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Facility layout in the manufacturing system is an elaborate production activity since multiple, uncertain, and conflicting factors
would affect facility layout decisions. Selecting the best facility layout among alternatives is considered as a problematic
multicriteria decision-making (MCDM) problem. Generally, the facility layout is evaluated by the MCDM method with re-
dundant factors, separate weights, and independent relationships between factors. To overcome this defect, this paper intends to
propose a hybrid fuzzy MCDM method with combination weight (CW) based on integration with Delphi, fuzzy ANP, Entropy,
and fuzzy PROMETHEE (CW-DFAE-FP) to select the most suitable facility layout alternative in an aircraft assembly workshop.
(e application results indicate that this method can effectively obtain the most suitable alternative for facility layout selection.
Furthermore, the comparative analysis with other MCDMmethods verifies the effectiveness of the proposed method and reveals
the selection of weight has an impact on final priority ranking. Finally, sensitivity analysis highlights the performance of the
proposed method and provides strategic insights to identify the critical criteria for the best alternative in facility layout.

1. Introduction

Facility layout plays a crucial role in the modern
manufacturing system. Facility layout problem (FLP) in-
volves the suitable arrangement of facilities (i.e., worksta-
tions, machines, and material handling equipment) in such a
way to obtain maximum production efficiency and profits
[1]. Higher production costs, more work-in-process in-
ventory, poorer flexibility, longer lead-time, etc. are a
possible consequence of improper facility layout. A rational
facility layout can significantly improve the overall pro-
ductivity and production efficiency and reduce production
cycles [2].

Due to multiple, uncertain, and conflicting criteria, the
facility layout selection is a time consuming and problematic
MCDM problem. (e multicriteria decision-making
(MCDM) method can capture all of the quantitative and
qualitative criteria simultaneously [3, 4]. It is always
employed in handlingMCDMproblem that selects a suitable
solution among alternatives concerning a variety of factors.

Fuzzy numbers can qualify the vagueness in decision
makers’ (DMs’) expression and improve the precision of the
MCDM method [5]. (erefore, various fuzzy MCDM
methods have been presented in the literature, for example,
fuzzy analytic network process (FANP) [6], fuzzy data en-
velopment analysis (FDEA) [7], intuitionistic FANP
(IFANP) [8], intuitionistic fuzzy preference ranking orga-
nization methods for enrichment evaluation (IF-PROM-
ETHEE) [9], multihesitant fuzzy elimination and choice
translating reality (ELECTRE) [10], and double normali-
zation-based multiple aggregation (DNMA) method [11].

Over the last few decades, many fuzzy MCDM methods
or combination of other fuzzy MCDM methods are used in
the literature to tackle facility layout selection (FLS). Çebi
and Otay [12] used fuzzy technique for order preference by
similarity to an ideal solution (TOPSIS) to solve the FLS.
Altuntas et al. [13] applied a fuzzy decision-making trial and
evaluation laboratory- (DEMATEL-) based approach for
FLS. Shokri et al. [14] proposed the AHP-Višekriterijumska
Optimizacija i kompromisno Rešenje (VIKOR) method for
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facility layout design. Özdağoğlu [15] used a FANP approach
to prioritize the alternatives for facility location selection.
Ertuğrul and Karakaşoğlu [16] compared fuzzy AHP and
fuzzy TOPSIS for facility location selection. Wang et al.
proposed an FANP and TOPSIS method to select an energy
plant location [6].

(e literature review shows that different varieties of
MCDM methods, such as FAHP, DEAMATEL, VIKOR,
FTOPSIS, FANP, have been applied to FLS. Nevertheless,
these methods use the same scale and preference function for
evaluation alternatives [17]. (e preference functions in line
with contradictory or different criteria that have a serious
effect on the accuracy of decision-making results [17, 18]. Due
to simple implementation and tackling incomparability [9],
FPROMETHEE is appreciably suitable to rank alternatives.
Similar to other traditional MCDMs, a disadvantage of
PROMETHEE is the need for determination of criteria weight
before implementation [19]. (erefore, PROMETHEE is al-
ways integrated with other MCDM methods to the solve
MCDM problem. Avikal et al. [20] proposed FAHP and
PROMETHEE methods for disassembly line balancing
problems. Brankovic et al. [21] proposed the entropy-
PROMETHEE II method for evaluation of hydraulic struc-
tures alternatives. Mousavi et al. [22] proposed an integrated
Delphi-AHP-PROMETHEE method for plant location se-
lection. Mohamed et al. [23] proposed modified Delphi-
FAHP-PROMETHEE for geospatial business intelligence
selection. Among these AHP-based and entropy-based
methods, the premise is that all evaluation criteria and factors
are independent [3, 24]. Its inaccuracy in the practical ap-
plication may lead to poor decision making. Moreover,
various existing PROMETHEEmethods or combination with
other methods are applied based on single subjective or
objective weight (i.e., FAHP, FANP, Entropy, etc.). Few re-
searchers consider PROMETHEE with DM’S preference and
a weighted sum of both weights simultaneously.

To deal with the FLS problem, a hybrid fuzzy MCDM
method with combination weight based on the integration of
Delphi, FANP, Entropy, and FPROMETHEE II is proposed.
To our knowledge, no previous studies have combined these
four methods to tackle FLS. (e purpose of integration is to
propose a new fuzzy MCDM method that takes advantage
merits of the above-mentioned methods for solving complex
MCDM problems. For that reason, the Delphi method is
employed to filter insignificant criteria and determine critical
criteria by DMs to reduce the complexity and redundancy of
the MCDM model. An integrated combination of FANP and
Entropy is used to determine combination weights of each
factor, which helps DMs overcome the subjective bias and
reflect the essential characteristics of criterion. Furthermore,
the FANP also has advantage of solving the complicated
MCDM problem with its interrelationships among criteria.
Lastly, the PROMETHEE is integrated with fuzzy set and
combination weights to rank alternatives and select an op-
timal solution for facility layout in the manufacturing system.

(e proposed hybrid method can solve multiple criteria
with interdependency in the fuzzy environment and effi-
ciently select the most suitable alternative in a complicated
system. (e proposed hybrid method applied for the facility

layout selection in the manufacturing system fills the re-
search gap. Additionally, this paper reinforces decision-
making research by identifying a more preferred MCDM
method on facility layout selection, which makes the se-
lection process more rational and logical. Lastly, this paper
provides strategic insights to identify the critical criteria for
the best alternative in facility layout and presents the priority
factors for future improvement.

