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Abstract:

The purpose of this paper is to present a conceptual framework to facilitate academics and practitioners’
decision making related to multi-objective facility layout planning (mFLP) by employing a bottom-up approach.
Based on a literature survey framed in the mFLP context, this work identified and discussed a set of criteria that
have become limitations of the traditional top-down approach. These criteria served as the basis to conceive
the proposed conceptual framework. Our conceptual framework formalises FLP as a multi-objective problem by
following the two traditional planning phases (block- and detailed phase) in reverse by a bottom-up approach,
and by also integrating a third phase, called the refined phase, which has not previously been contemplated
in the literature. Apart from identifying the inputs and outputs of each phase, the conceptual framework groups
together several objectives related to mFLP that have been recently considered in the literature and formalises
and contextualises them according to the planning phase in which they are involved. This is the first time that
mFLP is addressed with a bottom-up approach.
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attracted the attention of academics and researchers
in the broad Industrial Engineering context (La
Scalia et al., 2019), and several theories have been
developed that seek to obtain feasible layout designs.
However, contributions to solve the problem have
barely been applied in practice given their high
complexity and the assumption of premises that are
not very compatible with the industrial operational
reality (Meller et al., 2010; Pérez-Gosende et al.,

1. Introduction

Facility layout planning (FLP) is one of the most
important design decisions in the operations
management field (Sun et al., 2018). The successful
achievement of organisational goals and the adoption
of competitive advantages based on production costs
will depend on the adopted layout design to a large

extent (Vitayasak et al., 2017). FLP can generally
be defined as the process of arranging the elements
making up the production system in the physical
space in such a way as to fulfil certain relevant
objectives. Since the mid-20th century, this topic has

2021).

Traditionally, FLP has been approached in two
consecutive phases: (i) block layout (BL); (ii)
detailed layout (DL), and this approach is known
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in the literature as the top-down approach (Muther,
1961). However, (Meller et al., 2004) formalised an
alternative approach, called bottom-up, in which the
problem is reformulated in such a way that detailed
ordering scheme alternatives are firstly constructed
and then selected for the final arrangement in a
block layout. This approach was based on the
limited application of the solutions obtained with
the traditional top-down approach in real-life case
studies. However, the mathematical modelling of this
new approach is more complex than the traditional
one (Meller et al., 2010).

It is rare to find in the literature mathematical models
developed to address both the BL and DL phases
simultaneously. Contributions in this area are more
frequently made to model one of these two phases
(Pérez-Gosende et al., 2021). In doing so, using
the material handling cost between each pair of
departments or workstations as a single-objective
function of a quantitative nature is normal (Hosseini-
Nasab et al., 2018). However in real life, FLP is a
multi-objective problem due to the large number of
factors involved in the final decision (Bozorgi et al.,
2015; Singh and Ingole, 2019), which, apart from
the material handling cost, include occupational
health and safety; waste and hazardous substance
management; personnel satisfaction; flexibility for
future changes, among others. In this context, this
article presents a conceptual framework, proposed in
the doctoral dissertation by Pérez-Gosende (2022),
to facilitate academics and practitioners’ decision
making in relation to multi-objective facility layout
planning (mFLP) using a bottom-up approach.

The article is organised as follows. Section 2 presents
a literature review which identifies a set of criteria
that the authors believe have become limitations
of the traditional top-down approach. Section 3
presents the conceptual framework to address mFLP
by a bottom-up approach. Finally, Section 4 provides
the conclusions of this study.

