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Abstract: This paper explores how to handle multiple criteria decision-making (MCDM) problems in
which the criteria values of alternatives take the form of comparative linguistic expressions. Firstly,
the new concept of hesitant trapezoidal fuzzy numbers (HIrFNs) is provided to model the semantics
of the comparative linguistic expressions. Then, the operational laws and the distance measures
of HTrFNs are presented. Afterwards, a useful outranking method, the hesitant trapezoidal fuzzy
QUALIFLEX method, is developed to handle the MCDM problems with hierarchical structure in the
environment of HTrFN. At length, the proposed method is applied to evaluating green supply chain
initiatives in order to achieve sustainable economic and environmental performance, and a case study
concerned with a fashion retail chain is presented to demonstrate its feasibility and applicability, also,
a comparative analysis with other relevant approaches is conducted to validate the effectiveness of
the proposed method.

Keywords: multiple criteria decision-making; QUALIFLEX method; hesitant trapezoidal fuzzy
numbers; comparative linguistic expressions; green supply chain initiatives

1. Introduction

With the increase of public awareness of the need to protect the environment, it is urgent for
businesses to introduce and promote business practices that help ease the negative impacts of their
actions on the environment [1]. Green supply chain management (GSCM) has proven to be a useful
way for companies to obtain profit and market share objectives by lowering environmental impacts
and improving ecological efficiency. In general, the GSCM initiatives consist of green manufacturing
initiatives (such as green design), green supplier initiatives (such as environmentally-friendly raw
materials), green logistics initiatives (such as green packaging), green marketing initiatives, etc.
The successful implementation of suitable green initiatives could assist companies to generate higher
revenues and improve their competitive advantages. However, how to choose appropriate GSCM
initiatives is a complex task, which not only requires a trade-off between the benefits and cost involved,
but also takes the operational and environmental performance into account [1]. This is a typical
multiple criteria decision-making (MCDM) problem.

It is quite common that in the real-life world, decision-makers (DMs) employ linguistic terms to
express their opinions for evaluating qualitative MCDM problems. For example, when evaluating
the innovation capacity of a company that implements GSCM initiatives, the DMs may utilize the
linguistic terms like “high” or “low” instead of numerical values to express their assessments. Zadeh [2]
introduced the linguistic fuzzy approach to model such linguistic terms in the MCDM problems.
Afterwards, the linguistic fuzzy approach has further been extended into several different linguistic
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models: the linguistic 2-tuple model [3,4], the symbolic linguistic model [5-7], the linguistic model
based on the Type-2 fuzzy set [8], the proportional two 2-tuple model [9], the comparative linguistic
expressions (CLEs) model based on the hesitant fuzzy linguistic term set (HFLTS) [10,11], etc.

The CLEs based on HFLTSs have been applied to different qualitative decision-making
problems [10-13]. To address this kind of qualitative MCDM problem, Rodriguez et al. [10,11]
introduced the linguistic intervals envelope of HFLTS to facilitate the computing with words
process [14,15]. Liu and Rodriguez [13] proposed the trapezoidal fuzzy number (TrFN) envelope
for HFLTS. However, these aforementioned envelopes of HFLTSs either lose their original fuzzy
representation or are hard to derive. To conveniently deal with the CLEs based on HFLTSs in
decision-making, in this paper, we will propose a new concept of hesitant trapezoidal fuzzy numbers
(HTrFNs) to represent the semantic of the CLEs based on HFLTSs. The HTrFNs benefited from the
superiority of both TrFNs and hesitant fuzzy elements (HFEs) are suitable to tackle the imprecise and
ambiguous information in complex decision-making problems. To address the MCDM problems with
HTrFNs data, it is important and urgent to develop effective decision-making approaches accordingly.

The QUALIFLEX (qualitative flexible multiple criteria method) originally developed by
Paelinck [16] is one of the effective outranking methods to solve the MCDM problems. The QUALIFLEX
method has recently been extended into various fuzzy decision environments, such as the decision
environment of interval Type-2 TrFNs [17,18], the context of hesitant fuzzy sets [19], the context
of intuitionistic fuzzy sets [20], the environment of interval-valued intuitionistic fuzzy sets [21,22],
etc. Nevertheless, these previous QUALIFLEX methods fail to deal with the hierarchical MCDM
problems with CLEs based on HTrFNs. Thus, in this paper, we will leverage the QUALIFLEX
approach to develop a hesitant trapezoidal fuzzy QUALIFLEX method. We first present the concept
of the signed distance of HTrFNs, and we further define a signed distance-based ranking method
for comparing the magnitude of HTrFNs. The concordance/discordance indices are identified by
the signed distance-based ranking method. Considering that the hesitant trapezoidal fuzzy MCDM
problem is of a hierarchical structure, we further calculate the weighted concordance/discordance
indices and the comprehensive concordance/discordance indices. Meanwhile, we select the classical
TOPSIS method and the ELECTRE (ELimination Et Choix Traduisant la REalité) method as the
benchmark methods to make a comparative analysis with the proposed method. To provide the
additional contributions of the practical implications, this paper finally applies the proposed method
to solve a green supply chain initiative evaluation problem.

The main contributions of this paper comprise the following five aspects: (1) the new concept
of HTrFN and its basic operational laws are developed; (2) two kinds of hesitant trapezoidal fuzzy
distance measures are proposed; (3) a new signed distance-based ranking method for HTrFNs is
developed; (4) the hesitant trapezoidal fuzzy QUALIFLEX method is provided; (5) a case study
concerned with the evaluation of green supply chain initiatives is conducted. The rest of the paper is
organized as follows: Section 2 reviews the concepts of TrFNs, HFEs and HFLTSs and also introduces
the new concept of HTrFNs. Section 3 develops a hesitant trapezoidal fuzzy QUALIFLEX approach to
solve the hierarchical MCDM problems with HTrFINs. In Section 4, a case study is presented, and a
comparative analysis with other relevant approaches is conducted. Section 5 presents our conclusions.