(e paper is presented as follows: Section 2 presents the
problems description of facility layout in the manufacturing
system. (e proposed evaluation framework and method-
ology are presented in Section 3. (e case of the facility
layout in the aircraft assembly workshop is applied to verify
the proposed methods in Section 4. Furthermore, the dis-
cussion of comparative analysis and sensitivity analysis is
given in Section 5. Lastly, Section 6 presents the conclusion.

2. ProblemsDescriptionofFacilityLayout in the
Manufacturing System

Generally, in the modern manufacturing system, material
handling, flexibility, productivity, safety, and resource uti-
lization are the main factors that have a significant impact on
facility layout planning and implementation. (e detailed
explanations are described as follows:

(a) Material handling: the material transportation runs
through the entire process from raw material to
product in the large manufacturing workshop. For
example, to save material handling costs, facilities
with closely materials transportation need to be
placed in adjacent locations.

(b) Flexibility: rapid response to market changes and
various customer requirements is necessary for en-
hancing competitiveness in a modern manufacturing
environment. It involves machine setup or removing,
expansion in the production line and planning
multiple transportation paths, etc., which affected the
arrangement of facilities.

(c) Productivity: the execution of process and assembly
tasks and operation machines affect the facility
layout [25]. (e location of facilities is affected by
employee using the temporary facilities, such as
auxiliary truss, tool cabinet, accessory equipment
and working ladder, etc.

(d) Safety: there are many machines with high speed,
high load, high impact and noise in manufacturing
industries. To prevent and reduce accidents from
working environments, safety is an essential objec-
tive in facility layout planning.

(e) Resources utilization: the resources in manufactur-
ing systems such as employee, equipment, and space
etc. are also have an impact on facility layout. For
example, some large facilities (i.e., hydraulic station,
spray-painting workstation, and site office) are dif-
ficult to shift, which determines the necessary
workspace and has an impact on the arrangement of
facilities.
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Because of multiple attributes involved in facility layout
of manufacturing system, it is a throne issue for decision-
makers to identify the factors that have an impact on facility
layout.(erefore, it is necessary to systematically analyze the
impact of various factors on the layout and select the best
facility layout alternative by using MCDM methods.

3. Proposed Facility Layout Evaluation
Framework and Methodology

(is section proposes a multiphase evaluation framework
for facility layout selection in the manufacturing system.(e
detail steps included in the evaluation framework are
demonstrated in the following.

3.1. Proposed Evaluation Framework. (e general view of
proposed evaluation framework for facility layout selec-
tion in manufacturing system is shown in Figure 1. (e
proposed evaluation framework includes four main
stages. (e first phase aims to screen the critical criteria
and factors by using Delphi. (e main objective of the
second phase is to obtain the subjective weight between
factors by using FANP. (e third phase measures the
objective weight between factors by using Entropy. Lastly,
rank all of candidate alternatives using the extended
PROMETHEE method in the fourth stage.

3.2. Methods for Evaluation Framework

3.2.1. Screen the Critical Criteria and Factors with the Delphi
Method. (e Delphi method is firstly developed by re-
searchers at the Rand Corporation [26]. It can be used to
identify, synthesize, and analyze critical factors in the
process of decision-making [27]. (e Delphi method starts
with an iteration process of the questionnaire from
anonymous experts until a mutual consensus is achieved
on the focused topic. It usually implements in the form of a
questionnaire through various communication techniques
(i.e., email, online, postal) to collect ideas, analyze terms,
and reach a consensus from experts [28]. Delphi has been
widely used to scrutinize the criteria in various applica-
tions such as information system management [29], cold
chain improvement [30], foresight support system [31],
etc. In this paper, we aim to use the Delphi method to
screen the critical criteria and factors in facility layout.
Based on the Delphi, the procedure of screen steps are as
follows:

Step 1: collect expert group’s opinions. A total of 18
experts from academia and industry had taken part in
the survey for screening the evaluation factors by
using email to respond to the questionnaire anony-
mously. (e items in the questionnaire come from the
available literature, experts’ opinions, and practical
investigation.
Step 2: calculate the coefficient of variation (CV) [32].
CV denotes standard deviation divided by the mean
[27]. Analyze and modify the results of the first round

survey by CV and start the second round questionnaire
[33]. When the value of CV is less than or equal to 0.5,
the next round of surveys is terminated.
Step 3: calculate content validity ratio (CVR) [34]. CVR
is used to measure how important a criterion or factor
is. For retaining or removing a factor, the CVR with a
threshold redefined is described as following:

CVR �
Ncr − N/2

N/2
, (1)

where Ncr denotes the number of critical factors and N

is the number of participating experts.

Step 4: screen critical factors. Factors can be filtered from
numerous factors by setting a threshold of CVR. (e
range of CVR values is − 1 to 1.(emeasurement of CVR
value is usually set at 0.29 [27]. If CVR value exceeds 0.29,
the criterion or factor is retained otherwise removed.

3.2.2. Obtain the Subjective Weight with an FANP Method.
(e ANP firstly developed by Satty [35], evaluates all re-
lationships between criteria and factors by analyzing po-
tential interdependence in the decision-making problems
[8, 36]. ANP is a useful decision-making technique that
captures the outcome of dependency between criteria.
However, imprecise and subjective judgments of DMs ob-
struct the application of the ANP [37]. Under this condition,
the fuzzy set theory is combined with the ANP method.
Based on the FANP, the procedure for obtaining the sub-
jective weight is as follows:

Step 1: determine fuzzy scales corresponding to the
linguistic term for evaluation.(e relationship between
factors is determined by pairwise comparison of one
factor to another. To measure this relationship, the
linguistic scale with corresponding triangular fuzzy
number (TFN) is determined as Table 1 shows.
Step 2: pairwise comparisons are established among
factors. (e relative strength of each pair of factors
forms comparison matrix, and the preference of ex-
perts' threshold in the comparison matrix is repre-
sented by using TFN again. (e pairwise comparison
matrix 􏽥P′ is described as

􏽥p′ �

􏽥p11′ 􏽥p12′ · · · 􏽥p1n
′

􏽥p21′ 􏽥p22′ · · · 􏽥p2n
′

⋮ ⋮ ⋮ ⋮
􏽥pn1′ 􏽥pn2′ · · · 􏽥pnm

′

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (2)

where 􏽥pij
′ � (lij, mij, uij) denotes the importance of

factor i over the factor j, and i � j � 1, 2, ..., n.

