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ABSTRACT
Reconfigurable manufacturing systems (RMS) is a type of manufacturing system in which the struc-
ture and resources are changed in a fast and cost-effective way to achieve the required capacity and
performance at the required time. The layout design problem in an RMS refers to the challenge of
determining the optimal physical arrangement of machines, equipment, and resources within the
manufacturing facility to ensure flexibility, scalability, and efficiency. The key objective is to create
a layout that supports rapid reconfiguration to accommodate changes in product types, produc-
tion volumes, and processes while minimising downtime, costs, andmaterial handling. In this paper
a novel approach to dynamic facility layout design within scalable RMS is proposed which focuses
on reconfigurable machine tools (RMT) to accommodate varying production requirements for dif-
ferent products. A newmixed integer linear programming (MILP) model is proposed which enables
adjustment of the facility layout to align with fluctuating production volumes and product mixes
in different production periods. Hypothetical Case studies are designed to demonstrate the effec-
tiveness of the approach, highlighting improvements in operational flexibility, system design cost,
throughput, and resource utilisation. The findings contribute to the development of RMS that can
adapt to changing market demands, ensuring competitive advantage in manufacturing industries.
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1. Introduction

In today’s highly competitive manufacturing landscape,
the ability to rapidly respond to shifting market demands
and product variations is essential formaintaining a com-
petitive edge. To address this, scalable and reconfigurable
manufacturing systems (RMS) have emerged as a viable
solution, offering the flexibility and adaptability required
to efficiently manage diverse part families and varying
production volumes (Rezaee andMoghaddam 2025; Zhu
et al. 2022).

RMSs are characterised by their ability to quickly
adjust production capacity and functionality through
the use of modular components. Among these, mod-
ular reconfigurable machine tools (RMTs) stand out
as key enablers of this adaptability, allowing manufac-
turers to reconfigure production lines to meet specific
requirements with minimal downtime (Huang, Huang,
et al. 2024; Huang, Tan, et al. 2024; Morgan et al. 2021).
However, while the reconfigurability of machinery has
been extensively studied, there has been limited focus
on the facility layout design within scalable RMS, par-
ticularly in the context of incorporating RMTs. The
layout of a manufacturing facility plays a crucial role
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in determining the efficiency of the entire production
process, affecting factors such as material flow, lead
times, and overall throughput (Maganha, Silva, and Fer-
reira 2019). The static facility layout problem (SFLP)
involves arranging departments within a facility, to
optimise workflow and efficiency. When material flow
between departments changes over time, the problem
becomes dynamic, requiring a layout plan for multiple
time periods. Solving the SFLP separately for each period
can lead to high rearrangement costs, so the dynamic
facility layout problem considers both material handling
and rearrangement costs to find an optimal series of
layouts for different periods (Pérez-Gosende, Mula, and
Díaz-Madroñero 2021).

Approaches to solving dynamic facility layout prob-
lems generally fall into two main categories: adaptive
(or flexible/agile) approaches and robust approaches. The
adaptive approach is based on the premise that lay-
outs can be adjusted over time with minimal rearrange-
ment costs, allowing for easy relocation of machines as
needed. In contrast, the robust layout approach oper-
ates under the assumption that rearrangement costs are
prohibitively high, and therefore seeks to minimise total
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material handling costs across all periods by maintaining
a single, optimised layout (Pourvaziri et al. 2022).

The main problem addressed in this paper is the
dynamic layout design of an RMS which is capable of
producing a family of parts. In this manufacturing sys-
tem, Reconfigurable Machine Tools (RMTs) with mod-
ular structures are used which means it is possible to
change the configuration of these machines in different
production periods by changing their auxiliary modules.
Therefore, it is possible to respond to changes in demand
in each production period by purchasing new RMTs or
changing the configuration of the existing ones.

The implemented approach in this paper is based on
mathematical modelling. The presented Mixed Integer
Linear Programming (MILP) model takes into account
the assumptions of the problem and guarantees that the
purchase, configuration change, and location selection of
the RMTs are done in a way that, while responding to the
fluctuations of demand in various periods of production,
the sum of all incurred costs are minimised. It is note-
worthy to mention that robust approach is followed in
this paper for layout design since if an RMT is purchased
and installed in a specific location, its location remains
unchanged over different production periods and only its
auxiliary modules can be added and/or removed.

The rest of the paper is organised as follows: In
Section 2, a thorough literature review is provided and
the existing gaps in the literature are highlighted. In
Section 3 the proposed approach for dynamic robust lay-
out design is introduced and the problem is formulated as
an MILP model. To test the model, two arbitrary exam-
ples are designed and solved with the proposed math-
ematical formulation. Furthermore, a hypothetical case
is solved in this section to demonstrate the advantages
of RMT reconfiguration in facility layout design. Analy-
sis and comparison of results and sensitivity analysis on
the most important problem parameters are performed
in Section 4. Finally, in Section 5, conclusions and future
areas of study are presented.

2. Literature review

RMS facility layout design has always been an interesting
and yet challenging problem that has helped the better
realisation of the RMS concept. The literature on this sub-
ject can be mainly classified into three categories. The
first group consists of papers focussing on selecting the
type, number and configuration of the RMTs used to sat-
isfy the demand in an RMS. Papers in the second group
are mainly focussed on the layout design of machinery
and departments in an RMS. The third group of papers
concentrate on the layout design of Reconfigurable Cel-
lular Manufacturing Systems.

2.1. Selecting the type, number and configuration
of RMTs

Research on RMS emphasises optimising machine selec-
tion, configuration, and performance to meet varying
production demands. A common assumption across
studies is that a list of candidate RMTs is available for
designing the RMS. Early works, such as that by Youssef
and ElMaraghy (2007) proposed models using the uni-
versal generating function (UGF) technique to optimise
RMS configuration, employing tabu search (TS) and
genetic algorithms (GA) to solve the problem and deter-
mine optimal layouts and operations. Similarly, Dou,
Dai, and Meng (2009) introduced a precedence graph
approach to generate and evaluate configurations for
single-product flow lines (SPFLs), identifying optimal
and near-optimal solutions.

Several studies focussed on multi-objective optimisa-
tion to balance system costs, reconfigurability, and per-
formance. Goyal, Jain, and Jain (2012) proposed indices
for operational capacity and reconfigurability and used
NSGA-II and TOPSIS to rank solutions while (Goyal,
Jain, and Jain 2013) introduced a Responsiveness Index
to enhance system adaptability. Bensmaine, Dahane, and
Benyoucef (2013) optimised machine selection by min-
imising total costs and completion times using NSGA-II
and Benderbal, Dahane, and Benyoucef (2015) added
considerations for machine unavailability through a
Robustness Index.

Flexibility and modularity were central to the work
of Haddou Benderbal, Dahane, and Benyoucef (2017)
and Haddou Benderbal, Dahane, and Benyoucef (2018),
who introduced indices like flexibility and modularity to
evaluate systems under demand uncertainty. Their mod-
els aimed to optimise system configurations, minimise
costs, and address fluctuating demands by adjusting
modular components. These problems were solved using
advanced algorithms like ArchivedMulti-Objective Sim-
ulated Annealing (AMOSA).

Demand-based configuration optimisation was expl-
ored in-depth by Moghaddam, Houshmand, and Fatahi
Valilai (2018); Moghaddam et al. (2020). In 2018, they
proposed a two-phase approach that handled uncertainty
in demand by recommending initial configurations and
suggesting modifications over time. In 2020, they refined
this into an integrated model that used full demand data
to minimise costs for producing part families, achiev-
ing superior results compared to the earlier approach.
These studies highlight a progression from foundational
optimisation techniques to advanced multi-objective
models, addressing key challenges in RMS design
such as cost-efficiency, adaptability, and response to
uncertainty.
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2.2. Layout design ofmachinery and departments
in RMSs

Research on the layout of machinery and departments in
Reconfigurable Manufacturing Systems (RMSs) explores
optimising configurations to improve adaptability, effi-
ciency, and cost-effectiveness. Maganha and Silva (2017)
conducted a comprehensive review of the Reconfigurable
Layout Problem, defining reconfigurable layouts as sys-
tems that can frequently and easily adjust their config-
urations to meet changing demands. The key charac-
teristics of such layouts include reusability, responsive-
ness, adaptability, dynamicity, flexibility, reliability, and
modularity.