2. Preliminaries

This section reviews the concepts of TrFNs, HFEs and HFLTSs and introduces the new concept
of HTrEN.

2.1. Some Useful Concepts

Definition 1. A fuzzy number &« = T(a, b, c,d) is said to be a TrEN [2] if its membership function is given
as follows:
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(x—a)/(b—a), (a<x<Db)

o 1, (b<x<o)
Halx) = (d—x)/(d—c), (c<x<d) @
0, otherwise

where the closed interval [b, c|, a and d are the mode, lower and upper limits of &, respectively.

Remark 1. ATrFN « = T(a, b, c,d) is positive if a > 0 or a = 0 and d > 0. A positive TFN &« = T(a, b, c,d)
is the normalized TrFN if d < 1, and thus, the TrFN 1= T(1,1,1, 1) is the maximal normalized TrFN,
which is also called the ideal TrFN. A TrFN & = T(a, b, c,d) is a real number if a = b = ¢ = d. A TrFN
& =T(a,b,c,d) is a triangular fuzzy number if b = c.

Usually, the TrFNs are good enough to capture the uncertainty and vagueness of linguistic terms,
and the relationships between the linguistic term set with a seven-point rating scale and the TrFNs are
shown in Table 1.

Table 1. Linguistic terms and the corresponding trapezoidal fuzzy numbers (TrFNs).

Ratings Abbreviation TrFNs
sp: Very poor P T(0.0,0.0,0.1,0.2)
s1: Poor P T (0.1,0.2,0.2,0.3)
sp: Medium poor MP T(0.2,0.3,0.4,0.5)
s3: Fair F T (0.4,0.5,0.5,0.6)
s4: Medium good MG T (0.5,0.6,0.7,0.8)
s5: Good G T (0.7,0.8,0.8,0.9)
sg: Very good VG T(0.8,0.9,1.0,1.0)

In some real-life MCDM cases, the DMs may hesitate among several possible values to express
their assessments. The hesitant fuzzy set (HFS) is a good tool to capture these hesitant situations,
which is introduced as follows:

Definition 2. Let X be a reference set [23]; a HFS Q on X is defined in terms of a function hg(x) when applied
to X returning a subset of [0,1].

Xia and Xu [24] expressed the HFS by a mathematical symbol:
Q={<xhg(x)>|x e X} )

where h(x) is a set of some different values in [0, 1], representing the possible membership degrees of
the element x € X to Q. For convenience, they called i (x) a hesitant fuzzy element (HFE), denoted
by h = {y/|f =1,2,--- ,#h} (#his the number of all elements in ).

Given three HFEs represented by £, h; and hy, respectively, and letting A > 0, then the operations
of HFEs are defined as [24]:

hl 2] hz = U’yl€h1,’)’2€h2 {’)/1 + Y2 — 7172}rh1 b2y hZ = U’yl€]’l1,’)/2€h2 {'Yl')/z},

A= Uyen {1= (1= Jit = Uy {2}

To handle the qualitative hesitant situations, Rodriguez et al. [10] introduced the concept of
HFLTS, which is shown as below:
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Definition 3. Let S be a linguistic term set, S = {so,--- ,s¢} [10]; an HFLTS Hg is an ordered finite
subset of consecutive linguistic terms of S. Generally, the Hs is denoted by Hs = {s;,si1,-- - ,sj} where
sk €S(k=ii+1,---,j).

Remark 2. The HFLTS Hg is reduced to the linguistic variable [2] if the HFLTS Hg only contains a single
linguistic term. Namely, the linguistic variable is the special case of the Hg and the linguistic variable s; € S
can also be rewritten as an HFLTS Hg = {s;}.

2.2. New Concept of Hesitant Trapezoidal Fuzzy Sets

Based on the concepts and operational laws of TrFNs and HFEs, we present a new concept of the
hesitant trapezoidal fuzzy set, which is good enough to represent the vagueness of the HFLTS.

Definition 4. Let X be a fixed set; a hesitant trapezoidal fuzzy set Q on X is defined as:
Q:{< x,ﬁé(x) > |x€X} 3)

where EQ (x) is a set of different normalized TrFNs, representing the possible membership degrees of the element

xe€ Xto Q
For convenience, Eé(x) is called an HTrFN denoted by h = {&@/|f = 1,2,--- ,#h} where the

af = T(a’yf o o o ) is a normalized TrFN and #I is the number of all TrENSs in h.

Remark 3. The HT'EN h is a full HI'FN if & = 1 (f = 1,2,---,#h), which is denoted by
1= {Tf =T(1,1,1,1)|f=12--- ,#E}. Obviously, the full HTrFN 1 is the maximal HTrFN, which
is also called the ideal HTrFN. The HTYFN h is a TrEN if #h = 1. In other words, the TrFN is the special
case of the HTrFN. The HTrFN h is a hesitant triangular fuzzy number [25] if v/ =c v/ (f =1,2,-- -, #h).

According to the definition of HIYFNS, it is easy to note that HI¥FNs are suitable to capture and represent the
uncertainty and vagueness of the HFLTS.

Example 1. Let S = {so, 51,52, 53, 54, S5, S } be a linguistic term set; the linguistic terms and the corresponding
TrFNs are shown in Table 1. Given two HFLTSs Hé = {so, 51,2} and Hg = {s1, 52,53}, their semantics can
be captured by the following two HTrFNs:

~ T(0,0,0.1,0.2), T(0.1,0.2,0.2,0.3), .
hy = < Hg;
! { 7(0.2,0.3,0.4,0.5) S

~ T(0.1,0.2,0.2,0.3), T(0.2,0.3,0.4,0.5), )
Iy = < H5;
2 { T(0.4,0.5,0.5,0.6)

and the relations between the two HFLTSs and their corresponding HIYFNs are depicted in Figure 1.