Step 3: obtain the priority vectors. To form the multiple
submatrices of the supermatrix, the priority vectors of
each comparison matrix need to be obtained. (e es-
timation of fuzzy priorities 􏽥wk can be acquired based on
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the comparison matrix by multiple methods. (e
logarithmic least-square method is employed to cal-
culate the weights in this study [38, 39]. (is method
can convert fuzzy priorities into the crisp weights with
normalization and defuzzification through

􏽥wk � w
l
k, w

m
k , w

u
k􏼐 􏼑, k � 1, 2, ..., n, (3)

P aij􏼐 􏼑 �
lij + 4mij + uij

6
, (4)

where ws
k � (􏽑

n
i�1p

s
ij)

1/n/􏽐n
i�1(􏽑

n
i�1 ps

ij)
1/n, s ∈ l, m, u{ }.

Calculate the coefficient of variation

Calculate CVR value for evaluation of the facility layout

Form fuzzy pairwise comparison matrices between factors

Calculate fuzzy relative importance weights of matrices
and measure the consistency of the matrices

Literature review

Evaluate the alternatives by the criteria and factors

Select the preference function based on the characteristic of each factor and
determine its parameters

Calculate leaving flows, entering flows, net flows of each alternatives

Form a panelist with multiple experts and collect the experts’ opinion

Rank alternatives based on the net flows

Experts’ opinion

Normalize calculation for each factor

Calculated the value of entropy for each factor

Calculate the objective weight of each factor

Set the combined coefficient and calculate the combined weight of each factor

Subjective weight

Calculate the subjective weight of each factor

Construct an evaluation matrix

Objective weight

Form a super matrix and raise the supermatrix to the
limiting power to obtain the supermatrix

Rank alternatives with the extended FPROMETHEE method

Obtain objective weights with the Entropy methodObtain subjective weights with the FANP method

Critical criteria and factors identification with the Delphi method

Experts’ opinion

Criteria combination weight determination with the FANP and Entropy method

Screen the critical criteria and factors

Figure 1: Proposed evaluation methodology framework.

Table 1: (e fuzzy scales (TFN) [36].

Linguistic terminology Fuzzy scales
None (0, 0, 0.1)
Very low (0, 0.1, 0.2)
Low (0.1, 0.2, 0.3)
Fairly low (0.2, 0.3, 0.4)
More or less low (0.3, 0.4, 0.5)
Medium (0.4, 0.5, 0.6)
More or less good (0.5, 0.6, 0.7)
Fairly good (0.6, 0.7, 0.8)
Good (0.7, 0.8, 0.9)
Very good (0.8, 0.9, 1)
Excellent (0.9, 1, 1)
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Step 4: calculate the consistency property for each
matrix. (e consistency property of the matrix has an
impact on the quality of the results of ANP. (e
consistency index (CI) and consistency ratio (CR) [40]
are calculated as follows:

CI �
λmax − n

n − 1
, (5)

CR �
CI
RI

, (6)

where λmax represents the largest eigenvalue of the
matrix and RI denotes the random index. CR should be
less than 0.1 and the comparisons are acceptable.

Step 5: set up a supermatrix. (e supermatrix is
composed of many submatrices, and each submatrix
consists of a set of relationships between two factors. By
placing the priority vectors into the suitable column,
supermatrix can be established.
Step 6: calculate the limit supermatrix. To get a steady-
state result, the supermatrix is raised to limiting power
2p + 1 until it reaches stability, where p is a sufficiently
large number. (e subjective weights of the criteria can
be attained in the result and will be used in fuzzy
PROMETHEE later.

3.2.3. Obtain the Objective Weight with the Entropy Method.
Entropy was firstly introduced to information theory, which
is used to measure signal uncertainty in information sources
based on probability theory.(e Entropy method is suited to
assign the objective weight with its inherent information
provided by data, and it has been verified by many re-
searchers for obtaining the weight of criteria [41–43]. Based
on the Entropy method, the procedure for obtaining the
objective weight is as follows:

Step 1: calculate the value of entropy Ej for each factor:

Ej � −
1
ln n

􏽘

n

i�1
fij · lnfij, (i � j � 1, 2, ...., n), (7)

where fij denotes the normalized value of the factor j

for alternative i by using

fij �
xij

􏽐
m
i�1xij

, (8)

where xij denotes the sample data for factor j.

Step 2: calculate the resource weights of each factor as
follows:

w
o
j �

1 − Ej

n − 􏽐
n
j�1Ej

, j � 1, 2, ..., n, (9)

where wo
j denotes the objective weight of each factor j.

3.2.4. Rank Alternatives with the Extended PROMETHEE II
Method. (e PROMETHEE method is one of the com-
prehensive and effective outranking methods [44]. By
2010, (e PROMETHEE method had been extended to six
versions, and the one used in this paper is PROMETHEE
II. Compared with other versions of PROMETHEE,
PROMETHEE II has the advantage of obtaining a com-
plete ranking of alternatives. Additionally, PROMETHEE
II allows for conflicting criteria with different units and
dimensions [45]. (is method has various applications in
many fields, such as manufacturing and assembly [46],
stock trading [47], air traffic controller’s workloads stress
[18], selection of travel plans [48], etc. Based on the
PROMETHEE II method, the procedure for ranking al-
ternatives are as follows:

Step 1: calculate for the deviation function. Let A �

(a1, a2, ..., ak) be a cluster of alternatives and
F � (f1, f2, · · · fm) be a cluster of factors. Compar-
ative analysis between two alternatives ai and aj

concerning the factor k is conducted, and the devi-
ation 􏽥dk of an alternative ai over the alternative aj is
determined as