Xiaobo, Jiancai, and Zhenbi (2000) proposed a
stochastic framework for RMS layout design, address-
ing optimal configurations under uncertain demand, part
family selection, and performance measurement. The
follow-up work by Xiaobo, Wang, and Luo (2000) devel-
oped probabilistic models to identify optimal configu-
rations for manufacturing specific products, introduc-
ing two algorithms, Iterative Procedure with Simula-
tion Approximation (IPSA) and Iterative Procedure with
Exact Calculation (IPEC). Subsequent studies (Xiaobo,
Wang, and Luo 2001a, 2001b) tackled part family selec-
tion and introduced a semi-Markov process to evaluate
RMS performance with proposed solution approaches.

Guan,Qiu, andYang (2012) examined layout design in
RMSs using automated guided vehicles (AGVs) formate-
rial handling, proposing a mathematical model to min-
imise handling costs. Zheng et al. (2013) complemented
this by using simulation to design layouts that reduce
overall system costs, including those related to machine
installation, tool management, and transportation.

Azevedo, Crispim, and de Sousa (2013) empha-
sised the importance of flexible and reconfigurable lay-
outs in complex manufacturing systems, distinguish-
ing between large-scale changes (department relocation)
and small-scale adjustments (within-department recon-
figurations). They proposedmixed-integer programming
(MIP) models to address these challenges. Subsequent
studies by Azevedo, Crispim, and de Sousa (2016, 2017)
refined the approach by optimising department loca-
tions to minimise material handling and reconfiguration
costs while considering interdepartment proximity and
location suitability based on specific requirements.

2.3. Layout design of cellular RMS

Cellular reconfigurable manufacturing systems (CRMS)
are composed of reconfigurable manufacturing cells con-
taining RMTs, CNCmachines, setup stations, automated
material handling systems, and storage systems. The

design of CRMS layouts focuses on grouping RMTs and
CNCmachines into cells to meet demand while ensuring
the correct sequence of operations for part production.

Pattanaik, Jain, and Mehta (2007) introduced a multi-
objective model to minimise inter-cell movements and
auxiliary module changes, using the non-dominated
sorting genetic algorithm (NSGA), which was later
refined by Pattanaik andKumar (2010) with theNSGA-II
for enhanced optimisation.

Xing et al. (2009) employed a neural network-based
method to address cell formation, grouping parts into
families and using artificial neural networks (ANNs) to
identify candidate reconfigurable cells and solve schedul-
ing and layout problems. Yu et al. (2012) addressed part
grouping and loading issues in CRMS by proposing an
integer linear programming (ILP)model and implement-
ing two iterative algorithms, LPT-IA and MUL-IA, to
allocate parts to RMCs and assign operations and tools
within cells.

Eguia et al. (2013) tackled the simultaneous problems
of cell formation and part family scheduling for CRMS.
They developed a MILP model to assign part families
to cells and schedule operations effectively. Building on
this, Eguia et al. (2017) proposed a two-phase approach
for CRMS design: the first phase involved grouping
machines into cells using an ILPmodel, while the second
phase determined routeing mixes, tool allocations, and
module placements using anMILPmodel. The summary
of all reviewed papers can be seen in Table 1.

Based on the reviewed literature, there are only a few
examples of systems capable of generating a layout for
RMS. Few researchers have focussed on solving the lay-
out design problem specifically for RMS and our review
did not identify any significant research that simultane-
ously addresses both layout design and RMT reconfigu-
ration. Hence, the main contributions of this paper can
be summarised as follows:

• Introducing a newmethod for designing dynamic and
robust facility layouts within scalable RMS by high-
lighting the use of RMTs to accommodate varying
production requirements in a cost-effective and timely
manner.

• Proposing a new MILP model for dynamic facil-
ity layout problem of RMS, considering possible
RMT transformations by adding/removing auxiliary
modules.

3. Overview of the proposedmethod

Elaborating the proposed approach, the following assum-
ptions are made in this study regarding the production
system.
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3.1. Assumptions

An RMS, by definition, must be designed to manufac-
ture all parts within a specific part family. The features
of each part may necessitate specific operations such as
milling, boring, drilling, tapping, and reaming. In this
study, the focus is on a single part family, where the oper-
ation sequences for different parts are similar and pre-
determined before the system design. The RMS remains
idle between production periods, and production halts
during reconfiguration phases.

As previously noted, RMTs are key components of
RMS. These machines consist of fixed basic modules and
changeable auxiliary modules. In this study, all resources

are considered to be reconfigurable, and altering the con-
figuration of an RMT requires modifying one or more
auxiliary modules at a specific cost.

The system’s goal is to satisfy products’ demandwithin
the family of parts, in such a way that the total cost in all
production periods is minimised. The system is consid-
ered empty and idle at the beginning of the planning hori-
zon, that is, there are not any RMTs in the system. The
possible locations to install RMTs and the entry and exit
points of Work in Progress (WIP), i.e. workshop doors
are predetermined. When production starts in the first
period, a number of RMTs are purchased. In the follow-
ing periods and with changes in the demand of each part

Table 1. Summary of the literature review.

Author(s) ( year) Objective function Constraints Problem type in RMS
Mathematical

model
Opt.

Algorithm

Xiaobo, Jiancai, and
Zhenbi (2000)

Min Cost – Part Family Selection Stochastic –

Xiaobo, Wang, and
Luo (2000)

Max Profit – Part Family Selection Stochastic IPEC & IPSA

Xiaobo, Wang, and
Luo (2001a)

Max Profit – Part Family Selection Stochastic PRH & PMH

Xiaobo, Wang, and
Luo (2001b)

Max Profit – Part Family Selection Stochastic PRH & PMH

Pattanaik, Jain, and
Mehta (2007)

Min Inter-cellular
Movements

Cell Size Cellular Layout Design MOP NSGA

Min Changes in Auxiliary
Modules

Youssef and
ElMaraghy (2007)

Min Capital Cost Production Stages Configuration Selection – TS & GA

Max Machine Availability Demand
Machines
Operations’ Precedence
Capital
Operations’ Feasibility

Dou, Dai, and Meng (2009) Min Cost Operation-Machine Alloca-
tion

Configuration Design ILP CSKP

Space
Capital
Precedence

Xing et al. (2009) – – Cellular Layout Design – –
Pattanaik andKumar (2010) Min Inter-cellular

Movements
Cell Size Robust Cellular Layout

Design
MOP NSGA-II

Min Changes in Auxiliary
Modules

Goyal, Jain, and Jain (2012) Min Cost Machine-Station
Assignment

Configuration Selection MOP NSGA-II & TOPSIS

Max Operational Capacity Demand
Max Machine Reconfigura-
bility

Guan, Qiu, and Yang (2012) Min Material Handling
Costs

No. of Workstations Layout Design MIP RELM

Min Reconfiguration Costs Input & Output Flow Equal-
ity

Yu et al. (2012) Min Max Workload Demand Cellular Layout Design ILP LPT-IA & MUL-IA
Required Operations
Tool Capacity
No. of Available Tools
Tool Life
Operation-Machine Assign-
ment

Azevedo, Crispim, and de
Sousa (2013)

Min Material Handling
Costs

Department Area Layout Design MIP –

Min Reconfiguration Costs Capacity of each Location
Max Layout Efficiency Machine Capacity

Demand
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Table 1. Continued.

Author(s) ( year) Objective function Constraints Problem type in RMS
Mathematical

model
Opt.