As far as we know, Liu and Rodriguez [13] suggested the use of TrFNs to capture the vagueness
of HFLTSs, and the TrFNs envelopes of Hi and H2 are obtained as below:

envp(HS) = T(0,0,0.239,0.5), envp(H2) = T(0.1,0.28,0.42,0.6).

We put the results obtained by the proposed method and Liu and Rodriguez’s [13] proposal in
Figure 2 in order to provide a better view of the comparison results.
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Figure 1. The hesitant fuzzy linguistic term sets (HFLTSs) and the corresponding hesitant trapezoidal

fuzzy numbers (HIrFNs): (a) under the case Hé = {sg,51,52}; (b) under the case H% = {s1,82,83} .
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Figure 2. The results obtained by two different methods: (a) under the case Hg = {s0,81,52}; (b) under
the case H2 = {s1,52,53} .
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It can be easily seen from Figure 2 that the HTrFNs take the semantics of each linguistic term of
the HFLTSs into account; while Liu and Rodriguez’s [13] proposal uses the TrFNs to represent the
semantics of HFLTS, which is relatively complex because the TrFNs are obtained by aggregating the
fuzzy membership functions of the linguistic terms of the HFLTS using the OWA (ordered weighted
averaging) aggregation operator.

Inspired by the operations on HFEs and TrFINs, we present the basic operations of HTrFNs.

Definition 5. Let 1, hy and hy be three HTrFNs; some operations of HIYFNs are defined as:

1) Ah=uU_; {T (1 a1y N1 (1= 1-(1 —”)A)} (A >0);
@ 7= U {T (@) 60 ) @n)h) ) (> 0);

T Y1 F+aY2 —a Y1 Xa Y2, b1 o Y2~ V1 Xb Y2,
3) h®h=U. + . ~ T a ;
( ! &y € dhy { ( e tev2 =71 Xe Y2, a1 ta Y2 —a Y1 Xd 2

@ meh= Uz, e e, 1T (@Y1 Xa Y2, 571 Xp 72, €71 Xe Y2, a71 Xa 72) }-
Proposition 1. Let E, ﬁl and Ez be three HIYFNs, then:

D El @ Ez = Ez @El}

(2) El & Ez = Ez ®El,‘

B)  Alh @ hy) = Ay @ Al (A > 0);

@ (o) =ik (A>0);

() (A1 +A2)h = Ah@® Azh (A, Ap > 0);
6) hMtA) =M @Rt (Aq,A, > 0).

According to Definition 4, it is not hard to obtain the conclusions in Proposition 1 (the proof
is omitted).

It is worthwhile to point out that the number of TrFNs in different HTrFNs may be different.
In such cases, we should extend the shorter one until both of them have the same length when we
compare them. To extend the shorter one, the best way is to add some TrFNs in it. Inspired by
the similar techniques in [26-28], we extend the shorter one by adding the TrFN in it which mainly
depends on the DMs’ risk preferences. The optimists anticipate the desirable outcomes and may add
the maximum TrFN, while the pessimists expect the unfavorable outcomes and may add the minimum
TrFN. Here, we employ the sign distance method [29] to compare the magnitude of TrFNs and further
to identify the maximum TrEN or minimum TrFN.

Next, two distance measures for HTrFNs are proposed as follows:
Definition 6. Given two HITrFNs Ei = {ﬁ{ =T (a%f, b’)’if/ c’)/{, ,ﬂ{) ‘f =12, ,#ﬁi} (i=1,2) with

#h = #hy = #hy, the hesitant trapezoidal Hamming distance between them is defined as:

o 1 [ o1 —a | +2 |67~}
wr) g (E( AP Y)

and the hesitant trapezoidal Euclidean distance between them is defined as:

1 4 (a’y{ —a 75)2 +2 (by{ b fyg)z
6#h f=1\ +2 (c')f{ —c 7£)2 + (d'Y{ —d '75)2

dg (I hz) = )

It is easy to prove that they are metric, and here, the processes of the proof are omitted.
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Furthermore, we define the signed distance of HTrFNs and present a signed distance-based
ranking approach to compare the magnitude of HTrFNs:

Definition 7. Let h = {’o?f = T(u'yf, vy, e, d'yf) ‘f =1,2,--- ,#ﬁ} be an HTYFN and T be the ideal
HTYEN, then the signed distance between h and Tis defined as:

#h
asi D)=~ (607 27 ~ 24 ~47/) ©
6h /=

For two HTrFNs i1 and Jy, it is easy to note that their signed distances dg (El,T) and dg (ﬁz,f) are
real numbers, and they satisfy linear ordering, namely one of the following three conditions must hold:
dS (h1/T> > dS (h2/ T)r dS (hlli) = dS (hZIT)/ or ds (hlri') < dS (hZ/ T)

Thus, a signed distance-based ranking approach for HTrFNs is introduced as below:

(1) if ds(ﬁl,T) > ds(ﬁz,T), then El < Ez,'
(2) if ds(ﬁl,T) < ds(ﬁz,i), then El - EQ,‘
3) if ds(ﬁl,T) = ds(ﬁz,T), then E] ~ Ez.

3. Hesitant Trapezoidal Fuzzy QUALIFLEX Analysis Method

This section establishes a decision-making environment based on HTrFNs for a hierarchical
MCDM problem in which the criteria values take the form of CLEs and further presents a hesitant
trapezoidal fuzzy QUALIFLEX method to solve such a hierarchical MCDM problem.