􏽥dk � 􏽥fk ai( 􏼁 − 􏽥fk aj􏼐 􏼑, (10)

where 􏽥fk(ai) is the evaluation of the alternative ai

corresponding to the factor fk.
Step 2: select a suitable preference function for each
factor. Six types of preference functions of the
PROMETHEE method are presented as follows: (a)
Usual criterion, (b) U-shaped criterion, (c) V-shaped
criterion, (d) Level criterion, (e) V-shaped linear cri-
terion, and (f) Gaussian criterion [49]. Each preference
function has its corresponding meaning and applicable
conditions [18]. (e explanation is demonstrated as
follows: usual criterion is always for qualitative criteria
without determining any threshold value when DMs do
not need to assign importance for the differences be-
tween criteria value. U-shaped criterion mainly applied
for qualitative criteria with determining a single in-
difference threshold. V-shaped criterion is used in
quantitative criterion with linear increase from 0 to 1.
Level criterion is applied for qualitative criteria with
level change. Preference is considered to be average.
V-shaped linear criterion is mainly applied for quan-
titative criterion involving indifference and linear in-
creased preference simultaneously. Lastly, Gaussian
criterion is seldom used for its complexity when the
preference of decision-makers increases with the de-
viation. For each criterion, only a few thresholds are
determined interactively between the experts and DMs.
It is essential to select the appropriate preference
function of each factor according to its characteristics.
Step 3: evaluate all the alternatives ai, aj ∈ A. (e fuzzy
preference function incorporates the combinationalweights
to determine the preference function relation π as in
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􏽥π ai, aj􏼐 􏼑 � 􏽘

m

j�1
pk dk( 􏼁w

c
k � 􏽘

m

j�1
pk

􏽥fk ai( 􏼁 − 􏽥fk aj􏼐 􏼑􏼐 􏼑w
c
k,

(11)

where

w
c
k � αw

s
k +(1 − α)w

o
k, α ∈ [0, 1], (12)

where wc
k is the combinational weight of the factor k

acquired from the FA and Entropy methods, pk is the
preference function for the factor k.

Step 4: calculate net flow (NF) of each alternative. (e
NF is employed to evaluate the performance of each
alternative. (e fuzzy positive flow is

􏽥ϕ+
ai( 􏼁 �

1
n − 1

􏽘

n

i′�1

􏽥π ai, aj􏼐 􏼑, i≠ j. (13)

(e fuzzy negative flow is

􏽥ϕ−
ai( 􏼁 �

1
n − 1

􏽘

n

i′�1

􏽥π aj, ai􏼐 􏼑, i≠ j, (14)

where 􏽥ϕ+
(ai) weighs the weakness of alternative ai

while 􏽥ϕ−
(ai) weighs the strength of alternative ai.

Step 5: calculate the NF of each alternative. (e NF
ϕ(ai) is expressed in

ϕ ai( 􏼁 � 􏽥ϕ+
ai( 􏼁 − 􏽥ϕ−

ai( 􏼁. (15)

Step 6: rank alternatives based on NFs.(e higher NF is
ranking flow, the better the performance of the
alternative.

4. Case Study

To validate the effectiveness of the proposed MCDM
method, an expanding case study is presented in this section.
A facility layout for an aircraft assembly workshop is selected
to implement the proposed approach. In this case, the fixed-
station layout design is used to improve product efficiency
and save costs, in which facilities are assigned in the station
or around the station because of large products and large-
scale components. For purposes of saving material handling
costs, parts and equipment that have the same function in
the assembly process are assigned in the same storage area
around the station. In a typical large parts docking and
assembly station, there are 12 facilities including product,
material equipment, tool cabinet, assistant fixtures, etc. (e
schematic diagram of current facility layout is illustrated in
Figure 2.

Due to the demand for enlarging production and im-
proving production efficiency, a new aircraft assembly
workshop will be invested. Four alternatives A1, A2, A3, A4
were generated by experts’ teams from the aircraft industry,
respectively. (e quantitative features of each alternative are
presented in Table 2.

Other qualitative features of the alternatives are deter-
mined by experts’ team. However, selecting the best one
among the four competing alternatives is too tricky. It is not
apparent in the four options which alternative dominates
others under various criteria and factors. (en four feasible
alternatives are selected by DMs according to the final
ranking. (e procedures of the application case are given
below.

4.1. Screen the Critical Criteria and Factors. An expert team
was carefully formed with six chief engineers and six senior
engineers from the aviation industry and six chief experts
from the aviation research institution to determine criteria
and factors that have a significant impact on facility layout
in aircraft assembly workshop. Five criteria and twenty-
three factors were firstly collected by the first Delphi survey.
(ese reduce to four criteria and fourteen factors by the
second rounds of Delphi analysis. Each factor with its
corresponding CV and CVR values are shown in Table 3.
(e CV values of factors are less than or equal to 0.5 and the
CVR values of factors exceed 0.29, which meet the factors
retention requirement and reach the consensus between
experts. (e reason for further eliminating some criteria or
factors is that they have the similarity function with other
criteria or factors. (e remaining criteria and factors help
DM select the most suitable facility layout alternative.
Table 3 shows the determined four criteria and fourteen
factors that have a significant influence on the facility
layout. (e detail description of these criteria is given
below:

(a) Space utilization (SU): the production space involves
all production activities such as work in process
inventories, material storage, and assembly product
area, etc. (e production space is classified as value-
added space and nonvalue added space [50]. (is
criterion consists of two factors as presented in
Table 3.

(b) Transportation performance (TP): transportation
performance has a significant influence on pro-
duction, especially in saving costs and improving
production efficiency. For example, to save the
material handling costs and improve efficiency, it is
vital to place the facilities with the closest material
handling relationship adjacent to each other and
decrease the delivery frequency. (is criterion
contains four factors as shown in Table 3.

(c) Layout flexibility (LF): the LF factors can be
considered from three aspects: expansion flexi-
bility, production flexibility, and material han-
dling flexibility [24, 50]. For example, the easy
expansion represents the robust capability to
market fluctuation and demands disturbances,
which involves adding new processes and in-
stalling new equipment according to the costs [51].
Production flexibility represents the robust ca-
pability to maintain production when facing
product quality failures, material scarcity, sudden
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fault, etc. Material handling flexibility [24] reflects
the capability of transportation equipment (i.e.,
AGV, forklift, trailer) to deliver various compo-
nents with optional multiple paths between dif-
ferent facilities [24]. (is criterion includes four
factors as listed in Table 3.