Algorithm

Bensmaine, Dahane, and
Benyoucef (2013)

Min Machine Usage Costs Machine Capability Configuration Selection MOP NSGA-II

Min Tool Usage Costs Precedence
Min Reconfiguration Costs Tool Capability

Min Tool Change Costs
Min Processing Time
Min Tool Change Time
Min Reconfiguration Time

Eguia et al. (2013) Min Reconfiguration Costs No. of Part Groups Cellular Layout Design MILP TS
Min Under-utilisation Costs Production of Part Families

Goyal, Jain, and Jain (2013) Max Responsiveness Index – Configuration Selection – –
Zheng et al. (2013) Min Costs – Layout Design – –
Benderbal, Dahane, and
Benyoucef (2015)

Min Reconfiguration Time Allocation of Operations Configuration Design MOP NSGA-II

Min Tool Change Time Precedence
Min Processing Time Tool Capability

Min Disruption
Azevedo, Crispim, and de
Sousa (2016)

Min Material Handling
Costs

One Department Per Loca-
tion

Layout Design – –

Min Reconfiguration Costs Area of Locations Layout Design – –
Max Departments’ Proxim-
ity

Transportation Capacity Layout Design – –

Azevedo, Crispim, and de
Sousa (2017)

Min Material Handling
Costs

One Department Per Loca-
tion

Dynamic Layout Design MIP –

Max Departments’
Adjacency

Area of Locations

Min Reconfiguration Costs Transportation Capacity
Min Unusable Locations Department Location

Eguia et al. (2017) Min Under-utilised
Machines

Machine Allocation to Cell Cellular Layout Design ILP & MILP –

Min Inter-cellular
Movements

Process Allocation to Cell

Min Inventory Costs Zero Inventory
CNC Tool, RMT Modules
MaximumWorkload

Haddou Bender-
bal, Dahane, and
Benyoucef (2017)

Max Flexibility Index Machine Unavailability Configuration Design MOP NSGA-II

Min Production Time Operation Feasibility
Precedence

Haddou Bender-
bal, Dahane, and
Benyoucef (2018)

Max Modularity Operation Allocation Configuration Design MOP AMOSA & TOPSIS

Min Total Time Precedence
Min System Costs Tool Capability

Moghaddam, Houshmand,
and Fatahi Valilai (2018)

Min Purchasing Costs RMT Capacity Configuration Design MILP –

Min Reconfiguration Costs Products’ Demand
Moghaddam et al. (2020) Min Purchasing Costs RMT Capacity Configuration Design MILP –

Min Reconfiguration Costs Products’ Demand
This Paper Min Purchasing Costs RMT Capacity Dynamic Layout Design MILP –

Min Reconfiguration Costs Products’ Demand
Min Material Handling
Costs

type, the configuration of some existing machines would
be changed by adding and removing auxiliary modules.
Other RMTs may also be purchased at the beginning of
each production period.

It should be noted that when an RMT is purchased, its
location in the production system must be specified. As
mentioned earlier, machines (if required) are purchased
at the beginning of the production period to perform
a specific operation, and their configurations may be
changed in subsequent production periods. Therefore,

the location of each machine is determined by consider-
ing the possible changes in its configuration to perform
different operations in future production periods, as well
as WIP flows. After an RMT is purchased and installed
in a specific location, its location cannot be changed (for
technical reasons) in future periods.

In general, three types of costs are considered in this
study: the cost of purchasing new RMTs, the cost of
adding and removing modules, and the cost of material
handling. The proposed model aims to determine, for
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all production periods, the reconfigurable machines that
must be purchased, their permanent positions for instal-
lation, their required reconfiguration, and the material
flow in between them, in order to supply the demand of
all parts within a part family by minimising total system
design cost.

Every RMT has two types of material flow: incom-
ing and outgoing. The incoming material flow of each
RMT is equal to its outgoing flow. The total flow of
any RMT (which is equal to the sum of its incoming or
outgoing flow) never exceeds the total capacity of that
machine while performing the corresponding operation.
If the operation performed by one RMT (such as A)
is a direct prerequisite for the operation performed by
another RMT (such as B), there is a possibility of material
flow between these two RMTs (from A to B). Otherwise,
there will be no material flow between them.

All the examples discussed in this paper are designed
using the information in Table 2. In this table, the infor-
mation of available hypothetical RMTs, their different
configurations, the production rate of each configuration,
the cost of purchasing each RMT and the list of basic and
auxiliary modules for each configuration are given.

Sets
The sets that are used in the proposed mathematical
formulation are as follows:

P: Set of all possible locations where machines can be
installed.

J: Set of all possible machine configurations.
L: Set of all required production processes (Opera-

tions).
T: Set of all production periods.

Indices
Based on the defined sets, the following are the indices
used in the mathematical formulation:

p: Location of a reconfigurable machine.
j: Configuration of a reconfigurable machine.
l: A certain operation.
t: A certain time period.

Input Parameters
All input parameters required for the formulation are as
follows:

Xp: The x coordinate of location p.
Yp: The y coordinate of location p.
Cj: Cost of purchasing an RMT with configuration j.
dtl : The demand for operation l in period t. Ta
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MHC: The cost of moving one unit of product one unit
of length.

Bjl: The maximum capacity of an RMT with configu-
ration j when performing operation l.

rjj′ : Cost of changing an RMT configuration from j
to j′. This is calculated as sum of the costs of
adding/removing modules to/from the RMT.

qll′t : A binary parameter which equals 1 if operation l
in period t is a direct predecessor of operation l′.

Dpp′ : Manhattan distance between two locations p and
p′ which is calculated as follows: Dpp′ = |Xp −
X′
p| + |Yp − Y ′

p|.

Decision Variables
The decision variables used in the formulation are as
follows:

xpjl: A binary decision variable which equals 1 if a
machine with configuration j is purchased for
operation l and installed in location p.

spjlt : A binary decision variable which shows the state
of machine p. It equals 1 when the machine that
is located in p and has configuration j, performs
operation l in period t.

ypj′jlt : A binary decision variable which equals 1 when at
the beginning of period t the machine in location
p is reconfigured from j′ to j and then performs
operation l.

vplt : An integer decision variable which shows the total
input (output) flow of the RMT in location p
which performs operation l in period t.

v′
plp′l′t : An integer decision variable which shows the

input flow in period t from the machine in loca-
tion p performing operation l to the machine in
location p′ performing operation l′.

3.2. Mathematical formulation

Based on the above input description, a novel MILP for-
mulation is proposed as follows for RMS layout design
and reconfiguration in different production periods. As
stated in the assumptions, for technical reasons, the loca-
tion of the RMTs in the production system does not
change, but the configuration of each RMT and the oper-
ations it performs may change in different production
periods. For this reason, in most variables, the p index is
at the beginning; it is a characteristic of an RMT that does
not change during production periods, and with it, the
status of each RMT can be tracked in different periods.

min

⎧⎨
⎩

∑
p∈P

∑
j∈J

∑
l∈L

Cjxpjl

+
∑
p∈P

∑
l∈L

∑
j∈J

∑
j′∈J

∑
t∈T

rjj′ypj′jlt

+
∑
t∈T

∑
p∈P

∑
l∈L

∑
p′∈P

∑
l′∈L

v′
vlp′l′tDpp′MHC

⎫⎬
⎭ (1)

Subject to:

spjlt ≤
∑
j′∈J

∑
l′∈L

xpj′l′ ∀ p, j, l, t (2)

∑
j∈J

∑
l∈L

spjlt ≤ 1 ∀ p, t (3)

xpjl ≤ spjlt ∀ p, j, l, t = 1 (4)

spjlt ≤
∑
l′∈L

spjl′(t−1) +
∑
j′∈J

ypj′jlt ∀ p, j, l, t �= 1 (5)

∑
j′∈J

ypj′jlt ≤ spjlt ∀ p, j, l, t (6)

ypj′jlt ≤
∑
l′∈L

spj′l′(t−1) ∀ p, j′, j, l, t �= 1 (7)

vplt ≤
∑
j∈J

spjltBjl ∀ p, l, t (8)

∑
p∈P

vplt ≥ dtl ∀ l, t (9)

v′
plp′l′t ≤ vpltqll′t ∀ l, p, l′, p′, t (10)

v′
plp′l′t ≤ vp′l′tqll′t ∀ l, p, l′, p′, t (11)
∑
p′∈P

∑
l′∈L

v′
plp′l′t =

∑
p′∈P

∑
l′∈L

v′
p′l′plt ∀ t,

p �= pEnd, l �= lEnd, p �= pStart , l �= lStart (12)
∑
p′∈P

∑
l′∈L

v′
plp′l′t =

∑
p′∈P

∑
l′∈L

v′
p′l′plt ∀ t, p �= pEnd, l �= lEnd,

(13)
∑
p′∈P

∑
l′∈L

v′
p′l′plt = vplt ∀ t, p = pEnd, l = lEnd (14)

vplt , vplp′l′t ≥ 0 ∀ p, l, p′, l′, t (15)

xpjl, spjlt , ypjj′lt ∈ {0, 1} ∀ j, j′, p, p′, l, l′, t (16)

In the above formulation, (1) is the objective function
which constitutes of three types of costs: cost of purchas-
ing a newRMT, cost ofmachine reconfiguration, and cost
of material handling in between RMTs. The goal is to
minimise the total cost. Constraint (2) indicates that the
decision variable for the machine located in p is 1 if and
only if that machine is purchased and installed in the cor-
responding position. Constraint (3) shows that an RMT
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that is located in p during period t can only perform one
operation (l) and has only one configuration (j).

