: e.g. from

configuration C, to C, of machine Wj be-
tween process plan positions J; and Jg;
II) Between non-consecutive positions: €.g.

from configuration C, to Cy of machine W,
between process plan positions J, and J;

Therefore, all constraints associated with the
machine-configuration changes (Eq. 14-20) were
also validated. Since the ESA-CPLEX is an exact
approach, it 1s expected that 1t will always return the
same result whenever the mput set keeps the same,
which was confirmed by the other two runs we have
done. That same procedure was repeated for differ-
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Table 4. Optimal solution considering the inputs presented in Table 3

pm.dUCt . Total cost Computation time
configuration/variant
Mils, Maly, Msly, Myl 144.6€ 122,2's

Process plan

Ji J2 Js Ja

Js Jo J7 Js Jo Jo

position
Operation OP, OP; OP; OP;s
Machine w, w, w, W

Configuration G, G C, C

Op7 OP]O Opm OPn Opm OP;Z
WZ WZ W3 W3 W3 W3
C1 Cy Cz C1 C] C7

ent examples (with different input values), in all of
them the constraints were respected, and the optimal
solution proposed was that with the minimum cost.

Based on the previous analyses, we could validate
the mathematical model consistency regarding the
problem stated in this research. Similarly, we could
validate the solution approach's ability to solve the
proposed mathematical model, confirming the appli-
cability of the ESA-CPLEX to solve the joint optimi-
zation of the product-RMS configuration problem as
described in Section 4.

6.3. Evaluation of the initial machines’
configurations changeovers

In Section 6.2, we carried out some analyses to
test and validated the mathematical model and so-
lution approach considering the specific inputs from
Table 3. Nevertheless, the example addressed rep-
resents only one possibility within the illustrative
example. It means, the customer could require dif-
ferent PFs or even, the current RMS configuration
(initial machines’ configurations) could be not that
presented in Table 3.

The mputs described in Table 3 are unpredict-
able and can vary according to the RMS current state
and the customer needs. Therefore, this section aims
to mvestigate how machines’ mitial configurations

and a different set of required functions affect the op-
timization’s results.

The use case (llustrative example) used here 1s
the same introduced in Section 6.1. In this example,
each machine has a different number ol configura-
tions (W,=4, Wy=3, W,=2, and W =)5). If all ma-
chines’ configurations are combined there are 120
possible initial configurations (i.e., 4x3x2x5=120).
The mitial machines’ configurations were changed
at a time while all other parameters were kept the
same. Table 5 presents a list fragment of the 120 ini-
tial RMS configurations according to the machine-
configurations available that were tested in this work.

Three groups of functions were selected to rep-
resent three different sets of customer requirements
(Table 6). Group 1 corresponds to functions F,, F,
F,, and F,, already introduced in the previous section.
Group 2 is composed of the following functions Fy, Fy,
F,, and F,, meaning that only one function changed
compared to Group 1 (F, replaced by Fy). Functions
required in Group 3 correspond to Fy, F;, Fg, and Iy
and then, they are all different from Group 1.

Table 6 summarizes the number of product can-
didates for each group of functions as well as the fre-
quency these product variants appeared as an opti-
mal solution within the 120 runs for each group. The
product variants that most frequently appeared as an
optimal solution (highlighted in grey) in each group

Table 5. Fragment of the list of all possible initial machines’ configurations

Machine w1 W2 W3 W4
Configuration | C1 c2 C3 ¢4 | Qa c2 C3 | a c | a c2 C3 ¢c4 G5
Run1 0 0 1 0 1 0 0 0 1 0 0 0 1 0
Run 2 0 0 1 0 1 1
Run 3 0 0 1 0 1 1 1 0
Run 118 0 1 1 1 1 0
Run 119 0 1 1 1 1
Run 120 0 1 1 1 1 0
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presented the cheaper raw material costs and the low-
er number of operations of the corresponding group.