(d) Personnel issue (PI): such as human safety, ergonomics,
ease of supervision and control, and personnel flow
should not be neglected in the factors analysis of facility
layout selection due to their direct influence on the
performance of production systems [24]. (is criterion
contains four factors as shown in Table 3.

4.2. Calculate the Subjective Weight. (e relation between
factors of different criteria is analyzed by using the FAmethod,
and the network structure is formed and shown in Figure 3.

Pairwise comparisons are conducted on the example to
demonstrate the dependencies by using TFN with scale in
Table 1. Table 4 shows an example of a criteria LF concerning
factor SU1. (e rest of the evaluation is obtained in the same
manner. According to equations (2)∼(4), the relative im-
portance weights are obtained. For example, the priority vector
of criteria LF regarding factor SU1 is also shown in Table 4.
(e other priority vectors of different criteria concerning
factors are obtained in the same manner. After checking the
consistency ratio by using equations (5) and (6) (less than
0.10), the comparison results are acceptable.(ese priorities all
obtained by FA formed the submatrices of the supermatrix.
Table 5 shows the initial supermatrix of the study. After that,
each column of the initial supermatrix is normalized, and then
it raised to power 20 to obtain the subjective weight of each
factor W as shown in Table 5.

4.3. Calculate the ObjectiveWeight and CombinationWeight.
After linguistic evaluations on each factor concerning al-
ternatives, the experts’ evaluations are aggregated and then
defuzzified by using equation (4) as shown in Table 6. (e
objective weight W′ of each factor can be obtained by
equations (7)–(9) as shown in Table 6. (e greater the
weight, the more information about the DMs’ preference
that the factor contains. (e weight coefficient α between
subjective weight and objective weight is set at 0.5 in this
paper. After that, the synergy of two kinds of weights is
obtained by using equation (12). It will be used in the
PROMETHEE II method later.

4.4. Obtain Ranking Order of Alternatives. (e evaluation of
each alternative in the PROMETHEE II approach is judged
by experts directly. (e deviation value of alternatives

Large-size airplane parts
storage area (F9)

Large-sized structural
component storage area (F10)

Tools Cabinets (F1 )

Material handling
Equipments’’ stops (F7)

Accessory
storage area(F8)

Cable storage
area (F11)

Detection
area (F12)

Emergency
repair area (F5)

Components
storage area (F6)

Assistant equipment
storage area (F4)

Pipeline parts storage area (F2) Assembly area (F3)

Figure 2: (e schematic diagram of current facility layout.

Table 2: Alternatives’ characteristics.

Characteristics A1 A2 A3 A4

Total area (m2) 2010.4 2010.4 2010.4 2010.4
Total utilized area (m2) 1212.3 1235.2 1228.3 1240.6
Total free area (m2) 798.1 775.2 782.1 769.8
Value added area (m2) 871.6 901.4 924.2 941.7
Non-value added area (m2) 340.7 333.8 304.1 298.9
Transportation distance (m2) 1860 1650 1390 1460
Material demand delivery 95 98 110 102
Material handling costs
(unit cost) 176,700 161,700 154,000 150,920

Equipment flow 28 25 21 21
Remaining useable space (m2) 396.7 440.5 387.8 412.4
(e number of alternate
routes 9 11 9 8

Personnel flow 40 35 38 35
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Table 3: Critical criteria and factors determination and explanation.

Criteria Factors Description CV CVR Reference

Space utilization (SP)
Value-added space (SP1) (e value-added production activities are implemented in the

productive space. 0.23 0.76

Non-value-added space
(SP2)

(e non-value-added production activities are implemented
in the productive space. 0.15 0.38

Transportation
performance (TP)

Transportation distance
(TP1)

(e distance of material transportation between different
facilities. 0.20 0.42

Material demand delivery
(TP2)

(e frequency of material transportation between different
facilities. 0.19 0.59 [6]

Information flow (TP3) Communication level between facilities can be used as a
surrogate for information flow. 0.33 0.63

Equipment flow (TP4) (e intensity of material handling equipment is used for
transportation in both facilities. 0.11 0.57

Layout flexibility (LF)

Easy expansion (LF1)
(e ability of improvement of current production involves
add new processes and install new equipment according to the

costs.
0.30 0.49

Remaining usable space
(LF2)

(e remaining available space with regular shape will be used
for future renovation of workshop and production line. 0.27 0.34

Multiple alternate routes
options (LF3)

(e options to assembly a component or a cluster of
components in adjusting the process and reprogram process. 0.23 0.67 [24]

Material handling
flexibility (LF4)

(e ability of transportation equipment (i.e., AGV, forklift,
and trailer) to delivery various components and materials with

optional multiple paths between different facilities.
0.16 0.56

Personnel issue (PI)

Safety (PI1) (e safety for machines and employees. 0.13 0.77
Maneuverability and

comfort (PI2)
It considers maneuverable space and ergonomic for

employees. 0.24 0.45

Easy supervision and
control (PI3)

It monitors and controls the entire workshop according to the
work efficiency of the employees and machines, the utilization

of personnel.
0.22 0.47 [24, 50]

Personnel flow (PI4) (e intensity of employees that carry out work between
different facilities. 0.22 0.49

Space utilization

Transportation perfomance

Layout flexibility

Personnel issue
Safety (PI1)
Maneuverability and comfort (PI2)
Easy supervision and control (PI3) 
Personnel flow (PI4)

(i)
(ii)

(iii)
(iv)

Easy expansion (LF1)
Remaining usable space (LF2)
Multiple alternate routes options (LF3)
Material handling flexibility (LF4)

(i)
(ii)

(iii)
(iv)

Value-added space (SU1)
Non value-added space (SU2)

(i)
(ii)

Transportation distance (TP1)

Information transmission (TP3)
Equipment flow (TP4)

(i)
Material demand delivery (TP2)(ii)

(iii)
(iv)

Figure 3: (e network structure of criteria and factor.
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regarding a factor is calculated using equation (10). (en the
preference function is assigned with the criteria selected by
the Delphi method in terms of its different features as shown
in Table 7.