Constraint (4) indicates that for the first production
period, if an RMT with configuration j is purchased to
perform operation l and is installed in location p, its
corresponding state variable (spjlt) equals 1 as well. Con-
straint (5) shows that for t �= 1, spjlt equals 1 if and only
if the RMT in location p had the configuration j in the
previous period or has changed its configuration to j at
the beginning of period t. Constraint (6) indicates that
if at the beginning of period t, the configuration of the
RMT located in p changes to j for performing operation
l, (spjlt) would be equal to 1. Constraint (7) guarantees
ypj′jlt equals 1, if and only if the RMT located in p has
configuration j′ in period t−1.

Constraint (8) indicates two major points: first, the
value of the flow variable of the RMT located in p per-
forming operation l is non-zero if the state variable of
this RMT with one of the configurations performing l is
non-zero. Second, the value of this variable will never be
greater than the RMT capacity performing operation l.
Constraint (9) is concerned with demand fulfilment; the
sum of the flow of all RMTs performing operation l in
period t must be greater than the operation’s demand in
that period.

Constraints (10) and (11) indicate that the flow
between two RMTs is greater than zero only when these
two RMTs perform two consecutive operations and the
flow must be less than the total flow of the RMT with the
outgoing flow and the RMTwith the incoming flow. Con-
straint (12) guarantees the equality of the incoming and
outgoing flow for each RMT.

It should be noted that since there are no machines
before and after the RMTs performing the first and last
operations of the production process, the equation of
material flow does not hold in the normal state. For this
reason, a start machine is placed before the RMTs that
perform the first operation, and an endmachine is placed
after the RMTs that perform the last operation. These
twomachines are dummies and exist solely to balance the
material flow of the system. For simplicity, it is assumed
that the start and end machines have separate configu-
rations (jStart and jEnd) and perform specific operations
(lStart and lEnd). The production capacity of these two
machines to perform lStart and lEnd is considered to be
equivalent to the maximum material flow of the system
in the entire production periods, and their locations are
considered to be at the inbound and outbound of the
RMS respectively (pStart and pEnd).

Constraint (13) shows that the total flow for an RMT
is equal to the sum of all its outgoing flows. Constraint
(14) indicates that since the dummymachine “End” does
not have any outgoing flows, its total flow is equal to the

sum of all incoming flows. Finally, constraints (15) and
(16) show the feasible domains of all defined variables.

3.3. Numerical examples

In this section two different examples are created to show
explicitly how the proposed formulation works. In the
first example (for simplicity) a single part is considered
to be manufactured. In the second example, the layout
design problem is solved for a part family.

3.3.1. Example 1: RMS layout design for a single part
In this example, it is assumed that a single part is sched-
uled to be produced during four different production
periods. Based on the information provided in Table 2,
this hypothetical part requires operations 5, 1, and 17
(in that order). The demand requirements for the part
in four consecutive production periods are 50, 60, 80,
and 100 parts per hour respectively. The cost of adding
and removing modules are 50 and 25 dollars per mod-
ule. The cost of material handling for each part is 4
dollars per distance unit. Layout of the empty system is
shown in Figure 1. As can be seen, 16 different locations
are available. Dotted rectangles 17 and 18 are inbound
and outbound doors used for lStart and lEnd respectively.
The proposed model solved this problem using GAMS
V.25.1.2 software on an Intel(R) Core(TM) i7-6700HQ
CPU @2.60GHz system in 11,254 s.

Figure 2(a–d) show different RMS layouts during all
four production periods. As can be seen in Figure 2(a),
during the first production period (where the demand
rate is 50 parts/hour), 12 RMTs are purchased and are
located in spots 1 to 12 respectively. In each of the white
rectangles with solid lines the triple (p, j, l) shows the
location of the RMT, the configuration of the RMT, and
the operation performed by the RMT, during the first
period. For example (1, mc25, 5) shows that the RMT
located in spot 1 has the configurationmc25 and performs
operation number 5. The dotted rectangles 13–16 in
Figure 2(a) represent the empty locations where no RMT
was installed. The arrows and the numbers above/below
them show the exact flow between RMTs. Total cost of
purchasing new equipment is $11,025 and total material
handling cost is $1792.

In the second period, the demand rate is increased to
60 parts/hour hence some RMTs (shown by grey rect-
angles in Figure 2(b)) were reconfigured to perform a
different operation or, in some cases, the exact same
operation with a higher production rate. The white rect-
angles in Figure 2(b) with incoming and outgoing flows
are the RMTs that remained unchanged from the previ-
ous period. The white rectangles with no incoming and
outgoing flows are the RMTs that were idle during the
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Figure 1. Layout of the empty system for the first numerical example.

second production period. Total cost of purchasing new
equipment is zero in this period since no new RMTs are
purchased. Total cost of RMT reconfiguration is $1100
and total material handling cost is $1960.

In the third production period where the demand rate
is 80 parts/hour, only one RMT is idle and configuration
of two RMTs have changed (shown in Figure 2(c)). Total
cost of RMT reconfiguration is $550 and total material
handling cost is $2760. In the final production period,
the demand rate is 100 parts/hour, all RMTs are work-
ing and two RMTs have changed their configuration
(Figure 2(d)). Total cost of RMT reconfiguration is $275
and total material handling cost is $3620.

The whole layout planning is performed in such a way
that the type of RMTs purchased, the installation location
of these RMTs, configuration changes in each produc-
tion period, and the amount of material flow in between
RMTs are optimal. The final cost of designing this system
in four production periods is $23,082. It is noteworthy
to mention that in all four production periods, the loca-
tion of the RMTs performing the initial operation (5) is
close to the entrance door (location 17). Similarly, the
final operation (17) is performed on the RMTs closest to
the exit door (location 18). Also, all 12 RMTs in this sys-
tem are located near each other and are not scattered in
the 16 available locations for installation. This shows the
effect of material handling cost when permanent loca-
tions are selected by the model for RMTs. Also, in the
first period, 12 RMTs are purchased to meet the demand
of 50 parts/hour, until the demand is doubled (i.e. 100
parts/hour) in the final production period, the system is
able to respond to the incremental increase in demand

only by changing the configuration of the existing RMTs;
this shows the scalability of the designed RMS.

3.3.2. Example 2: RMS layout design for a part family
In this example, RMS layout is designed for a family of
products in four different production periods. Since parts
that belong to a product family have similar features,
they require similar operations while moving forward in
a production line. The example part family consists of
three different hypothetical parts (A, B, and C) with sim-
ilar operation sequences and different demand rates as
shown in Table 3. In this table, operation sequences are
arbitrary, and each is based on the information presented
in Table 2. As can be seen, operations 2, 12, are common
between all three parts. Operation 11 is commonbetween
the two parts B and C and operation 8 is only performed
on part C. The costs of material handling and module
replacement is similar to the previous example.

Based on the information provided in Table 3, a total
of 5 different operations are performed on all parts. It is
noteworthy to mention that for producing a single part
of the family, all required operations must be performed
based on the demand/hour requirements of that part.
For example, in the illustrated example of this section,
demand rate of part B in the first production period is 50
parts/hour. Therefore, during the first production period,
RMTs on which operations 2, 12, and 11 are performed,
must be capable of operating with the rate of at least 50
parts/hour. The required production capacity for each
operation and during each period is shown in Table 4.

The solution to the second example was obtained in
25,887 s on the exact same operating system used for the
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Figure 2. Layout of the RMS in the (a) first, (b) second, (c) third, and (d) final production period of the first numerical example.
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Table 3. Demand rate and operation sequence of each part in
each production period.

Demand rate (parts/hour)

Part Period 1 Period 2 Period 3 Period 4 Operation sequence

A 20 30 15 0 2 → 12 → 17
B 50 60 45 30 2 → 12 → 11
C 0 20 40 60 2 → 12 → 11 → 8
Total 70 110 100 90

first case. The results are shown in Figure 4(a–d). The
22 possible locations for RMT installation are shown in
Figure 3. In the first production period, 16 RMTs are pur-
chased tomeet the demand of parts A and B. These RMTs
are located as shown in Figure 4(a). Locations 2, 3, 5, and
17 remain empty in the first period. Locations 21 and 22
represent the entrance and exit doors for products.