3.1. Description of the Hierarchical MCDM Problem with HTrFNs

The MCDM is usual to find the best compromise solution from a set of feasible alternatives
characterized with multiple competing criteria. This study focuses on a hierarchical MCDM problem
with a two-layer structure, which usually involves a given set of main criteria and the corresponding
sets of sub-criteria. The framework of the hierarchical MCDM problem is shown in Figure 3.

Decision goal:
Select the optimal alternative

e A 4 N

The st N _— -
Criterion C, Criterion C,
layer
N
- N\
1 ‘ ¥ ] a » v s
The 2nd’ | Criterion Criterion Criterion Criterion | | Criterion | _,, | Criterion
il e ey

layer 1 Gy Ci) Cigen Coary Ca) Coen)

Alternative A, Alternative A, Alternative A,

Figure 3. The framework of the hierarchical multiple criteria decision-making (MCDM) problem.

We assume that such a hierarchical MCDM problem includes m alternatives A; (i =1,2,--- ,m)
and n main criteria Cj( ji=12,---,n). Each main criterion Cj has #C]- sub-criteria
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Cj(k) (k=1,2,--- ,#Cj), where #C]- denotes the number of sub-criteria in the main criterion Cj.
The total number of sub-criteria is equal to er-‘:l #C;. The DM evaluates the alternatives with
respect to each sub-criterion of each main criterion using the CLEs, which can be captured by
HTrFNs. From a computational point of view, the MCDM problem with CLEs is equivalent
to the MCDM problem in the HTrFN context. Each criterion value takes the form of an
HTrFN, and the alternative A; (i =1,2,---,m) is evaluated with respect to the sub-criterion
Ciky(k=1,2,--- ,#C;) of the main criterion C; (j=1,2,---,n). Let Eij(k) represent the criterion
value of the ith alternative under the kth sub-criterion of the jth main criterion and be denoted by
hijky = {T(a'yé(k), b’yé(k), C’Vifj(k)' d’y{;(k)) |f =12, #hj }. Let w; denote the weight of the main
criterion Cj and w) ;) represent the weight of the sub-criterion Cj (), and they satisfy the normalization

.. . #C;
conditions: 0 < wj, wjy <1 (j=12-,mk=12---,#Cj), Z;’Zl w; = 1and ¥, 7} Wiy = 1
( i=12---, n). Thus, the hierarchical MCDM problem with the two-layer structure in the HIrFN
context can be concisely expressed in an HTrFN decision matrix as:

H = (hjj()) @)

mxnX (#ey)

3.2. The Proposed Method

In what follows, a hesitant trapezoidal fuzzy QUALIFLEX method is proposed to effectively
solve the aforementioned hierarchical MCDM problem. This approach starts with the computation of
the concordance/discordance index based on the successive permutations of all possible rankings of
alternatives. Considering that the decision information takes the form of HIrFNs, this study utilizes
a signed distance-based ranking approach introduced in Section 2 to compute the corresponding
concordance/discordance index.

For the set of alternatives A = (A1, Ag, - - -, Am), there exist m! permutations of the ranking of all
alternatives. Let P, denote the pth permutation as:

PPI(...,Ag,...,Ag,...),p21,2,~~~,m! (8)

where Az, A; € A and the alternative A is ranked higher than or equal to A;.

Therefore, the concordance/discordance index cp]f’ ) (Ag, Ag) for each pair of alternatives (Ag, A;),
at the level of preorder according to the kth sub-criterion within the jth main criterion and the ranking
corresponding to the pth permutation, can be defined as:

<P]F-'(k)(z4§, Ag) = ds(gj), 1) — ds (hgjg), 1) )
where dg (O,T) is the signed distance of HIrFINs defined in Equation (6).

From Equation (9), we can conclude that:

(1) If ¢]P(k) (Ag, Ag) > 0, ie., ds(hgjy, 1) < ds(hgj), 1), then Az ranks over A; under the
kth sub-criterion within the jth main criterion; thus, there is concordance between the signed
distance-based ranking orders and the preorders of Az and Ag;

2) It gbf(k) (Ag, A7) =0,ie., ds (Egj(k)j) = ds(ﬁgj(k)j), then both Az and A; have the same rank
in the signed distance-based ranking;

3) If q)]f’(k)(Ag, A7) <0, ie., dsg (Egj(k)j) > dg (Eg(k),i), then A; ranks over Ag; thus, there is
discordance between the signed distance-based ranking orders and the preorders of Az and Ay.
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Thus, the three cases of the concordance/discordance index cpf(k) (Ag, Ag) can be rewritten as:

dS(Egj(k)/TL_ ds (E@-(k), 1)~> 0 < there is concordance

qbf(k)(Ag, A7) = ds (Egj(k)j) —dg (Eéj(k),f) = 0 & there is ex aequo (10)
ds (Eéj(k),i) - ds(ﬁéj(k),T) < 0 < there is discordance

Furthermore, considering that the aforementioned MCDM problem is of a two-layer structure,
which usually can be reflected only when the aggregations of the weighted values within each main
criterion and sub-criterion are conducted [1,30], therefore, taking into account the importance weight
wj (k) of each sub-criterion Cj () within the jth main criterion, the weighted concordance/discordance
index 4)57 (Ag, Ag) for each pair of alternatives (Ag, A;), at the level of preorder according to the jth
main criterion with #C; sub-criteria and the ranking corresponding to the pth permutation, can be
defined as:

¢ (Ag Ay) = ¥ windh (Ae A
i (11)
] ~ = ~ =
= L Wi (dS(héi(k)' 1) —ds(hej(r), 1))
k=1