2. Literature review

FLP has a significant impact on the efficiency of
production systems and their level of productivity
(Kheirkhah et al., 2015; Navidi et al., 2012). Several
review studies have addressed FLP to a greater or
lesser extent (Al-Zubaidi et al., 2021; Anjos and
Vieira, 2017; Hosseini-Nasab et al., 2018; Pérez-
Gosende et al., 2020; La Scalia et al., 2019).
However, research on many aspects of the problem
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is still in its early days (Hosseini-Nasab et al., 2018),
mainly because decision making in the FLP context
is constantly evolving to adapt to technological
changes in manufacturing systems, demand volatility
in increasingly globalised markets, disruptive events
in supply chains, among other factors. Therefore,
FLP can adopt many variants depending on the
production system’s characteristics, the facilities’
characteristics, the planning approach, demand
uncertainty, among others. A general framework
representing the multidimensionality of FLP is
depicted in Figure 1, constructed from the taxonomy
defined by (Pérez-Gosende et al., 2021).
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Figure 1. A general framework for addressing FLP.
Abbreviations: SFLP (static facility layout problem);
DFLP (dynamic facility layout problem); SRLP (single-
row layout problem); DRLP (double-row layout problem);
PRLP (parallel-row layout problem); MRLP (multi-row
layout problem); LLP (loop layout problem); OFLP (open-
field layout problem); DEA (data envelopment analysis);
MCDM (multicriteria decision-making methods); AHP,
(analytic hierarchy process), TOPSIS (technique for
order of preference by similarity to ideal solution), ANP
(analytic network process), ELECTRE (elimination et
choix traduisant la realité¢), DEMATEL (decision-making
trial and evaluation laboratory), PSI (preference selection
index) and SAW (simple additive weighting).

Apart from its relevance, FLP is no easy problem
to solve (Anjos and Vieira, 2017). The generation
and selection of the most convenient layout for
an organisation is a complex iterative process that
depends on the relations between the elements making
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up its production system. According to the theory of
computational complexity, most FLP formulations
are considered non-polynomial hard problems (NP-
hard) as no solution algorithms provide an optimal
solution in a reasonable polynomial time (Grobelny
and Michalski, 2018). However, this high degree
of difficulty has not stopped different authors from
tackling these problems by providing acceptable
solutions in realistic computational times.

Traditionally, most FLP solution approaches
have followed systematic layout planning (SLP)
methodology (Muther, 1961). In fact, (Sharma and
Singhal, 2017) concluded that this was the most
appropriate approach for handling FLP. According to
SLP, as with most engineering design problems, FLP
should be based on a hierarchical approach, which
starts from the BL and then continues with the DL
(Muther, 1961). As part of the BL, the appropriate
arrangement scheme is defined for the departments
in which productive activities are performed (Asef-
Vaziri et al., 2017; Saraswat et al., 2015). In the
DL phase, machinery, temporary material storage,
personnel workspace, pick-up/drop-off points (P/D)
are organised in inside each department, and corridors
for the flow of materials throughout the system are
added (Xiao et al., 2017). Despite this approach,
known as the top-down approach, being widely used
in the literature, its application in practice is limited
(Meller et al., 2010). Those responsible for layout
design in industry do not consider applying a top-
down hierarchical approach to be of much value as
they consider that the process of determining the BL
and DL simultaneously to be more practical (Meller
et al., 2004). In this context, it is relevant to consider
a reverse approach to that traditionally addressed in
the FLP formulation. By this bottom-up approach,
the problem would be formulated in such a way that
the DL is firstly constructed and then the BL, which
would allow a closer approach to the dynamics
of this decision process in real-life case studies
(Meller et al., 2010). A visual representation of both
approaches to address the FLP phases is shown in
Figure 2.

Several approaches have appeared to generate layout
alternatives in either of the two process phases. Of
them, experts’ knowledge, computer-aided layout
planning tools and mathematical modelling stand out
(Pérez-Gosende et al., 2021). The last approach has
become very relevant in the scientific literature given
its high level of complexity, which is an attractive
modelling challenge for analysts (Anjos and Vieira,
2017).

Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

In the industrial manufacturing systems context, the
total material handling cost (MHC) is a key factor
to obtain optimal layouts (Chen, 2013; Singh and
Ingole, 2019) and also to reduce production wastes
(Chiarini and Kumar, 2021). Thus, MHC has been
the most employed quantitative objective function
to search for optimal or suboptimal FLP solutions
(Hosseini-Nasab et al., 2018; Pérez-Gosende et al.,
2020, 2021). Nevertheless, when solving any plant
layout problem, taking quantitative factors as a
single objective function may generate solutions
that are not necessarily feasible because in some
industrial and service contexts, qualitative factors
like closeness ratings, flexibility or safety can be
more relevant.
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Figure 2. Approaches to address FLP: top-down vs.
bottom-up.