For example, SU1 is a typical quantitative criterion with
linear preference up to a preference threshold.(erefore, the
preference function of criterion SU1 is assigned with V
shape. LF1 is a qualitative criterion with a fixed preference
threshold, so the preference function of criterion LF1 is
assigned with U shape. Furthermore, PI1 is a qualitative
criterion without assigning importance for the difference
between criteria value. (e preference function of criterion
PI1 is assigned with the Usual criterion. Moreover, the
thresholds are set by the results agreed by the expert’s team
as shown in Table 7.(e aggregated preference functions are
obtained using equation (11) and the two kinds of weights

are synthesized by equation (12), which obtained from the
FA and entropy approach previously.

Finally, the positive, negative, and the NF of alternatives
are obtained using equations (13) and (14). Table 8 shows the
results of positive, negative, NFs, and final ranking. (e
higher the NFs, the better alternative, and the lower the NFs,
the worse alternative. (erefore, alternative A3 with the
highest NF value 0.227 is regarded as the optimal alternative.
(e alternative A4 is followed by an alternative A3 with an
NF value of 0.128. (e alternative A2 is considered as the
third choice for DMs with a NF value of -0.055 while the
alternative A1 with the lowest NF value -0.300 is considered
as the worst alternative.

5. Discussion

5.1.ComparisonAnalysis. To further verify the validity of the
proposed approach, the FANP method [15], the Fuzzy
TOPSIS (FTOPSIS) [51], and gained and lost dominance
score method (GLDS) method [53, 54] are used to rank
alternatives for comparison. Meanwhile, to reflect the per-
formance of the combined weight, the subjective weight
alone (α � 1) and the objective weight alone (α � 0) are also
considered, respectively. Table 9 shows the ranking com-
parison of all alternatives as obtained by the above methods.

5.1.1. Compared with FANP. To guarantee an unbiased
comparison, the same experts evaluate each alternative that
was also used in the PROMETHEE method. (e subjective
weightsW of each factor are also obtained from Table 5. (e
total scores of each alternative are obtained by multiplying
the weights of each factor by the priority vectors of each
alternative, and then the outcomes of each alternative are

Table 4: Pairwise comparison matrix for criteria LF regarding the factor SU1 and priority vector.

Factors LF1 LF2 LF3 LF4 Priority vector
LF1 (1, 1, 1) (0.6, 0.7, 0.8) (1/0.8, 1/0.7, 1/0.6) (1/0.8, 1/0.7, 1/0.6) 0.26
LF2 (1/0.8, 1/0.7, 1/0.6) (1, 1, 1) (1/0.6, 1/0.5, 1/0.4) (1/0.7, 1/0.6, 1/0.5) 0.34
LF3 (0.6, 0.7, 0.8) (0.4, 0.5, 0.6) (1, 1, 1) (1/0.8, 1/0.7, 1/0.6) 0.20
LF4 (0.6, 0.7, 0.8) (0.5, 0.6, 0.7) (0.6, 0.7, 0.8) (1, 1, 1) 0.19

Table 5: Initial supermatrix and the weights of each factor.

Factors SU1 SU2 TP1 TP2 TP3 TP4 LF1 LF2 LF3 LF4 PI1 PI2 PI3 PI4 W
SU1 0.47 0.57 0.00 0.00 0.00 0.00 1.00 0.5 1.00 1.00 0.00 0.00 0.00 1.00 0.092
SU2 0.53 0.43 0.00 0.00 0.00 0.00 0.00 0.5 0.00 0.00 0.00 0.00 0.00 0.00 0.031
TP1 0.38 0.35 0.09 0.12 0.15 0.15 0.00 0.33 0.02 0.03 0.00 0.00 0.00 0.00 0.042
TP2 0.15 0.13 0.19 0.16 0.27 0.29 0.00 0.10 0.34 0.24 0.00 0.00 0.00 0.14 0.054
TP3 0.27 0.24 0.36 0.34 0.22 0.37 1.00 0.12 0.23 0.35 0.27 0.35 1.00 0.36 0.133
TP4 0.20 0.29 0.36 0.38 0.36 0.20 0.00 0.00 0.00 0.00 0.73 0.65 0.00 0.50 0.113
LF1 0.26 0.33 0.00 0.00 0.00 0.00 0.20 0.31 0.25 0.26 0.04 0.20 0.00 0.10 0.034
LF2 0.34 0.27 1.00 0.00 0.00 0.00 0.00 0.22 0.28 0.28 0.64 0.41 0.00 0.25 0.082
LF3 0.20 0.22 0.00 0.50 0.00 0.43 0.28 0.25 0.21 0.28 0.12 0.14 0.00 0.27 0.060
LF4 0.19 0.18 0.00 0.50 0.00 0.24 0.24 0.22 0.26 0.18 0.21 0.25 0.00 0.38 0.057
PI1 0.00 0.00 0.03 0.01 0.28 0.27 0.06 0.03 0.34 0.30 0.15 0.23 0.24 0.27 0.064
PI2 0.00 0.00 0.04 0.06 0.12 0.21 0.04 0.06 0.22 0.25 0.36 0.21 0.34 0.32 0.060
PI3 0.00 0.00 0.28 0.42 0.45 0.32 0.43 0.12 0.10 0.07 0.22 0.27 0.14 0.25 0.084
PI4 0.00 0.00 0.65 0.51 0.15 0.20 0.47 0.79 0.34 0.38 0.28 0.29 0.28 0.16 0.094

Table 6: Evaluation of each factor.

Factors A1 A2 A3 A4 W′
SU1 0.65 0.48 0.52 0.66 0.099
SU2 0.52 0.59 0.53 0.54 0.013
TP1 0.51 0.56 0.67 0.52 0.064
TP2 0.67 0.51 0.62 0.52 0.071
TP3 0.53 0.71 0.63 0.69 0.065
TP4 0.56 0.81 0.62 0.63 0.103
LF1 0.52 0.61 0.81 0.75 0.153
LF2 0.62 0.61 0.81 0.68 0.070
LF3 0.70 0.64 0.66 0.66 0.006
LF4 0.83 0.65 0.81 0.62 0.087
PI1 0.48 0.52 0.68 0.53 0.096
PI2 0.44 0.57 0.43 0.51 0.070
PI3 0.48 0.52 0.52 0.62 0.048
PI4 0.69 0.65 0.52 0.63 0.055
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summed. As shown in Table 9, alternative A4 gains the
highest total scores of 0.64, followed by alternatives A3, A2,
and A1 with the total scores (TS) of 0.62, 0.60, and 0.58,
respectively. (erefore, it can be concluded that the ranking
order obtained by the FANP method is A4 >A3 >A2 >A1.
As shown in Table 9, the FANP and the proposed method
using the subjective weight obtain the same final ranking. In
Table 9, the alternative A4 is the optimal alternative with the
highest total score while the alternative A1 is the worst al-
ternative for the lowest total score. Similarly, in the proposed
method with using the subjective weight (α � 1) alone,
alternative A1 is the worst with the lowest NF values while
the alternative A4 is the best with the highest NF values. (e
main reason why the two methods get the same ranking
orders is that they apply a common subjective weight
separately to the evaluation of alternatives.