Similarly, the weighted concordance/discordance index ¢ (Ag, A;) for each pair of alternatives
(Ag, A7), at the level of preorder according to 7 main criteria and the ranking corresponding to the pth
permutation, can be defined as:

¢f (Az, A7) =

(wie? (Ag A7)
<, o L (12)
(wf z (wf(k) (dS(th(k)'l) - ds(hcj(k)rl)))>

k=1

-
2 l[\ﬂ:

L

j=1

Correspondingly, the comprehensive concordance/discordance index ¢ for the pth permutation
can be defined as:

P = ¥ ¢°(As Ag)

Ag,AgEA
" #C; _ ~ ~ ~ (13)
= w; w; de(hr:y, 1) —dg(hz:y, 1
A@AZéeA].;< ]kg( ite) (s oy, 1) — ds ez >))>

It is found that the bigger the comprehensive concordance/discordance index value is, the better
the ranking order of alternatives is. Thus, the optimal ranking order of alternatives is determined by
comparing the values ¢ of each permutation P,.

3.3. The Proposed Algorithm

Now, we present the algorithm of the proposed approach to solve the aforementioned MCDM
problem, which can be summarized as follows:

Step 1. Identify the CLEs for the DM to express his/her assessments in the evaluation process of
the hierarchical MCDM problems. Let I;;() represent the linguistic assessments of the ith alternative
under the kth sub-criterion of the jth main criterion. Therefore, a linguistic decision matrix can be
constructed as: Il = (llif(#cf))mxnx(#cn)'

Step 2. Transform the CLEs into HTrFNs based on HFLTSs and construct the hesitant trapezoidal
fuzzy decision matrix H as that in Equation (7).

Step 3. List all of the possible m! permutations of the m alternatives that should be tested in the
next steps. Let P, denote the pth permutation as that in Equation (8).

Step 4. Calculate the concordance/discordance index qbf(k) (Ag, A¢) by using Equation (9).
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Step 5. Calculate the weighted concordance/discordance indices ¢>f (Ag, A7) and the ¢f (Ag, A7)
by using Equations (11) and (12), respectively.

Step 6. Calculate the comprehensive concordance/discordance index ¢ for each permutation P,
by using Equation (13).

Step 7. Determine the optimal ranking order of the alternatives. On the basis of the results in
Step 6, the permutation with the maximal comprehensive concordance/discordance index ¢ is the
optimal ranking order of the alternatives, namely Px = max;’il {9*}.

4. A Case Study for the Evaluation of Green Supply Chain Initiatives

The evaluation problem of green supply chain initiatives adopted from [1] is used to demonstrate
the implementation process of the proposed method. Additionally, the comparative analysis with
other relevant methods is conducted.

4.1. Decision Context and the Analysis Process

In this paper, we consider an evaluation problem of green supply chain initiatives for which the
manager of a fashion retail company makes a strategic decision to use new green materials in his
products because he believes that such a move could improve sale ability and secure future growth in
the wide market. An expert panel was formed to conduct an assessment that is concerned with three
potential alternative implementation time windows in terms of the readiness to implement the green
raw material. Through the panel discussion, the detailed sub-criteria under the four main criteria
(manufacturing, purchasing, logistics and marketing) were identified in Table 2, and the weights of the
main criteria and sub-criteria are given and listed in Table 2.

Table 2. A hierarchical structure for the decision-making problem.

. - Weights of - Weights of Alternative
Main Criteria Main Criteria Sub-Criteria Sub-Criteria Initiatives
Ci(1) Processes 0.269
. Cl(Z) Technical capability 0.121 Al Implement
€1 Manufacturing 0-285 Ci(3 Innovation capability 0.193 Now
Ci@) Production capacity 0.417
Cy(1) Raw material availability 0.423
. Cy(2) Suppliers 0.227 A, Implement in
C2 Purchasing 0-163 Cy3) Inventory level 0.123 6 months
Cy4) Assurance of supply 0.227
C3(1y Inbound logistics 0.110
. C3(2) Outbound logistics 0.230
Logist 3(2) g
Cs Logistics 0.184 C33) Packaging 0.302
Cs(4) Shipment accuracy 0.358 Az Implement in
Caq1) Salability 0372 12 months
. C4(2) Growth 0.237
C4 Marketing 0.368 Ca(3 Marketability 0.278
Cy4) Customer service 0.113

Then, the three alternative implementation time windows were evaluated with respect to the
detailed sub-criteria in terms of the readiness to implement green raw material. Because of the lack of
information and knowledge in the evaluation processes, it is difficult for the manager of the company to
provide all of the assessments by means of single linguistic terms, and thus, the manager might hesitate
among several linguistic terms and prefer to use CLEs to express her/his assessments. The comparative
linguistic evaluation results for this problem are presented by the manager in Table 3.
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Table 3. The linguistic evaluation results of alternatives.

Alternatives
Sub-Criteria
Ay A, A3
Ci MP Between P and MP At most MP
Ci Between MG and G MG Atleast G
Cip) MP Between MP and F MP
C1(4) At least MG G MG
Gy Between P and MP MG P
Cor) G Between MP and F Atleast G
Co3) P Between P and MP Between MP and F
Co F G MG
Csqy MP F MP
Cs2) P MP At most P
Cs3) F At least MG F
Csa At most MP MP Between P and MP
C4(1) MG MG At least MG
Cy2) MG G Atleast G
Cy) MP F F
Cy Between F and G At least MG F

In the following, the hesitant trapezoidal fuzzy QUALIFLEX approach is employed to evaluate the

company’s readiness to use green raw material and to choose a suitable time windows to implement

the green raw material.

In Steps 1-2, based on the linguistic terms and their corresponding TrFNs given in Table 1,
the decision matrix with CLEs is converted into the hesitant trapezoidal fuzzy decision matrix. Then,
the normalized HTrFN evaluation results of alternatives with respect to each sub-criterion in each

main criterion are obtained and listed in Table 4.