The consideration of both types of factors
simultaneously as part of a mathematical
optimisation model usually requires having to
search for a compromise solution in accordance
with the decision maker’s preferences (Che et al.,
2017; Le et al., 2019). This occurs because the
objectives to be optimised frequently come into
conflict (Ripon et al., 2013), i.e., improving one
objective may make others worse. In these cases,
there is no absolute solution that optimises all the
objectives simultaneously (Aiello et al., 2013). The
mathematical process of finding such a compromise
solution is known as multi-objective optimisation
(Aiello et al., 2013; Ripon et al., 2013). Previously,
(Pérez-Gosende et al., 2021) showed that only 22%
of the articles that addressed FLP (2010-2019) as a
mathematical optimisation model applied a multi-
objective approach. Table 1 shows the objectives
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Table 1. Survey of papers addressing mFLP.

Planning
phase Objective function® Resolution Decision-
References BL DL Minimise Maximise Case studies approachb support tools
(Singh and Singh, 2010) 7,6 20,23 Test problems WS LINGO
""" v o, i1 Hypoth‘é't‘i"cﬂéif‘éase SA-based parallelﬂW””1‘\''/'I'Ai'“'I:A‘BW'w
.......................... studies GA
v 1 20 Test problems SA
""" V 7 20 Undefined Three-level AHP-  LING
based heuristic
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ approach
N 26,27  Hospital Building PBA Not
mentioned
""" v 1,411 20 Test problems Multi-objective ~ Not
44444444444444444444444444444444444444444444 GA _...mentioned
v 1,2 20, 22 Test problems Multi-objective GAMS
PSO
""" v 1,12 T Test fifb"b”l‘éﬁis Game-based SA MATLAB,
e o LINGO
v 1 20 Test problems WS, elitist MATLAB
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ strategy GA
v 1,2, 11 20 Test problems Parallel VNS GAMS/
CPLEX,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, MATLAB
v 16,4, 10 Test problems NSGA-II Not
mentioned
""" v 7 ) Test ﬁféﬁi‘éﬁis Interactive GA Not
e _...mentioned
v 1,4, 11 20 Test problems Multi-objective Not
44444444444444444444444444444444444444444444444444444444444444444 GA, ELECTRE  mentioned
(Emami and Nookabadi, v 1,2 20 Test problems WS, e-CM GAMS/SBB/
2013) BARON,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, MATLAB
(Garcia-Hernandez, v 1,11 21,22 Ovine Interactive GA Not
Arauzo-Azofra, et al., slaughterhouse mentioned
2013a) plant, recycling
............................................... plant
(Garcia-Hernandez, v 7 21 Recycling Plants Interactive GA Python
Arauzo-Azofra, et al.,
20 D3] e
\/ 1,3 Randomly LO Python/
.......................... generated instances ....Gurobi
N 4,19,13 Test problems Average fitness C
....................... factor method, GA
v 7 20
""" V 1 20 Multi-objective
44444444444444444444444444444444444444444444444444444444444444444 GA’VNS et
(Samarghandi et al., N 1,2 20 Test problems Fuzzy-TS, fuzzy-
2013) VNS, fuzzy-GA,
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ fuzzy-PSO oo
(Jabal-Ameli and v \/ 1 25 Test problems Multi-objective CPLEX,
Moshref-Javadi, 2014) SSA, NSGA-II, MATLAB
44444444444444444444444444444444444444444444444444444444444444444 S-CM T TP PP
(Chen and Lo, 2014) v 1,2 20 Test problems Multi-objective CH++
44444444444444444444444444444444444444444444444444444444444444444 ACO e
(Bozorgi et al., 2015) v 1,2 20, 22 Test problems DEA Not
e _...mentioned
(Garcia-Hernandez et al., v 1 21 Test problems Interactive GA Not
2013) e _...mentioned
(Kheirkhah et al., 2015) v 1,2, 12 Test problems Bilevel PSO, MATLAB
Coevolutionary
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ algorithm
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(Table 1 continues from previous page)