Since part C is not produced in the first period, none
of the RMTs perform operation 8 and only operations
2, 12, 11 and 17 are performed on different equipment.
Examining the material flow of engaged RMTs in vari-
ous operations shows the fulfilment of the demand for all
parts in the first production period. In the first period,

Table 4. Required production capacity for each operation in each production period.

Required production capacity in each stage (parts/hour)

Stage Operation Period 1 Period 2 Period 3 Period 4

1 2 70 110 100 90
(A/20; B/50) (A/30; B/60; C/20) (A/15; B/45; C/40) (B/30; C/60)

2 12 70 110 100 90
(A/20; B/50) (A/30; B/60; C/20) (A/15; B/45; C/40) (B/30; C/60)

3 17 20 30 15 0
(A/20) (A/30) (A/15)

4 11 50 80 85 90
(B/50) (B/60; C/20) (B/45; C/40) (B/30; C/60)

5 8 0 20 40 60
(C/20) (C/40) (C/60)

Figure 3. Layout of the empty system in the second numerical example.

purchasing new RMTs and material handling costs are
$16,860 and $2,684 respectively.

In the second period of production (shown in
Figure 4(b)), with the increase in the demand for parts
A and B and beginning of part C production, existing
capacity is increased by purchasing new RMTs (installed
in locations 3 and 17 and shown by black rectangles) and
changing the configuration of existing RMTs (installed
in locations 7, 10, 11, 13, 19 and 20 and shown by grey
rectangles).

One interesting point to note in comparing the layouts
of the RMS in the first and second periods is the configu-
ration of the RMT installed in location 19. This RMTwas
purchased in the first period with configurationmc13, but
it was practically idle (as shown in Figure 4(a)) with no
incoming or outgoing material flow. However, before the
start of second period of production, the configuration
of this RMT is changed tomc23, and in the second period,
this RMT is busy with operation 11.

There is a reason why the RMT installed at location
19 was not purchased with configurationmc23 in the first
place. According to the information provided in Table 2,
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Figure 4. Layout of the RMS in the (a) first, (b) second, (c) third, and (d) final production period of the second numerical example.
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the direct purchase cost of RMT mc23 is $1825, which is
(based on the assumption on module replacement costs
in this paper) more than the total cost of purchasingmc13
and later, changing its configuration tomc23 (1055 = 780
+ 275). In the second production period, total cost of
purchasing new RMTs is $2410, total material handling
cost is $4520, and total reconfiguration cost is $1625.

In the third period of production, only the configura-
tion of one RMT is changed (with cost of $275) and the
other RMTs continue to work with the same configura-
tions as before (Figure 4(c)). Cost of material handling
in this period is $4016. In the final period (shown in
Figure 4(d)), there are not any configuration changes and
all RMTs continue to operate in their previous state. The
flow in between RMTs change however due to changes
in different parts’ demand requirements. Cost of mate-
rial handling in the final period is $3616. The total cost
of RMS layout design in the second example is equal to
$36,006.

In this case, similar to the previous example, themodel
made effective decisions regarding installation locations,
RMT purchases, and reconfigurations. As shown, RMTs
responsible for the initial operation (2) are positioned
on the left side of the layout near the entrance (loca-
tion 21), while those handling the final operation (8) are
placed on the right side, close to the exit (location 22).
This demonstrates howmaterial handling costs influence
the placement of RMTs. Additionally, after the second
production period, when demand reaches its peak, no
further RMT purchases are necessary, and the system
continues to operate by reconfiguring the existing RMTs.
This efficiency is due to strategic equipment purchases
made during the first two production periods.

3.4. Case study

To further demonstrate the effectiveness of the proposed
method, the case study presented in Huang, Huang,
et al. (2024) was solved using our mathematical formu-
lation. In this case study, a smart manufacturing system
consisting of five RMTs is studied where the reconfigu-
ration process of five manufacturing tasks are done for
four different parts within a part family. All the input
parameters for this case study are shown in Table 5.
To address this case, certain simplifications have been
made. First, each part can only be produced following
a single predefined sequence of operations, as outlined
below.

Part 1: f3, f4, f1, f2
Part 2: f1, f3, f5
Part 3: f2, f3, f5
Part 4: f6, f3

Second, the configuration of the resources cannot be
altered during the processing of a part. Configuration
changes are only allowed in the interval between pro-
cessing two parts. Finally, a batch size of 100 is assumed,
meaning parts are moved and processed in batches.
To obtain a solution to this problem, the mathematical
model presented in Section 3.2 was modified to handle
different processing costs and batch sizes. The results,
visualised in Figure 5, highlight the following key points:

• In production task 1, only RMT 1 undergoes a con-
figuration change to produce part 2. No other RMTs
require reconfiguration, as the model optimises the
initial machine configurations to minimise the need
for changes throughout the process.

• From production task 2 onward, the utilised RMTs
remain unchanged. Since RMTs’ capacity is assumed
to be unlimited, variations in part demand do not
affect the ability of the resources to meet production
requirements. Instead, these variations only influence
the processing cost. Consequently, RMTs maintain
their configurations across different production tasks,
ensuring consistent and efficient production.

4. Results analysis and discussion

In this section, it is shown how incorporating modu-
lar RMTs can enhance the scalability of the system in a
more cost-effective manner and the obtained results in
Section 3.3 are compared with available results to similar
examples in the literature. In addition, sensitivity analysis
is conducted on key model parameters to identify those
with the greatest impact on cost and runtime, particularly
in the context of larger and more complex problems.

4.1. Effect ofmodular RMTs on system design cost

To better illustrate the impact of modular RMTs on sys-
tem scalability and associated design costs, the second
numerical example presented in Section 3.3.2 is solved
under the assumption that equipment is selected from
Table 2 without considering RMT modularity. In this
scenario, once RMTs are selected, their configurations
remain fixed throughout all production periods, with no
option for module reconfiguration. The results of this
example are presented in Figure 6(a–d) with the ini-
tial system setup similar to that shown in Figure 3. By
comparing Figures 4 and 6, it is clear that two addi-
tional machines were purchased when modularity was
not considered. This resulted in higher overall system
design costs ($37,546 vs $36,006). Notably, material han-
dling costs also increased ($15,136 vs $14,836) due to the
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Table 5. Case study information derived from Huang, Huang, et al. (2024).

Demand

Part number Part features Operation sequence Task 1 Task 2 Task 3 Task 4 Task 5

1 f3 → f4 → f1 → f2 100 60 100 0 30
or

f3 → f1 → f4 → f2

2 f1 → f3 → f5 50 55 30 40 0
or

f1 → f5 → f3

3 f2 → f3 → f5 75 30 66 70 50
or

f2 → f5 → f3

4 f6 → f3 40 75 77 55 100

Distance Matrix Feature Number

1 2 3 4 5 6

RMT5 RMT4 RMT3 RMT2 RMT1 RMTj ci j Processing Cost (per part) Reconfiguration Cost

4 3.8 1.2 2 0 RMT1 c11 Part1 = 0.68 c11 → c12 = 14.7
Part2 = 0.59

c12 Part1 = 0.33 Part2 = 0.74 c12 → c11 = 13.6
Part3 = 0.43 Part3 = 0.47

1 3 2.1 0 2 RMT2 c21 Part4 = 0.50 c21 → c22 = 13.7
c21 → c23 = 13.1

c22 Part1 = 0.54 c22 → c21 = 14.4
Part2 = 0.51 c22 → c23 = 15.0
Part3 = 0.47
Part4 = 0.44

c23 Part1 = 0.75 c23 → c21 = 12.6
Part3 = 0.37 c23 → c22 = 13.9

(continued).
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Table 5. Continued.

Distance Matrix Feature Number

1 2 3 4 5 6

RMT5 RMT4 RMT3 RMT2 RMT1 RMTj ci j Processing Cost (per part) Reconfiguration Cost

1.9 0.8 0 1.2 2.1 RMT3 c31 Part1 = 0.63 c31 → c32 = 14.6
Part2 = 0.68

c32 Part1 = 0.37 Part1 = 0.32 c32 → c31 = 14.1
Part3 = 0.55

2.3 0 0.8 3 3.8 RMT4 c41 Part1 = 0.60 c41 → c42 = 13.9
Part2 = 0.33
Part3 = 0.65
Part4 = 0.40

c42 Part2 = 0.42 c42 → c41 = 13.2
Part3 = 0.59

0 2.3 1.9 1 4 RMT5 c51 Part1 = 0.59 c51 → c52 = 13.4
c52 Part2 = 0.30

Part3 = 0.55

Legend: ci j = Machine i in its jth configuration
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Figure 5. Proposed layout for the RMS case study based on the avialable parameters using the approach presented in this study.

greater number of machines and the associated increase
in transportation requirements.