Table 4. The normalized HTrFN evaluation results of alternatives.

Alternatives
Sub-Criteria
Aq A, Az
{T (0.2,0.3,04,0.5), {T (0.1,0.2,0.2,0.3), {T (0.0,0.0,0.1,0.2),
Ciq T(0.2,0.3,04,0.5), T(0.1,0.2,0.2,0.3), T(0.1,0.2,0.2,0.3),
T(0.2,0.3,04, 0.5)} T (0.2,0.3,04,0.5)} T(0.2,0.3,04,0.5)}
{T (0.5,0.6,0.7,0.8), {T (0.5,0.6,0.7,0.8), {T (0.7,0.8,0.8,0.9),
Ci T (0.5,0.6,0.7,0.8), T (0.5,0.6,0.7,0.8), T(0.7,0.8,0.8,0.9),
T(0.7,0.8,0.8,0.9)} T (0.5,0.6,0.7,0.8)} T(0.8,0.9,1.0,1.0)}
{T (0.2,0.3,04,0.5), {T (0.2,0.3,0.4,0.5), {T (0.2,0.3,04,0.5),
Cip) T(0.2,0.3,04,0.5), T(0.2,0.3,04,0.5), T(0.2,0.3,04,0.5),
T(0.2,0.3,0.4, 0.5)} T (0.4,0.5,0.5,0.6)} T(0.2,0.3,04,0.5)}
{T (0.5,0.6,0.7,0.8), {T (0.7,0.8,0.8,0.9), {T (0.5,0.6,0.7,0.8),
Ci T (0.7,0.8,0.8,0.9), T(0.7,0.8,0.8,0.9), T (0.5,0.6,0.7,0.8),
T(0.8,0.9,1.0,1.0)} T (0.7,0.8,0.8,0.9)} T (0.5,0.6,0.7,0.8)}
{T (0.1,0.2,0.2,0.3), {T (0.5,0.6,0.7,0.8), {T (0.1,0.2,0.2,0.3),
Copy T(0.1,0.2,0.2,0.3), T (0.5,0.6,0.7,0.8), T(0.1,0.2,0.2,0.3),
T(0.2,0.3,04, 0.5)} T (0.5,0.6,0.7,0.8)} T(0.1,0.2,0.2,0.3)}
{T (0.7,0.8,0.8,0.9), {T (0.2,0.3,0.4,0.5), {T (0.7,0.8,0.8,0.9),
Co) T(0.7,0.8,0.8,0.9), T(0.2,0.3,04,0.5), T(0.7,0.8,0.8,0.9),
T(0.7,0.8,0.8,0.9)} T (0.4,0.5,0.5,0.6)} T(0.8,0.9,1.0,1.0)}
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Alternatives
Sub-Criteria
Aq A, Aj
{T (0.1,0.2,0.2,0.3), {T (0.1,0.2,0.2,0.3), (T (0.2,0.3,0.4,0.5),
Cy) T (0.1,0.2,0.2,0.3), T(0.1,0.2,0.2,0.3), T (0.2,0.3,0.4, 0.5),
T (0.1,0.2,0.2, 0.3)} T (0.2,0.3,0.4, 0.5)} T (0.4,0.5,0.5, 0.6)}
{T (0.4,0.5,0.5,0.6), {T (0.7,0.8,0.8,0.9), {T (0.5, 0.6,0.7,0.8),
Cow T (04,0.5,0.5,0.6), T (0.7,0.8,0.8,0.9), T (0.5,0.6,0.7,0.8),
T (04,0.5,0.5,0.6)} T (0.7,0.8,0.8,0.9)} T (0.5,0.6,0.7,0.8)}
{T (0.2,0.3,0.4,0.5), {T (0.4,0.5,0.5,0.6), {T (0.2,0.3,0.4,0.5),
Csq) T (0.2,0.3,0.4, 0.5), T (0.4,0.5,0.5,0.6), T (0.2,0.3,0.4, 0.5),
T (0.2,0.3,0.4, 0.5)} T (0.4,0.5,0.5, 0.6)} T (0.2,0.3,0.4, 0.5)}
{T (0.1,0.2,0.2,0.3), {T (0.2,0.3,0.4,0.5), {T (0.0, 0.0,0.1,0.2),
Ca) T (0.1,0.2,0.2,0.3), T (0.2,0.3,0.4,0.5), T (0.0,0.0,0.1,0.2),
T (0.1,0.2,0.2, 0.3)} T (0.2,0.3,0.4, 0.5)} T(0.1,0.2,0.2, 0.3)}
{T (0.4,0.5,0.5,0.6), {T (0.5, 0.6,0.7,0.8), {T (0.4,0.5,0.5,0.6),
Cs) T (04,0.5,0.5,0.6), T (0.7,0.8,0.8,0.9), T (04,0.5,0.5,0.6),
T (04,0.5,0.5,0.6)} T (0.8,0.9, 1.0, 1.0)} T (04,0.5,0.5,0.6)}
{T (0.0, 0.0,0.1,0.2), {T (0.2,0.3,0.4,0.5), {T (0.1,0.2,0.2,0.3),
Ca) T (0.1,0.2,0.2,0.3), T (0.2,0.3,0.4,0.5), T (0.1,0.2,0.2,0.3),
T (0.2,0.3,0.4, 0.5)} T(0.2,0.3,0.4, 0.5)} T (0.2,0.3,0.4, 0.5)}
{T (0.5, 0.6,0.7,0.8), {T (0.5, 0.6,0.7,0.8), {T (0.5, 0.6,0.7,0.8),
Cyqy T (0.5,0.6,0.7,0.8), T (0.5,0.6,0.7,0.8), T (0.7,0.8,0.8,0.9),
T (0.5,0.6,0.7,0.8)} T (0.5, 0.6, 0.7, 0.8)} T (0.8,0.9, 1.0, 1.0)}
{T (0.5, 0.6,0.7,0.8), {T (0.7,0.8,0.8,0.9), {T (0.7,0.8,0.8,0.9),
Cy) T (0.5,0.6,0.7,0.8), T (0.7,0.8,0.8,0.9), T (0.7,0.8,0.8,0.9),
T (0.5,0.6,0.7,0.8)} T (0.7,0.8,0.8,0.9)} T (0.8,0.9, 1.0, 1.0)}
{T (0.2,0.3,0.4,0.5), {T (0.4,0.5,0.5,0.6), {T (0.4,0.5,0.5,0.6),
Cy) T (0.2,0.3,0.4,0.5), T (04,05,0.5,0.6), T (04,0.5,0.5,0.6),
T (0.2,0.3,0.4,0.5)} T (0.4,0.5,0.5,0.6)} T (04,0.5,0.5,0.6)}
{T (0.4,0.5,0.5,0.6), {T (0.5, 0.6,0.7,0.8), {T (0.4, 0.5,0.5,0.6),
Cya T (0.5,0.6,0.7,0.8), T (0.7,0.8,0.8,0.9), T (04,0.5,0.5,0.6),
T (0.7,0.8,0.8,0.9)} T (0.8, 0.9, 1.0, 1.0)} T (04,0.5,0.5,0.6)}