Planning
phase Objective function® Resolution Decision-
References BL DL Minimise Maximise Case studies approachb support tools
(Matai, 2015) N 1,6, 14 20 Test problems WS, modified SA Not
mentioned
""" v 9 WS
""" v 4,8,12 Multi-objective
SA
‘(Hosseiniand V 1,2,12° " Test problems Multi-objective ~ MATLAB
Seifbarghy, 2016) WFA
etal., 2017) \/ 1,9 i eCM
(Pourvaziriand \/ 1,2,12,8 Hypothetical case Cloud-based Enterprise
Pierreval, 2017) study multi-objective Dynamics
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ SA, simulation
(Azimi and Soofi, 2017) v 1,15 Hypothetical case NSGA-II, MATLAB,
study simulation Enterprise
4444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444 Dynamics
(Tayal and Singh, 2018) N1,2,6,14 20 Hypothetical case Hybrid FA/chaotic Java
................................................................... studies SAAHP
(Lietal., 2018) \NU1,2,17,18 24 CNC machine ABC, PSO, CATIA
e aNUfaCturing unit | simulation
(Liu et al., 2018) )\ 1 20, 24 Test problems Multi-objective Java
44444444444444444444444444 PSO
(Nagarajan et al., 2018) \/ 4,5 ABC
""" v 15 NSGA-II
(Leetal,2019) N 1,2 g-CM MS Excel
44444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444 Solver
(Liu and Liu, 2019) N\ 1 20 Test problems Multi-objective Java
ACO
“(Pournaderi et al., 2019) v L2 Hypothetical case  NSGA-II, NRGA, ~ LINGO
study multi-objective
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ cloud-based SA
(Singh and Ingole, 2019) 1 20 Test problems BBO, non- MATLAB
dominated sorting
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444 BBO’ NSGA-II
(Wei et al., 2019) S 1,2 24 Test problems Tent mapping, Java
444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444 ChaOtic GA
(Erfani et al., 2020) \ 1,2,6 20, 24 Randomly NSGA-II GAMS/
.................................................... generated instances v BARON
(Garcia-Hernandez et al., 1 21 Test problems Interactive CRO Python
2020
"‘(”L'iﬁ‘,”)'L”i'u, Yan, etal, v | 20 Test problems Hybrid PONT ~— Java
220200 e algorithm
(Liu, Liu, Liu, et al., N 1 20,22, 28 Test problems CSE Java
22020)
(Wan et al., 2020) S 1,9 Randomly Multi-objective  C++, CPLEX
generated instances GRASP-LP
(Zhao et al., 2020) \ 1,9 Hypothetical case NSGA-II MATLAB

study

“Objective functions: 1 (materials handling cost), 2 (rearrangement cost), 3 (construction cost), 4 (flow distance), 5 (flow path length), 6 (transport time), 7
(work flow), 8 (work in process), 9 (total layout area), 10 (space demand), 11 (aspect ratio), 12 (costs related to material handling equipment), 13 (costs related
to machinery operations), 14 (risk level associated with the hazardous materials and waste path), 15 (makespan), 16 (energy losses), 17 (lost opportunity
costs), 18 (occupational health/safety risks), 19 (number of machines arranged in a linear sequence), 20 (closeness rating among departments), 21 (decision
maker’s level of satisfaction), 22 (distance requests among departments), 23 (hazardous movement), 24 (area utilisation ratio), 25 (work stations utilisation
ratio), 26 (level of preference for assigning facilities to spaces), 27 (level of preference in relation to interactivity among departments, 28 (aspect ratio
requests). "Resolution methods: WS: weighted sum method; GA: genetic algorithm; PSO: particle swarm optimisation; SA: simulated annealing; VNS:
variable neighbourhood search; PBA: particle bee algorithm; SSA: scatter search algorithm; AHP: analytic hierarchy process; NSGA-II: non-dominated
sorting genetic algorithm; NRGA: non-dominated ranked genetic algorithm; e-CM: epsilon-constrained method; LO: lexicographic ordering method; TS:
tabu search; ACO: ant colony optimisation; DEA: data envelopment analysis; WFA: water flow algorithm; FA: firefly algorithm; ABC: artificial bee colony
algorithm; CRO: coral reefs optimisation; PO: pareto optimisation; NT: niche technology; CSE: configuration space evolutionary algorithm; GRASP: greedy
randomised adaptive search procedure; biogeography-based optimisation (BBO); LP: linear programming.
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that these papers proposed, as well as their resolution
approaches, up to 2020.

Table 1 shows that most of the works addressing
mFLP contemplate only one of the classic FLP phases,
which is not very helpful for analysts in practice
because they must face the facility planning process
by addressing both the BL and DL phases. Likewise,
some of the objectives considered by the different
studies are similar in terms of their description and
formulation, so they can be standardised to favour
future decisions in the mFLP context.