4.2. Result comparison

As stated previously, this study distinguishes itself by
introducing a model for designing an RMS that incorpo-
rates machine location and material handling costs (fac-
tors not previously considered in comparable research).
In this section, the proposed model is compared with
those presented inMoghaddam, Houshmand, and Fatahi
Valilai (2018) and Moghaddam et al. (2020), both of
which also addressed RMS design but differ in scope
and methodology. In Section 3.3 our model was applied
to the two examples provided in these articles. Here,
the obtained results are compared against these previous
methods in Table 6.

As shown in Table 6 in the first example, the
model achieves lower combinedmachine purchasing and
reconfiguration costs than (Moghaddam, Houshmand,
and Fatahi Valilai 2018), even though it addresses a
more complex problem by incorporating constraints on
machine location andmaterial flow. This outcome under-
scores the superior quality of solutions generated by the

proposed approach. Similarly, in the second example,
the proposed model delivers results comparable to those
inMoghaddamet al. (2020) in terms ofmachine purchas-
ing and reconfiguration costs, despite addressing more
intricate problems. The inclusion of material handling
costs and machine placement optimisation demonstrates
themodel’s capability tomanage complexmanufacturing
challenges effectively while maintaining cost efficiency.

Further analysis of Table 6, which compares the
number of machines and reconfigurations between the
optimal solution from this paper and the optimal
solution from Moghaddam, Houshmand, and Fatahi
Valilai (2018), reveals a key insight: the RMS designed
by the proposed model in this paper requires fewer
machines to be purchased compared to the system
in the aforementioned study. Instead, it relies on a
greater number of machine reconfigurations over time.
This highlights the superior flexibility and scalabil-
ity of the system designed in this paper. The results
obtained for similar criteria are nearly identical to
those presented by Moghaddam et al. (2020) for the
second example. This similarity further highlights the
closeness of the solutions obtained from these two
models.
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Figure 6. Layout of the production system in the (a) first, (b) second, (c) third, and (d) final production period of the second numerical
example in case of non-modular machinery.
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Table 6. Comparison of the obtained results vs. available results in the literature.

Example 1 Example 2

Period
Moghaddam, Houshmand, and

Fatahi Valilai (2018) This Work
Moghaddam
et al. (2020) This Work

Cost of Purchase 1 $8700 $11, 225 $19, 390 $16, 860
2 $1500 0 0 $2410
3 $3085 0 0 0
4 $3455 0 0 0

Cost of Reconfiguration 1 0 0 0 0
2 $275 $1100 $1475 $1625
3 0 $550 $150 $275
4 0 $275 0 0

Cost of Material Handling 1 0 $1792 0 $2684
2 0 $1960 0 $4520
3 0 $2760 0 $4016
4 0 $3620 0 $3616

Total Cost of Purchase $16, 740 $11, 225 $19, 390 $19, 270
Total Cost of Reconfiguration $275 $1925 $1625 $1900
Total Cost of Material Handling 0 $10, 132 0 $14, 836
Number of Purchased Machines 15 12 18 18
Number of Reconfigurations 3 9 8 7

Table 7. Required operations and demands in different produc-
tion periods for each part.

Required demand in each period

Part Required Operations 1 2 3 4

A 1, 2 10 8 6 4
B 1, 2, 3 10 8 6 4
C 1, 2, 3, 4 0 10 8 6
D 1, 2, 3, 4, 5 0 10 8 6

4.3. Sensitivity analysis

In this section, the behaviour of the proposed model
is analysed by changing different input parameters.
To this end, various scenarios have been designed.
It is assumed that four hypothetical products A, B,
C, and D which all belong to the same family of
parts must be produced in the RMS. The operations
required to produce each of these parts can be seen
in Table 7. These operations are selected based on the
information provided in Table 2. Information regard-
ing required operations for each part and demand of
each part in different production periods is given in
Table 7.

Considered changes in the domain of each parameter
can be seen as follows:

• Products: A, A, B, A, B, C, A, B, C, D.
• Number of periods: 2, 3, 4.
• Demand: X (As shown in Table 7), 2X (Double the

amount shown in Table 7).
• Cost of adding a module: $50, $100
• Cost of removing a module: $25, $50
• Material handling cost: $2, $4

The combination of the above values results in 96 dif-
ferent scenarios. Each scenario was solved with the pro-
posed MILP model, using GAMS software V.25.1.2 and
on a systemwith similar specifications as before. For each
scenario, time to obtain the solution, total cost of theRMS
design, cost of purchasing RMTs, cost of RMTs recon-
figurations, number of purchased RMTs, and number of
reconfigurations are documented.

In Figure 7, the effect of changing the mentioned
parameters can be seen on the overall costs of the sys-
tem. The total cost of the system is calculated separately
for each scenario. The first line of the legend represents
the case where the demand parameter is X (as shown in
Table 7), with material handling costs set at $2, module
removal costs at $25 and module adding costs at $50.
This case is assigned a specific colour code, which is
consistently used across all product combinations (A, A,
B, A, B, C, A, B, C, D) and for all production periods
considered (t = 1, t = 2, and t = 3). It is clear that,
regardless of the number of production periods, there is
a positive correlation between the number of parts being
produced, demand rate, material handling costs and total
layout design cost. The highest system design costs are
incurred when the number of different products, their
demand rates, and material handling costs are at their
maximum levels. RMS layout design cost is most sensi-
tive to the increase in the above-mentioned parameters
as they significantly increase material flow in the system.

Interestingly, as shown in Figure 8, the time required
to obtain the best possible solution ismost sensitive to the
number of production periods rather than other related
parameters. As can be seen, run times for similar cases
differ significantly when four periods of production are
analysed.
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Figure 7. Effect of changing parameters on cost.

5. Conclusion and future work

This study presented a novel approach to dynamic robust
facility layout design within scalable RMS, emphasising
the role of RMTs in adapting to varying production
demands. An MILP model was developed to allow for

facility layout adjustments in response to changes in
production volumes and product mixes across differ-
ent periods. Hypothetical case studies were conducted
to evaluate the model’s effectiveness, revealing notable
improvements in operational flexibility, system design
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Figure 8. Effect of changing parameters on run-time.

costs, and resource utilisation. While in this paper the
concept of layout design in RMS was discussed from a
newperspective, there aremany opportunities for further
improvements.

In the proposed model, the demand of all produc-
tion periods is available at the beginning of the planning

horizon and the demand forecast is 100% accurate. In
reality however, forecasting accuracy is seldom that high
and uncertainty is always involved. Therefore, the RMS
layout design problem while taking non-deterministic
and/or probabilistic demand into account is a problem
that can further be investigated in the future.
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In this research, the amount of material flow between
RMTs is determined and the path for material trans-
portation is assumed to be the path where the shortest
distance is travelled between two RMTs. This approach
would cause some routes to be very crowded and in real-
ity carrying materials may become impossible. Choosing
the optimal route for material handling to prevent heavy
traffic in some routes is one of the interesting topics that
can be further addressed in the future.

One of the key contributions of this paper is the intro-
duction of a linearmodel for RMS layout planning, which
accounts for variations in product demand and prod-
uct types across multiple production periods. The model
allows for reconfiguration of RMTs and adjustment of
the operations performed by each RMT. Similar chal-
lenges arise in the field of dynamic layout planning,where
non-linear and complex models are typically used. These
models are often time-consuming to solve and gener-
ally require heuristic or meta-heuristic approaches. An
interesting path for future research would be exploring
the application of the proposed linear model to dynamic
layout problems.

It is important to acknowledge that finding industries
or laboratories that have implemented RMSs in large-
scale production can be challenging. Cost considerations
are the major barrier, particularly for small andmedium-
sized enterprises, where the investment in RMS tech-
nologies may not seem immediately justifiable. Skilled
personnel are required to operate andmaintain RMS sys-
tems, but a lack of training or resistance to change can
impede adoption. Also, industries often focus on short-
term productivity goals, making it challenging to justify
RMS investments that offer long-term benefits.