5.1.2. Compared with Different Weight Coefficients in the
Proposed Method. Table 9 shows the rank of alternatives by
using subjective weight (α � 1) alone. (e ranking priority
order is A4 >A3 >A2 >A1, while in the separate objective
weight (α � 0), the ranking priority order is
A3 >A4 >A2 >A1. Although both weights can be used to rank
alternatives, separate consideration of subjective or objective
weights generates a different ranking order and may lead to a
poor decision. For example, alternative A3 is the second
choice for DMs using subjective weight. At the same time,
alternative A3 is the best selection for DMs using objective
weight. Moreover, when weighting coefficients are set as 0.5
(α � 0.5), ranking order is the same as using separate ob-
jective weight (α � 0) that shown in Table 9. (e robustness
of the proposed method is further verified despite the vari-
ation in coefficient of objective weight. It can be concluded

that setting an appropriate weight coefficient α based on the
practical situation and DMs opinion has an impact on the
final ranking and following reasonable planning.

5.1.3. Compared with the FTOPSIS. Based on the modified
digital logic (MDL) approach [55], the weights of factors can
be obtained wm � (0.095, 0.031, 0.045, 0.050, 0.125, 0.115,

0.032, 0.073, 0.055, 0.050, 0.081, 0.073, 0.080, 0.095)T. In
line with the procedure of the TOPSIS method, the distance
from given alternatives to positive and negative ideal so-
lutions can be obtained as d+ � (0.234, 0.180, 0.188, 0.127),
d− � (0.159, 0.196, 0.160, 0.211), respectively. (en the
relative closeness (RC) can be obtained 0.404, 0.522, 0.459,
and 0.624. (e ranking order of the FTOPSIS method is
A4 >A2 >A3 >A1 as shown in Table 9, which is different
from that obtained by the proposed method. (e main
reasons leading to difference are as follows. Firstly, different
weight calculation exists between in FTOPSIS; the MDL
method is one of the subjective weight calculation methods
but ignores independence between factors. Secondly, dif-
ferent normalization is used to eliminate the units and
dimensions for the criterion function. (e TOPSIS uses
vector normalization while PROMETHEE allows for
conflicting criteria with different dimensions and units
without normalization [45, 54]. Furthermore, using vector
normalization would increase the risk of information
distortion [11]. Lastly, the mechanism of both methods is
remarkably different. PROMETHEE assigns the different
preference functions based on the feature of factors and
integrates the positive flow and negative flow based on
possibility degree function [53]. (e TOPSIS method
makes evaluation using the same preference function and
calculates distance between alternatives and the positive
ideal solution and negative ideal solution, respectively
[22, 54].

5.1.4. Compared with ANP-GLDS and CW-GLDS Methods.
Compared with the classical GLDS method, the weights of
factors in this paper are obtained by FANP and FANP-En-
tropy, respectively.(erefore, the ANP-GLDS and CW-GLDS

Table 7: Preference function for each criterion.

Criteria Type Units Preference function (resh.
SU1 Quantitative Square meter V-shaped 0.15
SU2 Quantitative Square meter V-shaped 0.03
TP1 Quantitative Meter V-shaped 0.10
TP2 Quantitative Times V-shaped 0.10
TP3 Qualitative — U-shaped 0.10
TP4 Quantitative Number of equipment V-shaped 0.05
LF1 Qualitative — U-shaped 0.05
LF2 Quantitative Number of remaining usable space V-shaped 0.15
LF3 Quantitative Number of alternate route options V-shaped 0.04
LF4 Qualitative — U-shaped 0.10
PI1 Qualitative — Usual criterion 0.00
PI2 Qualitative — U-shaped 0.10
PI3 Qualitative — U-shaped 0.10
PI4 Quantitative Number of personnel V-shaped 0.13

Table 8: (e rank of alternatives with leaving entering and NFs.

Alternatives Positive flow Negative flow Net flow Ranking
A1 0.203 0.503 − 0.300 4
A2 0.356 0.411 − 0.055 3
A3 0.472 0.244 0.227 1
A4 0.401 0.273 0.128 2
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are considered to compare with the proposed methods.
According to the decision matrix and subjective weights of
factors, the overall gained dominance score and overall lost
dominance score of alternatives in ANP-GLS can be obtained
odgssub � (0.461, 0.720, 0.968, 1.302), oldssub � (0.0800.058,

0.048, 0.042). Similarly, the overall gained dominance score
and overall lost dominance score of alternatives in CW-GLS
can be obtained odgscw � (0.583, 0.935, 1.67, 1.26), oldscw �

(0. 047, 0.034, 0.025, 0.028). Based on the GLDS method [54],
the collective score (CS) of ANP-GLDS and CW-GLDS are
shown in Table 9, respectively. (e ANP-GLDS method ob-
tains the same ranking order with the proposed method
(α � 1). (e CW-GLDS method also gets the same rank
results with the proposed method (α � 0), which further
verify the effectiveness of the proposed method. In this case, it
is essential and relatively difficult for classifying the criterion
into benefit criterion and cost criterion in the GLDS method
especially with the number of factors increased and some
neutral factors (i.e., expand flexibility, production flexibility,
material handling flexibility, etc.)