2.1. Issues limiting real-life mFLP
applications

Table 1 shows that only seven of the 49 reviewed
papers recreate real-life case studies, which supports
the notion that contributions on addressing mFLP
by the traditional top-down approach are barely
applied in practical contexts. One of the reasons
that could support this fact is the assumption that,
when mathematically modelling mFLP, assumptions
are not altogether compatible with the industrial
operational reality. In this line, (Navidi et al.,
2012) mentioned that existing multi-objective
optimisation models tended to oversimplify reality.
Among the commonest assumptions, this paper
corroborates: the non-consideration of uncertainty
and demand variability along the planning horizon;
the assumption that departments have equal areas
or flexible dimensions; the use of space only at a
two-dimensional level; the consideration of a single
floor for performing operations; the arrangement of
P/D points in the centroids of departments; the non-
integration of corridors for the flow of materials and
personnel as part of the layout design in any of its
stages; the non-consideration of qualitative criteria,
such as occupational health and safety, personnel
satisfaction, and flexibility for future relayouts.
Table 2 shows these limitations in the revised
literature. The rest of this section justifies why such
criteria have become limitations for the traditional
top-down approach.

When FLP decision making assumes that product
demand will remain constant along the planning
horizon, the process basically focuses on obtaining
a single layout design. In this case, by considering
that production conditions are static, the problem
is known as static or single-period FLP (SFLP)
(Vitayasak et al., 2017). However, this assumption
may be impractical in most industrial sectors

Int. J. Prod. Manag. Eng. (2023) 11(1), 1-16

because it is unlikely that the demand and, therefore,
the flow of materials, in the plant will remain
constant over time. In an increasingly globalised
business environment, it is more realistic to consider
dynamic conditions (Bozorgi et al., 2015; Defersha
and Hodiya, 2017) mainly due to the constant need
to readjust production capacity as a consequence
of demand fluctuations, ever shorter product life
cycles, the adoption of technological changes
in manufacturing systems, disruptive events in
supply chains, among other factors (Emami and
Nookabadi, 2013; Vitayasak et al., 2017). With this
approach, the so-called dynamic or multiperiod FLP
(DFLP), a layout is designed for each time period to
minimise the total MHC and those costs related to
rearrangement of facilities (Pournaderi et al., 2019).
In the reviewed literature, as we can see in Table 2,
less than one third of the papers addressed mFLP
with a dynamic planning approach (28.57%).

Having product demand projections is essential to
quantify the flow of materials between production
departments, which is one of the key parameters
when modelling FLP. In this context, about nine
in every ten articles addressing mFLP, assume that
demand is known in advance, which may be an
unrealistic assumption when designing greenfield
plants where historical information on demand
behaviour is not generally available. This reason,
coupled with volatility of demand in an increasingly
globalised world, supports the need to consider its
estimation under uncertainty conditions.

When modelling FLP, it is possible to consider
departments having the same area or unequal areas
(Liu, Liu, Yan, et al., 2020). The first case, usually
modelled by discrete optimisation models like
QAP (Loiola et al., 2007), is applicable to very few
real-world manufacturing systems. In the reviewed
literature, 18 of the 20 papers that assumed equal-
area departments addressed mFLP in hypothetical
case studies or test problems. Planning layouts in a
real case study by assuming equal-area departments
when in fact they are not, can generate pseudo-
optimal solutions with a significantly lower MHC
than that which would actually be incurred. Hence,
the importance of considering the actual dimensions
of departments according to the operations that will
take place in them.

The consideration of whether their dimensions are
fixed, flexible or mixed when designing layout,
is closely related to areas of departments (Pérez-
Gosende et al., 2020). For fixed dimensions, the

Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
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Table 2. Issues® limiting real-life mFLP applications.
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problem is formulated according to the assumption
that the width and length of departments should
remain unchanged during the layout generation
process. When dimensions are considered flexible,
the lengths of the sides of the departments can vary
within a preset interval as long as the minimum area
requirement of the department is guaranteed (Xiao
et al., 2017). This last assumption facilitates the
generation of more regular layouts by employing
mathematical optimisation models, minimising
unoccupied spaces and consequently, better utilising
the available area in the facility. However, this can
lead to departments adopting very narrow or too
elongated shapes in which operations cannot be
carried out correctly in the way they were designed
by the process analysts (Jankovits et al., 2011).
Approximately one in every four articles considered
flexible dimensions when modelling mFLP.