Applying our proposed algorithm to real-world indus-
trial cases poses several challenges as well. For exam-
ple, real-world data is often complex and unpredictable
(variable demand, machine failures, and diverse prod-
uct requirements) which differ significantly from the
simplified assumptions in our mathematical model. Fur-
thermore, RMS solutions often need to be tailored
to specific industries, and scaling them to large-scale
production can be resource-intensive. Achieving real-
time adaptability to dynamic changes, such as fluctu-
ating demand or operational disruptions, is another
significant challenge, as is validating algorithms under
the uncontrolled conditions of industrial environments.
RMS also demands seamless integration with material
handling and logistics, which adds another layer of
complexity.

Finally, it it should be noted that the proposed model
is well-suited for application in service industries, where
various resources can provide different types of services
during each time interval. Applying the model in such

contexts and analysing the resulting outcomes could offer
valuable insights.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The contributions received from the engineering department at
University of Hertfordshire in support of this research is greatly
acknowledged.

Notes on contributors

Fatemeh Saffar received her BSc and MSc in Industrial Engi-
neering from Sharif University of Technology, Tehran, Iran, in
2022 and 2024, respectively. Her research interest lies in oper-
ations research and its applications in optimising production
systems. Currently, her work focuses on the design and opti-
misation of layouts in reconfigurable manufacturing systems.
Photo:

Shokraneh K. Moghaddam received her
BSc from Islamic Azad University, North
Tehran Branch, Tehran, Iran, in 2011,
her MSc from Tarbiat Modares Univer-
sity, Tehran, Iran, in 2013, and her PhD
from the Sharif University of Technology,
Tehran, Iran, in 2019, all in the field of
Industrial Engineering. She is currently an

assistant professor with the School of Physics, Engineering,
and Computer Science, University of Hertfordshire, Hatfield,
UK. She was a short-term Visiting Scholar with the University
of Michigan, Ann Arbor, USA, from 2017 to 2018. Her fields
of interest include advanced manufacturing systems, applied
operations research, optimisation, and simulation. Her current
research is majorly focussed on reconfigurable manufacturing
systems configuration design as well as reconfigurable sup-
ply chain network design. She has authored or coauthored
papers in prestigious journals, such as international journal of
production research (IJPR), journal of manufacturing systems
(JMS), and computers & industrial engineering (CAIE), and
has served on editorial boards of some as a reviewer. Photo:

Sihan Huang received B.Eng. degree in
Industrial Engineering from Beijing Insti-
tute of Technology, China, in 2014 and
Ph.D. degree in Mechanical Engineer-
ing from Beijing Institute of Technology,
China, in 2020. He visited the University
of Michigan-Ann Arbor, USA from 2017
to 2019. He is currently an associate pro-

fessor in the school of Mechanical Engineering at Beijing Insti-
tute of Technology, China. His research interests include recon-
figurable manufacturing systems, human-centric smart manu-
facturing, digital twin and smart robot. He has published more
than 40 papers (One ESI highly-cited paper). He also served
as associate editor of Journal of Intelligent Manufacturing,
associate editor and special corresponding expert of Frontiers
of Engineering Management, youth editorial board member
of Journal of Mechanical Engineering, Industrial Engineering



22 F. SAFFAR ET AL.

Journal, and Journal of Advanced Manufacturing Science and
Technology.

Data availability statement

The authors confirm that the data supporting the findings of
this study are available within the article.

ORCID

Shokraneh K. Moghaddam http://orcid.org/0000-0001-8864
-0229

References

Azevedo, M. M., J. A. Crispim, and J. P. de Sousa. 2013. “Flexi-
ble and Reconfigurable Layouts in Complex Manufacturing
Systems”. In Advances in Production Management Systems.
Competitive Manufacturing for Innovative Products and Ser-
vices: IFIP WG 5.7 International Conference, APMS 2012,
Rhodes, Greece, September 24–26, 2012, Revised Selected
Papers, Part I’, 484–493. Springer.

Azevedo, M.M., J. A. Crispim, and J. P. de Sousa. 2016. “Layout
Design and Reconfiguration in a Collaborative Manufactur-
ing Network.” In Collaboration in a Hyperconnected World:
17th IFIP WG 5.5 Working Conference on Virtual Enter-
prises, PRO-VE 2016, Porto, Portugal, October 3–5, 2016,
Proceedings 17’, 545–556. Springer.

Azevedo, M. M., J. A. Crispim, and J. P. de Sousa. 2017. “A
Dynamic Multi-Objective Approach for the Reconfigurable
Multi-Facility Layout Problem.” Journal of Manufacturing
Systems 42:140–152. https://doi.org/10.1016/j.jmsy.2016.12.
008.

Benderbal, H. H., M. Dahane, and L. Benyoucef. 2015. “A New
Robustness Index Formachines Selection in Reconfigurable
Manufacturing System.” In 2015 International Conference
on Industrial Engineering and Systems Management (IESM),
1019–1026. IEEE.

Bensmaine, A., M. Dahane, and L. Benyoucef. 2013. “A Non-
Dominated Sorting Genetic Algorithm Based Approach for
Optimal Machines Selection in Reconfigurable Manufactur-
ing Environment.” Computers & Industrial Engineering 66
(3): 519–524. https://doi.org/10.1016/j.cie.2012.09.008.

Dou, J., X. Dai, and Z. Meng. 2009. “Graph Theory-
Based Approach to Optimize Single-Product Flow-Line
Configurations of Rms.” The International Journal of
Advanced Manufacturing Technology 41 (9-10): 916–931.
https://doi.org/10.1007/s00170-008-1541-2.

Eguia, I., J. C. Molina, S. Lozano, and J. Racero. 2017.
“Cell Design and Multi-Period Machine Loading in Cellu-
lar Reconfigurable Manufacturing Systems with Alternative
Routing.” International Journal of Production Research 55
(10): 2775–2790. https://doi.org/10.1080/00207543.2016.11
93673.

Eguia, I., J. Racero, F. Guerrero, and S. Lozano. 2013. “Cell For-
mation and Scheduling of Part Families for Reconfigurable
Cellular Manufacturing Systems Using Tabu Search.” Simu-
lation 89 (9): 1056–1072. https://doi.org/10.1177/00375497
13491590.

Goyal, K. K., P. K. Jain, and M. Jain. 2012. “Multiple Objective
Optimization of Reconfigurable Manufacturing System.” In

Proceedings of the International Conference on Soft Com-
puting for Problem Solving (SocProS 2011) December 20–22,
2011: Volume 1’, 453–460. Springer.

Goyal, K. K., P. K. Jain, and M. Jain. 2013. “A Novel Method-
ology to Measure the Responsiveness of Rmts in Recon-
figurable Manufacturing System.” Journal of Manufacturing
Systems 32 (4): 724–730. https://doi.org/10.1016/j.jmsy.2013.
05.002.

Guan, X., B. Qiu, and H. Yang. 2012. “Integrated RMS Layout
and Flow Path Design: Modelling and a Heuristic Method.”
In Computer, Informatics, Cybernetics and Applications: Pro-
ceedings of the CICA 2011’, 403–411. Springer.

Haddou Benderbal, H., M. Dahane, and L. Benyoucef. 2017.
“Flexibility-Based Multi-Objective Approach for Machines
Selection in Reconfigurable Manufacturing System (rms)
Design under Unavailability Constraints.” International
Journal of Production Research 55 (20): 6033–6051. https://
doi.org/10.1080/00207543.2017.1321802.

Haddou Benderbal, H., M. Dahane, and L. Benyoucef. 2018.
“Modularity Assessment in Reconfigurable Manufacturing
System (rms) Design: An Archived Multi-Objective Simu-
latedAnnealing-BasedApproach.”The International Journal
of Advanced Manufacturing Technology 94 (1-4): 729–749.
https://doi.org/10.1007/s00170-017-0803-2.

Huang, J., S. Huang, S. K. Moghaddam, Y. Lu, G. Wang, Y.
Yan, and X. Shi. 2024. “Deep Reinforcement Learning-Based
Dynamic Reconfiguration Planning for Digital Twin-Driven
SmartManufacturing Systems with ReconfigurableMachine
Tools.” IEEE Transactions on Industrial Informatics 20 (11):
13135–13146.