On the other hand, the features of alternatives also reflect
the ranking results to some extent. Table 2 shows alternative
A4 with maximum value-added space, minimum material
handling costs, and minimum personnel flow. Besides,
because of minimum equipment flow and equilibration
overall performance, the alternative A3 is also regarded as a
good choice of DMs. (ough alternative A2 has a maximum
remaining usable space, and the maximum number of al-
ternate routes, owing to the poor performance in criteria
value-added space, transportation distance, material de-
mand delivery, and equipment flow, it is considered as the
third choice of decision-makers. Additionally, because of
bad performance in criteria value-added space, trans-
portation distance, material demand, equipment flow, and
personnel flow, the alternative A1 is regarded as the worst
layouts. Table 2 also presents the gap of characteristics
among four alternatives in quantitative factors (i.e., value-
added space, transportation distance, equipment flow,
personnel flow). For example, the alternative A4 has
941.7m2 value-added area as compared to 871.6m2 in the
alternative A1. (e alternative A4 has 150,920 material
handling cost as compared to 176,700 in the alternative A1.
Additionally, the gap of characteristics among four alter-
natives in qualitative factors is evaluated by experts.

5.2. Sensitivity Analysis. Sensitivity analysis provides stra-
tegical insights into the evaluation results of the case

application. As mentioned above, the subjective weights
result from a series of pairwise comparisons and largely
depend on experts’ subjective assessments. (e objective
weights include the preference information about DMs.
Both of them have an essential influence on the preference
order and final decision. Given this, it is essential to analyze
how the performance is influenced by the fluctuation of
factors weight.

Figure 4 presents the sensitivity analysis for the several
typical factors in the FA method. Other factors were the
same trend. (e weights of each factor are changed, and the
total score of alternatives is varied with the x-axis indicating
the weight of factor and the y-axis representing a total score
of alternatives. Figure 4 shows alternative A4 is the optimal
alternative with the highest total score in selected factors
while the alternative A1 is the worst alternative for the lowest
total score.

Figure 5 also shows that alternative A1 is the worst for
the negative values of NF.(e alternative A3 is the best for its
higher value of NF over a wide range of factors. (erefore,
the priority rank from FA and the proposed methods is
verified again by sensitivity analysis. As the weight of factors
increases, the total score is also increased as shown in
Figure 4. However, there are some differences in the case of
the proposed method. When the weight of factor is in-
creased, the value of NF in alternatives may decrease as
shown in Figure 5.

(e main reason for the distinct results of the sensitivity
analysis is that the different preference functions for each
factor in the FA method have not been considered. It is
illogical to ignore the influence of factors on the objective in
a real case, and it may lead to poor decision-making in
investment. Compared with the FA method, the proposed
method is more valid since as the weight of factor that has a
positive impact on decision goal is increased, the NF of
alternative concerning factor will be incremental. For in-
stance, the factor of LF1 has a positive impact on rapid
response to the market fluctuation, and the NF of alternative
A3 increases with the weight raising as shown in Figure 5(e).
Similarly, when the weight of factor that has a negative
impact on decision goal is increased, the NF of alternative
with respect to the factor will be decreased. For example, the
factor SU2 has a negative impact on benefit and it should be
decreased in weight assignment when DMs plan a facility
layout. s A3 is decreased in the proposed method. Addi-
tionally, the higher weight’s factor that has a positive impact
on decision goal (i.e., SU1, TP3, LF1) is considered to be
worthy of the investment and further improvement. It is

Table 9: Ranking comparison between proposed method with other FMCDM methods.

Alteratives
Proposed

method (α � 1)

Proposed
method (α � 0)

FANP FTOPSIS ANP-GLDS CW-GLDS

NF Rank NF Rank TS Rank RC Rank CS Rank CS Rank
A1 − 0.245 4 − 0.355 4 0.580 4 0.404 4 − 0.043 4 − 0.042 4
A2 0.001 3 − 0.109 3 0.601 3 0.522 2 − 0.020 3 − 0.019 3
A3 0.088 2 0.367 1 0.620 2 0.459 3 0.036 2 0.139 1
A4 0.158 1 0.098 2 0.641 1 0.624 1 0.142 1 0.038 2
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Figure 4: Sensitivity results for the representative factors: (a) SU1; (b) SU2; (c) TP2; (d) TP3; (e) LF1; (f ) PI1 in the FA method.
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Figure 5: Sensitivity results for the representative factors: (a) SU1; (b) SU2; (c) TP2; (d) TP3; (e) LF1; (f ) PI1 in the proposed method
(α � 0.5).
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worth noting that changes in the weight range may lead to a
different final rank. For example, as the weight increased, the
NF of alternative A4 may perform better than any other
alternatives as shown in Figure 5(d).(erefore, the proposed
method provided a more accurate and reasonable evaluation
of facility layout selection in the manufacturing system.
Moreover, it also presents the priority factor worthy of
future improvement.

6. Conclusions and Further Research

(e evaluation of facility layout alternatives in the
manufacturing system is usually a throne problem with
conflicting and uncertain factors and interactions rela-
tionship between numerous factors, which is usually solved
by the DMs experience. (is paper proposes a hybrid
MCDM method with combined weight based on the inte-
gration of Delphi, fuzzy set theory, ANP, Entropy, and
PROMETHEE II method to evaluate the facility layout al-
ternatives in the manufacturing system. In the procedure of
the proposed hybrid MCDM method, the Delphi method is
used to screening the critical criteria and factors. Further-
more, FA and Entropy are applied for calculating the
combined weights of each factor. (e combined weights
overcome the shortage of subjective weight and objective
weight, which contribute to reflecting the essential features
of decision-making problem and providing a more rational
weight assignment. Finally, the fuzzy PROMETHEE II
method helps DMs select the most appropriate alternatives
in the final decision.

(e application results reveal that the proposed hybrid
MCDM method can be effectively applied in choosing the
most suitable alternative for facility layout in an aircraft
assembly workshop. Comparison analysis with some
available methods shows that the weight has an impact on
final ranking and verifies the robustness of the proposed
method. Additionally, sensitivity analysis indicates that
the proposed approach is more logical and rational than
the FA method in a real case and provides managerial
insights to identify the critical factors (i.e., SU1, TP3,
LF1), which is worthy of the investment and future im-
provement. (erefore, the proposed method is a better
choice for facility layout selection in the manufacturing
system.

For future research, the proposed hybrid method may
be considered to solve other complex MCDM problems in
other fields. Furthermore, setting the weight coefficient
may be optimized by the intelligent algorithm in the future
study.
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