In Step 3, there are 6(= 3!) permutations of the rankings for all alternatives that must be tested:

P = (AllAZ/A3)/P2 = (A1/A3/A2)/P3 = (AZ/ Al/A3)/
P4 = (AZI A3/ Al)/PS = (A3/ A11A2)1P6 = <A3/ AZ/ Al)

In Step 4, for each pair of alternatives (Ag, A7) in the permutation P, with respect to each
sub-criterion Cj) in each main criterion Cj, the concordance/discordance index 47;3(1{) (Ag, A7) can be
calculated by employing Equation (9), and the results are presented in Table 5.

In Step 5, the weighted concordance/discordance index gbf(Ag, A7) and ¢f(Ag A7) can
be obtained by using Equations (11) and (12), respectively. In Step 6, the comprehensive
concordance/discordance index ¢f can be obtained by using Equation (13) as below:

Pt = —0.0766, p* = —0.1745,¢> = 0.1081,¢p* = 0.1745,¢> = —0.1081, ¢® = 0.0766.

In Step 7, according to the results obtained in Step 6, it is easy to see that Px = maxgzl {9} = Py,
namely Ay > Az > Aj;. Therefore, implementing green raw material in six months (A;) should be
recommended among the three possible time windows.
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Py ¢}1k) (A1,A2) ¢}(k) (A1,A3) 4’}(1() (Az,A3) P, tPf(k) (A1,43) ¢]?(k) (A1,A2) ¢]?(k) (As,A2)
Ciqy 0.05 0.1444 0.0694 Ciqy 0.1444 0.05 —0.0694
Cip) 0.0833 —0.1333 —0.2167 Ci) —0.1333 0.0833 0.2167
Ci3) —0.075 0 —0.075 Ci) 0 —0.075 0.075
Ci —0.0056 0.1445 0.15 Cig 0.1445 —0.0056 -0.15
Coy —0.375 0.075 0.45 Coqry 0.075 —0.375 —0.45
Co2) 0.375 —0.0667 —0.4417 Ca2) —0.0667 0.375 0.4417
Co3) —0.075 —0.225 —0.15 Cy3) —0.225 —0.075 0.15
Co —-0.3 —0.15 0.15 Cog —0.15 -0.3 —-0.15
Ca) —0.15 0 0.15 Caqy 0 —0.15 —-0.15
Cap2) —-0.15 0.067 0.2167 Cs2) 0.067 —0.15 —0.2167
Ca3) —0.2945 0 0.2945 Cs3) 0 —0.2945 —0.2945
Csa —0.14445 —0.06945 0.075 Ca —0.06945 —0.14445 —0.075
Cyqy 0 —0.1444 —0.1444 Cyqy —0.1444 0 0.1444
Cy) —-0.15 —0.2167 —0.0667 Cy2) —0.2167 —0.15 0.0667
Cy3) —0.15 —0.15 0 Cy3) —0.15 —0.15 0
Cya —0.1444 0.15 0.2945 Cy 0.15 —0.1444 —0.2945

Py 4’?(1() (AZrAl) ¢;(k) (AZrA3) ¢]3'(k) (A11A3) py ‘P;-l(k) (AZIAS) ‘P;-l(k) (AZIAI) 4’}1(1() (ASrAl)
Ciqy —0.05 0.0694 0.1444 Ciqy 0.0694 —0.05 —0.1444
Cip) —0.0833 —0.2167 —0.1333 Ci) —0.2167 —0.0833 0.1333
Ci3) 0.075 —0.075 0 Ci) —0.075 0.075 0
Ci 0.0056 0.15 0.1445 Cig 0.15 0.0056 —0.1445
Coy 0.375 0.45 0.075 Coqy 0.45 0.375 —0.075
Cop) —0.375 —0.4417 —0.0667 Co2) —0.4417 —0.375 0.0667
Co3 0.075 —-0.15 —0.225 Cy3) —-0.15 0.075 0.225
Cow 0.3 0.15 —0.15 Cog 0.15 0.3 0.15
Caq) 0.15 0.15 0 Caqy 0.15 0.15 0
Ca2) 0.15 0.2167 0.067 Cs2) 0.2167 0.15 —0.067
Ca3) 0.2945 0.2945 0 Ca3) 0.2945 0.2945 0
Csa 0.14445 0.075 —0.06945 Ca 0.075 0.14445 0.06945
Cyqy 0 —0.1444 —0.1444 Cyqy —0.1444 0 0.1444
Cy) 0.15 —0.0667 —0.2167 Cy2) —0.0667 0.15 0.2167
Cy3) 0.15 0 —0.15 Cy3) 0 0.15 0.15
Cya 0.1444 0.2945 0.15 Cy 0.2945 0.1444 -0.15