Huang, S., J. Tan, Y. Lu, S. K. Moghaddam, G. Wang, and Y.
Yan. 2024. “A Multi-Objective Joint Optimisation Method
for Simultaneous Part Family Formation and Configuration
Design in Delayed Reconfigurable Manufacturing System
(d-Rms).” International Journal of Production Research 62
(1–2): 92–109. https://doi.org/10.1080/00207543.2023.222
3725.

Maganha, I., and C. Silva. 2017. “A Theoretical Background for
the Reconfigurable Layout Problem.” Procedia Manufactur-
ing 11:2025–2033. https://doi.org/10.1016/j.promfg.2017.
07.354.

Maganha, I., C. Silva, and L. M. D. Ferreira. 2019. “The Layout
Design in Reconfigurable Manufacturing Systems: A Litera-
ture Review.” The International Journal of Advanced Manu-
facturing Technology 105 (1-4): 683–700. https://doi.org/10.
1007/s00170-019-04190-3.

Moghaddam, S. K.,M.Houshmand, andO. Fatahi Valilai. 2018.
“Configuration Design in Scalable Reconfigurable Manufac-
turing Systems (rms); A Case of Single-Product Flow Line
(spfl).” International Journal of Production Research 56 (11):
3932–3954. https://doi.org/10.1080/00207543.2017.141
2531.

Moghaddam, S. K., M. Houshmand, K. Saitou, and O. Fatahi
Valilai. 2020. “Configuration Design of Scalable Reconfig-
urable Manufacturing Systems for Part Family.” Interna-
tional Journal of Production Research 58 (10):
2974–2996. https://doi.org/10.1080/00207543.2019.162
0365.

Morgan, J.,M.Halton, Y.Qiao, and J. G. Breslin. 2021. “Industry
4.0 Smart ReconfigurableManufacturingMachines.” Journal
of Manufacturing Systems 59:481–506. https://doi.org/10.10
16/j.jmsy.2021.03.001.

http://orcid.org/0000-0001-8864-0229
https://doi.org/10.1016/j.jmsy.2016.12.008
https://doi.org/10.1016/j.cie.2012.09.008
https://doi.org/10.1007/s00170-008-1541-2
https://doi.org/10.1080/00207543.2016.1193673
https://doi.org/10.1177/0037549713491590
https://doi.org/10.1016/j.jmsy.2013.05.002
https://doi.org/10.1080/00207543.2017.1321802
https://doi.org/10.1007/s00170-017-0803-2
https://doi.org/10.1080/00207543.2023.2223725
https://doi.org/10.1016/j.promfg.2017.07.354
https://doi.org/10.1007/s00170-019-04190-3
https://doi.org/10.1080/00207543.2017.1412531
https://doi.org/10.1080/00207543.2019.1620365
https://doi.org/10.1016/j.jmsy.2021.03.001


INTERNATIONAL JOURNAL OF PRODUCTION RESEARCH 23

Pattanaik, L. N., P. K. Jain, and N. Mehta. 2007. “Solv-
ing Multi-Objective Cell Design Problem: An Evolutionary
GeneticAlgorithmApproach.” International Journal ofMan-
ufacturing Technology and Management 11 (2): 251–273.
https://doi.org/10.1504/IJMTM.2007.013194.

Pattanaik, L., andV. Kumar. 2010. “Multiple Levels of Reconfig-
uration for Robust Cells Formed Using Modular Machines.”
International Journal of Industrial and Systems Engineering 5
(4): 424–441. https://doi.org/10.1504/IJISE.2010.032965.

Pérez-Gosende, P., J. Mula, and M. Díaz-Madroñero. 2021.
“Facility Layout Planning. An Extended Literature Review.”
International Journal of Production Research 59 (12):
3777–3816. https://doi.org/10.1080/00207543.2021.189
7176.

Pourvaziri, H., S. Salimpour, S. T. Akhavan Niaki, and A.
Azab. 2022. “Robust Facility Layout Design for Flex-
ible Manufacturing: A Doe-Based Heuristic.” Interna-
tional Journal of Production Research 60 (18): 5633–5654.
https://doi.org/10.1080/00207543.2021.1967500.

Rezaee, P., and S. K. Moghaddam. 2025. “Assessment of Design
Approaches for Reconfigurable Manufacturing Systems
Based on ForecastedDemandData.”Computers & Industrial
Engineering 201:110878. https://doi.org/10.1016/j.cie.2025.
110878.

Xiaobo, Z.,W. Jiancai, andL. Zhenbi. 2000. “A StochasticModel
of a Reconfigurable Manufacturing System Part 1: A Frame-
work.” International Journal of Production Research 38 (10):
2273–2285. https://doi.org/10.1080/00207540050028098.

Xiaobo, Z., J. Wang, and Z. Luo. 2000. “A Stochastic Model of a
ReconfigurableManufacturing System Part 2: Optimal Con-
figurations.” International Journal of Production Research 38
(12): 2829–2842. https://doi.org/10.1080/002075400411501.

Xiaobo, Z., J. Wang, and Z. Luo. 2001a. “A Stochastic
Model of a Reconfigurable Manufacturing System Part 3:

Optimal Selection Policy.” International Journal of Produc-
tion Research 39 (4): 747–758. https://doi.org/10.1080/00207
540010005754.

Xiaobo, Z., J.Wang, andZ. Luo. 2001b. “A StochasticModel of a
Reconfigurable Manufacturing System-Part 4: Performance
Measure.” International Journal of Production Research
39 (6): 1113–1126. https://doi.org/10.1080/0020754001002
2962.

Xing, B., F. V. Nelwamondo, K. Battle, W. Gao, and T. Marwala.
2009. “Application of Artificial Intelligence (AI)Methods for
Designing and Analysis of Reconfigurable Cellular Manu-
facturing System (RCMS).” In 2009 2nd International Con-
ference on Adaptive Science & Technology (ICAST), 402–409.
IEEE.

Youssef, A. M., and H. A. ElMaraghy. 2007. “Optimal Con-
figuration Selection for Reconfigurable Manufacturing Sys-
tems.” International Journal of Flexible Manufacturing Sys-
tems 19 (2): 67–106. https://doi.org/10.1007/s10696-007-
9020-x.

Yu, J., H.-H. Doh, H. Kim, J. Kim, D. Lee, and S. Nam.
2012. “Iterative Algorithms for Part Grouping and Loading
in Cellular Reconfigurable Manufacturing Systems.” Jour-
nal of the Operational Research Society 63 (12): 1635–1644.
https://doi.org/10.1057/jors.2012.9.

Zheng, L., L. Zhu, B. Wang, and L. Bai. 2013. “A Simulation
Analysis of Facility Layout Problems inReconfigurableMan-
ufacturing Systems.” In 2013 International Conference on
Computer Sciences and Applications, 423–427. IEEE.

Zhu, Q., S. Huang, G. Wang, S. K. Moghaddam, Y. Lu, and
Y. Yan. 2022. “Dynamic Reconfiguration Optimization of
Intelligent Manufacturing System with Human-Robot Col-
laboration Based on Digital Twin.” Journal of Manufacturing
Systems 65:330–338. https://doi.org/10.1016/j.jmsy.2022.09.
021.

https://doi.org/10.1504/IJMTM.2007.013194
https://doi.org/10.1504/IJISE.2010.032965
https://doi.org/10.1080/00207543.2021.1897176
https://doi.org/10.1080/00207543.2021.1967500
https://doi.org/10.1016/j.cie.2025.110878
https://doi.org/10.1080/00207540050028098
https://doi.org/10.1080/002075400411501
https://doi.org/10.1080/00207540010005754
https://doi.org/10.1080/00207540010022962
https://doi.org/10.1007/s10696-007-9020-x
https://doi.org/10.1057/jors.2012.9
https://doi.org/10.1016/j.jmsy.2022.09.021

	1. Introduction
	2. Literature review
	2.1. Selecting the type, number and configuration of RMTs
	2.2. Layout design of machinery and departments in RMSs
	2.3. Layout design of cellular RMS

	3. Overview of the proposed method
	3.1. Assumptions
	3.2. Mathematical formulation
	3.3. Numerical examples
	3.3.1. Example 1: RMS layout design for a single part
	3.3.2. Example 2: RMS layout design for a part family

	3.4. Case study

	4. Results analysis and discussion
	4.1. Effect of modular RMTs on system design cost
	4.2. Result comparison
	4.3. Sensitivity analysis

	5. Conclusion and future work
	Disclosure statement
	Funding
	Data availability statement
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [609.704 794.013]
>> setpagedevice