Even though one of the classic principles of FLP
is to obtain the maximum possible use of space
inside industrial plants, the consideration of three-
dimensional space in the mFLP context is scarce. In
fact, as Table 2 shows, 48 of the reviewed 49 articles
considered space from a two-dimensional point of
view by focusing only on obtaining the maximum
plant floor area utilisation.

Most research considered layout design in a
single floor context. However, it is common for
manufacturing systems to consider more than one
floor to perform their operations. In this context,
only three papers (6%) in the reviewed literature
considered multiple floors in the mFLP formulation
(Che et al., 2017; Cheng and Lien, 2012; Hathhorn
etal., 2013).

As MHC minimisation is one of the most widely
used objective functions in FLP optimisation models
(Hosseini-Nasab et al., 2018; Pérez-Gosende et al.,
2020, 2021), the location of P/D points in each
activity centre is a determinant. When modelling
FLP, it is common to assume that P/D points are
located at the centroid of each department and the
distance between these centroids determines the
distance travelled by the workflow (approximately
94% of the reviewed papers). These assumptions
might work well in manufacturing systems where
material transport is performed by gantry cranes
(Asef-Vaziri et al., 2017), but they are incompatible
with most real-life layout designs, in which
P/D points are generally located on the edges of
departments, and work flow circulates through the
aisles interconnecting them. Hence, the models

Int. J. Prod. Manag. Eng. (2023) 11(1), 1-16

that consider rectangular or euclidean intercentroid
distances can generate pseudo-optimal solutions
with significantly lower MHCs than those that
would have incurred in real-life situations.

In manufacturing systems, aisles are paths that
allow the movement of personnel and the transport
of materials between different work areas. The aisle
structure contributes to plant layout efficiency due
to its impact on reducing the distance travelled by
the materials flow, the average flow time and MHC's
(Pourvaziri et al., 2021). Therefore, to achieve an
adequate plant layout, it is not enough to determine
the position of the departments, machines and
workstations in the physical space, but it is also
essential to integrate the aisle structure design
(Friedrich et al., 2018). Excluding works addressing
the double-row layout problem, only a few articles
in the literature considered the aisle structure design
in an integrated manner when designing the plant
layout of manufacturing systems while considering
single-objective mathematical models (Chang
et al., 2006; Gomez et al., 2003; Klausnitzer and
Lasch, 2016, 2019; Lee et al., 2005; Pourvaziri
et al., 2021), and only three did so in the specific
mFLP context (Leno et al., 2012; Liu, Liu, Liu,
et al., 2020; Navidi et al., 2012).

A plant layout should not be considered adequate
or complete if its design does not consider the
prevention of possible safety and health risks for the
people who will work in it. Indeed, when designing
layout, it is necessary to analyse the possible
physical, chemical, biological, ergonomic and
psychosocial risks when determining the priorities
of proximity among machines, workstations or
departments. Similarly, the personnel’s satisfaction
and possible well-being must be taken into account.
Failure to consider these aspects distances the
possibility of generating a sustainable layout to the
detriment of the social dimension of sustainability
(Pérez-Gosende et al.,, 2020). In the reviewed
literature, only six papers (12.24%) acknowledged
the importance of considering staff satisfaction
when addressing mFLP, and only about one in 10
considered occupational health and safety risks.

Production capacity planning in response to demand
variability, decision making to deal with disruptive
events in supply chains, adopting new technologies
and processes, among other factors, may imply
the need to adjust plant layouts. Therefore, it is
worth contemplating the highest possible degree of
flexibility to allow future changes with minimum
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effort, the greatest speed, and the least expenditure
of resources when planning. In the consulted
literature, only one article considered flexibility
when dealing with mFLP (Singh and Singh, 2011).

3. Conceptual framework for mFLP

This section presents a conceptual framework for
mFLP by considering a bottom-up approach, and
starting from an approximation of the two classic
FLP phases, but in reverse to the top-down approach
and by integrating an additional phase. Here a new
vision is provided from a conceptual point of view
to mFLP decision making by starting with the
limitations identified when analysing the traditional
two-phase approach, and thus contributing to
facilitate its applicability in real-life case studies.