The results in Table 6 suggest that product vari-
ants requiring the same number of operations as the
product variant that appeared most frequently, but
about 69 more expensive than the latter, will be the
optimal solution of some RMS configurations, but
m a lower frequency (see product variants 1A and
1B). When the raw material cost of two product vari-
ants 1s the same, the product variant requiring one
more operation will appear much less frequently. In
the case of product variants 3A and 3B, 3A appeared
87.5% while 3B only 12.5%. When the other prod-
uct variants require at least one more operation than
that appearing most frequently and are at least 3.5%
more expensive than the reference (optimal) product
variant (highlighted in grey), they will never appear as
an optimal solution (see product variants 1C and 1A;
92B,2C, and 2A; 3C-3F and 3A).

In summary, depending on the initial machines’
configurations, different product variants will appear
like the optimal solution, confirming the impact of
the initial RMS configuration on the overall manufac-
turing costs as well as on the optimal product configu-
ration and process plan. The product variants that
appeared the most were those presenting the lowest
raw-material cost and the fewest number of required
operations.

Regarding the overall costs, the results suggest that
when the raw material cost of different product con-
figurations are shlightly different and they require the
same (or a close) number of operations, it 1s more
opportune to apply the jomt-optimization of prod-
uct and process planning configuration in RMS than

the separated one. Nevertheless, 1if the raw material
costs between two product configurations are con-
siderably different while their process plans are quite
close (e.g., same number and type of operations), the
separated-optimization method may be enough for
cost mmimization. That is because the costs of the
process plan will probably not compensate for the
high difference in raw material costs.

Further research is required to compare joint and
separated optimization approaches when other re-
sponses of interest are considered (e.g., customer sat-
isfaction index, completion time, etc.) because they
can considerably affect the optimal results. Besides,
considering other constraints such as machine avail-
ability, delivery time, could also impact the optimiza-
tion result, and then, help to evidence which method
(oint or separated one) performs better to optimize
the attributed-based customization of modular prod-
uct configuration and process planning in RMS for
MC contexts.

Table 7 shows some statistics of the 120 runs for
each group of functions. The results suggest that for
all groups of functions considered, the total cost can
vary up to about 309 depending on initial machines’
configurations. The average cost for all groups was
close to 140-145€. The minimal costs obtained
by groups 1, 2, and 3 were 126.31€, 122.49€, and
120.73€. These minimal costs correspond to the
most frequently selected product variants, according
to data from Table 6.

Groups 1 and 2 attained the minimum cost when
the machines started with the following configura-
tions: W,C;, W,Cy, W;C,, and W,C,. In contrast,

Group 3 attained minimum cost when the nitial ma-

Table 6. Product variant candidates for each group of selected functions and the frequency they appeared as an optimal solution

within the 120 runs

Frequency N° of required Raw material

Group Functions ID Product variants (%) operations cost (€)
1A MI12, M22, M32, M43 75 10 52,6
1 Fp Fo, Fs, Fo 1B M12, M21, M32, M42 25 10 55,76
1C M12, M21, M32, M43 0 n 55,26
2A M12, M22, M32, M41 100 9 50,8
2 Fo Fo, F7, Fo 2B M12, M21, M32, M41 0 10 53,46
2C M12, M21, M32, M42 0 10 55,76
30 M12, M21, M31, M41 87.5 10 42,66
3B M11, M21, M31, M41 12.5 n 42,66
3 Fu Fa Fo Fo 3C M11, M21, M31, M42 0 n 44,96
3D M12, M21, M31, M42 0 10 44,96
3E M13, M21, M31, M41 0 n 44,16
3F M13, M21, M31, M42 0 n 46,46
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Table 7. Summary of results obtained by each group of functions considering different initial machines configurations