From this point onwards, and to facilitate the
understanding of the conceptual framework, the
different departments or areas of activity in the
plant are called workcells to group in the same term
the different forms of work organisation according
to the process flow structures previously defined
by the process analyst, regardless of them being
job shop, batch shop, assembly line or continuous
flow (Ivanov et al., 2017). A workcell is defined
as a space delimited by a physical or imaginary
boundary where the activities needed for normal
manufacturing processes operation are performed.

Figure 3 shows the proposed conceptual framework
made up of three phases: (1) intraworkcell layout;
(2) macrolayout; (3) refined layout. Each phase is
fed with the output from the immediately preceding
phase and supplemented with new inputs. In each
case, a set of minimisation and maximisation
objectives, defined based on the reviewed literature,
are suggested to convert inputs into outputs by
using decision-support tools. The sections below
explain in detail the characteristics of each phase.

3.1. Intraworkecell layout phase

As seen in Figure 3, the conceptual framework
starts with the intradepartmental layout phase
(intraworkcell layout), which seeks to identify
alternative  arrangement schemes for each
department. These layouts, when defined with
a specific orientation referred to as standard
orientation, provide the width and length dimensions
of each department, as well as the location of P/D
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Figure 3. Conceptual framework for mFLP.

Inter-cell materials handling
equipment

points. The inputs for this phase are defined in
Table 3.

This phase should include the maximisation and
minimisation objectives shown in Table 4, but
may include others depending on the analyst’s
preference. It is important to note that this phase
is the equivalent to the DL, which, as part of
the traditional top-down approach, is secondly
developed after the BL phase.

3.2. Macrolayout phase

The second conceptual framework phase seeks to
obtain a finite set of alternative ordering schemes
(called macrolayouts) of all the workcells in the
available physical space in the plant insofar as to
optimise certain relevant objectives. The inputs to
this phase are defined in Table 5 and the objectives
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Table 3. Inputs to the intraworkcell layout phase.

Inputs Description

Number of workstati Number of workstatlons inside the Workcell

Necessary equrpment for transporting and handling materrals from one workstation to

Intracell materials handling

equipment ANOMNEE, IEANY. | oo
Interworkstation materials Intensity of materials flow between workstations.
flow

Temporary materials
L,
Area requirements Area requirements in the cell for normal operatlon performance, 1nclud1ng the area required
for each workstation (area occupied by the machine, machine operation area, maintenance

area), the area for storing worktools, the area for temporarily storing materials and/or

products being processed, the area for transporting and handling materials.

Table 4. Objectives of the intraworkcell layout phase.

Objectives Description
Minimise intraworkcell flow  Reducing the distance travelled by the work object as much as possible will reduce the
distance MHC:s inside the workcell.

Minimise occupational The arrangement of the elements making up the production system inside the workeell

health/ safety risks ... must reduce as much as possible the safety and health risks for people at work. :
Maximise workcell utilisation The ratio between the area used for performing production activities inside a workcell and
ratio the total available area should be as close as possible to one.
Maximise personnel In any case, the best workcell layout would be that which provides the best personnel
satisfaction well-being and favours their self-esteem and personal self-fulfilment.

Table 5. Inputs to the Macrolayout phase.

Inputs Description
Alternative workcells layouts Alternative ordering schemes for each workcell in its standard orientation.

Width, and length of each workcell for each alternative arrangement scheme considered
in 1t's' standard orlentatlon

Available floors Number of ﬂoors avarlable for workeell arrangement.
Cost of transporting one unit load one unit distance between the P/D points of two

MHC per unit distance workeells.

to be considered are shown in Table 6. It is important
to note that this phase is the equivalent to the BL
that, as part of the traditional top-down approach, is
done in the first place.

3.3. Refined-layout phase

As previously mentioned, the refined layout phase
also includes an evaluation process to define the
final distribution alternative based on the decision
criteria defined by analysts and stakeholders.
The evaluation process may be omitted if a single
macrolayout is generated as part of the second
phase. However, if a multi-objective mathematical

Int. J. Prod. Manag. Eng. (2023) 11(1), 1-16

optimisation model is used, as the conceptual
framework itself suggests, the purpose is to find a
set of Pareto-optimal solutions that can be subjected
to a multicriteria evaluation process by considering
production system performance aspects and, at the
same time, criteria of a subjective nature, such as
level of stakeholder satisfaction, which are difficult
to mathematically model. Of the methods that can
be applied to evaluate layout alternatives, as shown
in Figure 2, we find multicriteria decision methods
(MCDM), simulation, non-linear programming, data
envelopment analysis (DEA) or simply comparing
technical and economic/financial criteria.
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Table 6. Objectives of the Macrolayout phase.

Objectives

Description

Minimise total materials
handling cost

Minimise rearrangement cost

‘Minimise occupational
health/ safety risks

Minimise hazardous

movements

Maximise adjacency scores

~be met as far as possible.

Maximise distance requests

Maximise area utilisation
ratio

Maximise flexibility

rearrangement costs.

B met.

It is determined by summing the product, for each pair of work cells, of the material flow,
the distance travelled between P/D points, and the MHC per unit distance. The greatest

_ contribution to production system efficiency is achieved when this cost is minimised.

While operating in dynamic environments, the preferred strategy is to identify a partlcular
layout for each discrete time period making up the planning horizon, and the decision
to change a layout from one period to another must consider the minimisation of

The arrangement of the various workcells in the available space in the plant should reduce
the health and safety risks to people at work as much as possible.

Handhng hazardous substances throughout the entire production system should be
minimised.

The assessment of the level of adjacency between each pair of workeells is based on a set
of subjective criteria defined by the analyst, which are difficult to quantify. When planning
the layout, these considerations, expressed on an ordinal qualitative rating scale, should

In certain production systems, it is desirable for some workcells to be sufficiently distant
from others because of environmental issues such as: noise, vibration, pollution, aspects
related to personnel safety, fire or explosion hazards, among other factors. In such cases,
the interdepartmental distance requirements preset by the analyst must be substantially

“The ratio of the area occupied by work cells to the total available area in the plant should

be as close as possible to one.
This implies considering the highest possible degree of flexibility to allow for future
changes made with the least effort, the greatest speed, and the lowest expenditure of

resources when planning layouts.

4. Conclusions

This paper presents a conceptual framework to
facilitate academics and practitioners’ multi-
objective facility layout planning (mFLP) decision
making. Instead of the framework considering the
block layout and detailed layout phases consecutively
by the traditional top-down approach, it formalises
FLP as a multi-objective problem by following
these phases in reverse by a bottom-up approach,
and by also integrating a third phase, called the
refined layout phase, which has not previously been
contemplated in the literature. This is the first time
that mFLP is addressed with a bottom-up approach.
Hence its novelty.

Apart from identifying the inputs and outputs of each
phase, the conceptual framework groups together
several objectives related to mFLP that have been
recently considered in the literature, and formalises
and contextualises them according to the planning
phase in which they are involved.

Based on a literature review framed in the mFLP
context, this work also identifies a set of criteria that
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have become limitations of the traditional top-down
approach, which serve as the basis to conceive the
proposed bottom-up approach. These criteria are:
considering a single planning period; estimating
demand under certainty conditions; departments with
equal areas or flexible dimensions; not considering
tridimensional space; single-floor facilities; P/D
points located in the centroid of departments; no
aisle structure integrated into the final layout;
overlooking occupational health and safety risks;
ignoring the level of staff satisfaction with the final
layout; ignoring the layout’s flexibility for future
modifications.

By conceiving that the materials flow travels the
contour distance separating the P/D points between
each pair of workcells (these points are laid at the
precise location, and not at the workcells’ centroid as
it is usually assumed), a more accurate estimation of
annual MHCs can be obtained. These costs, as well-
known, significantly impact not only total production
costs, but any manufacturing system’s productivity
and operational efficiency. Consequently, a more
realistic annual operating costs estimation can be
made when projecting net cash flows to assess the
economic feasibility of the investment project related
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to implementing the layout design that results from
the decision process.

From the point of view of managerial implications,
this conceptual framework can be used as a roadmap
for operations managers to holistically analyse how
to handle this very important planning problem for
the organisation to efficiently function by considering
multiple objectives, and to also contribute to bridge
the gap of the limited application of the solutions
obtained with the traditional top-down approach in
real-life case studies.

Finally, future research guidelines are presented: (i)
identifying possible analytical modelling approaches
ofthe proposed conceptual framework and validating
their resolution approaches in real-life case studies;
(i1) identifying the advantages and disadvantages
of this framework, and its possible limitations
when applying it to different industrial sectors; (iii)
incorporate demand uncertainties into the conceptual
and analytical mFLP models; (iv) verifying the
inclusion of new objectives to tackle the re-layout
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