Group 1 2 3
FunCtions FZ) F67 F7, F10 FZ, F67 F77 F9 Fq, F57 F87 F9
Responses  Total Cost (€) Total Cost (€)  Total Cost (€)
Mean 145.51 140.21 141
StDev 7.49 8.07 8.67
Minimum 126.31 122.49 120.73
Median 144.58 139.95 141.62
Maximum 164.52 159.49 159.28
Gap 30.25% 30.21% 31.94%
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Figure 4. Main effects plot for the total cost of a) Group 1 b) Group 2, and c) Group 3

chines’ configurations were W,C,, W,C,, W,C,, and
W,C,, an mitial configuration utterly different from
the other two groups. The similar behavior between
groups 1 and 2 is evidenced by the main effects plots
of Figure 4a,b. They show that for groups 1 and 2
minimal total costs are obtained when machines W,

W,, W3, W, respectively, start with the conligura-
tions C,;, C;, C,, and C,. In contrast, for Group 3,
the main effects plot (Figure 4c¢) suggests that minimal
costs are obtained when the initial configuration of
machines W, W,, W3, W,, are respectively, C,, C,,
C,, C,.
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These results indicate a relationship between the
type of product functions required and the preferable
mitial machines’ configurations.

7. Conclusion

This paper proposed a 0-1 ILP model to joint-
ly optimize the configuration of the attribute-based
product customization and the process planning
RMS aiming at minimizing the overall manufacturing
costs for MC. The total manufacturing costs include
module nstances’ raw material, manufacturing and
assembly operations, machine configuration change,
and material handling related costs.

A hybrid deterministic solution approach based
on an exhaustive search algorithm and CPLEX
(ESA-CPLEX) was developed to test and validate
the mathematical model proposed. The results evi-
denced the 0-11LP model consistency and the ESA-
CPLEX ability to solve this model m relatively low
computation time for a small problem size. Further
research 1s still required to test and compare the re-
sults from this paper with other solution approaches
as well as with other types/sizes of problems.

The influence of initial machines’ configurations
as well as the type of functions (groups) required by
the customer on the total manufacturing costs were
mvestigated and results indicate a considerable influ-
ence of machines’ initial configuration on the overall
manufacturing costs (differences up to 30%). Further,
depending on the initial machines’ configuration, dif-
terent product variants appeared as the optimal solu-
tion for the same set of required functions. These re-
sults contribute to corroborating the impact of RMS’s
current configuration on manufacturing costs and the
benefits of concurrently optimizing product configu-
ration and process planning in an RMS for minimiz-
g total manufacturing costs.

In summary, the results confirm the interest and
applicability of the new attribute-based customization
method based on the joint optimization of product
configuration and process planning in RMS. The
attribute-based approach proposed in this paper can
guide the customers during their choice with a prom-
1sing capacity to help them find out what they want,
potentially reducing the paradox of choice during the
customization process. Therefore, the approach pro-
posed here can be potentially integrated into a config-
urator to optimize the offering of candidate product
variants, as presented by Sabioni et al. [48].

One limitation of this work 1s that it only consid-
ers the cost as a response of interest and 1s mited to

the product and process; with no reference to other
supply chain aspects. However, as reported by We-
ber and Chatzopoulos [49], in MC contexts the cus-
tomer experience, and then, their satisfaction, can be
highly influenced by many other aspects related to
the whole supply chain. Therefore, future researches
can include other aspects in parallel to the cost, such
as customer-perceived utility or delivery time, and
can include other aspects from the supply chain, such
as supplier selection and delivery option.
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Algorithm: Pseudocode of the exhaustive search algorithm (ESA):

Begin

input customer_requirements

input module_instances

input matrix_module_inst_compatibility
input matrix_requirements

function remove_val(List, Value):

while Value in List:
remove Value from List

function generate_all_combs_with_m1(List):
generate all combinations from elements in List

for comb in combinations:
remove_val(comb, None)

selected_combs =[]
for comb in combinations:
if comb has module 1:
selected_combs.append(comb)

ret