Ps 4’?(1() (ASrAl) ‘Pf(k) (A3,A2) ‘P?(k) (A1,A2) Pg ‘Pf(k) (A31A2) ‘P?(k) (A3,A1) 4’?(1() (AZrAl)
Ciqy —0.1444 —0.0694 0.05 Ciqy —0.0694 —0.1444 —0.05
Cip) 0.1333 0.2167 0.0833 Ci) 0.2167 0.1333 —0.0833
Ci3) 0 0.075 —0.075 Ci3) 0.075 0 0.075
Ci —0.1445 —-0.15 —0.0056 Cig —-0.15 —0.1445 0.0056
Coy —0.075 —0.45 —0.375 Cao) —0.45 —0.075 0.375
Cop) 0.0667 0.4417 0.375 Coz) 0.4417 0.0667 —0.375
Co3) 0.225 0.15 —0.075 Cy3) 0.15 0.225 0.075
Cow 0.15 —0.15 -0.3 Cog —0.15 0.15 0.3
Ca) 0 —-0.15 —0.15 Caqy —0.15 0 0.15
Cap) —0.067 —0.2167 —0.15 Ca2) —0.2167 —0.067 0.15
Ca3) 0 —0.2945 —0.2945 Ca3) —0.2945 0 0.2945
Cs 0.06945 —0.075 —0.14445 Ca —0.075 0.06945 0.14445
Cyqy 0.1444 0.1444 0 Cyqy 0.1444 0.1444 0
Cy) 0.2167 0.0667 —0.15 Cy2) 0.0667 0.2167 0.15
Cy3) 0.15 0 —0.15 Cy3) 0 0.15 0.15
Cy —-0.15 —0.2945 —0.1444 Cy —0.2945 —0.15 0.1444

4.2. Comparative Analysis

To demonstrate the superiority of the hesitant trapezoidal fuzzy QUALIFLEX approach, we make
a comparative analysis with the TOPSIS method and the ELECTRE method.

4.2.1. Comparative Analysis with the TOPSIS

Here, we first modify the TOPSIS approach to tackle the CLEs based on HTrFNs appropriately
in order to conduct a comparison analysis. The modified hierarchical fuzzy TOPSIS method starts
with the determination of the hesitant trapezoidal fuzzy positive-ideal solution (HTrF-PIS) and the

negative-ideal solution (HTrF-NIS). We denote the HTrF-PIS by At = {fﬁf(k) li,k=1,2, 3,4} and

the HTrF- NIS by A~ = {'E]f(k) i k=12, 3,4}, where /i, = T(1,1,1,1) and iy, = T(0,0,0,0),

respectively. Then, we calculate the final weight W, for each sub-criterion by using the
following formula:

W

i) = wj X wigy(j=1,2,- ,nk=12--

; HC)) (14)
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Thus, the final weight vector W = (Wj(k)) gyq I the green initiatives evaluation problem is
obtained by using Equation (14) as:

T
W— 0.0767, 0.0345, 0.055, 0.1188, 0.0689, 0.037, 0.02, 0.037, 0.0202,
B 0.0423, 0.0556, 0.0659, 0.1369, 0.0872, 0.1023, 0.0416

Using the hesitant trapezoidal Euclidean distance defined in Equation (5), we can calculate the
distances D;" and D;" of the alternative A; from the HTrF-PIS A* and the HTrF-NIS A, respectively.
At length, the relative closeness index of each alternative A; is obtained by the following formula:

C D; EE% (R iy ) Wi
CIi == 5+ + 5.7 = " #Cj » _ ; #C]- N - (15)
1 1 n ]
E&* (Rt By ) Wi + E&T (R i) Wi

For the green initiatives evaluation problem, the corresponding 151.*, 15; and CI; are obtained

by using Equations (5) and (15), respectively. The results are presented in Table 6, together with the
corresponding rankings on the basis of C1I;.

Table 6. The results obtained by the modified TOPSIS method.

~+ ~—

D; D; CI; Ranking
A 0.5222 0.5324 0.5048 3
Ap 0.4794 0.5709 0.5436 1
A3 0.4902 0.5655 0.5357 2

It is easy to see that the optimal order for these three possible time windows is Ay >~ A3z > Ay,
which is the same order obtained by using our proposed method. This is due to the fact that the
concordance/discordance indices in the proposed approach are analogous to the hesitant trapezoidal
fuzzy distances of each alternative to the HTrF-PIS and the HTrF-NIS in the modified TOPSIS approach.
Therefore, the preferred alternatives obtained by our proposed method and the modified TOPSIS
method are normally in agreement on the above green initiative evaluation problem. Obviously, the
same optimal order results further validate the effectiveness of the proposed approach.

4.2.2. Comparative Analysis with the ELECTRE

By expanding the ELECTRE method, we propose a hierarchical fuzzy ELECTRE method to tackle
the HTrFNs appropriately and apply it to solve the above problem. The signed distance-based ranking
method of HTrFNs proposed in Section 2.2 is used to identify the concordance set and the discordance
set. For each pair of alternatives Az and A; (¢, =1,2,--- ,mand { # (), the concordance set Cg; is

formulated as Cz; = {j(k)|ds (Egj(k)j) <ds (Eg(k)j)}/ and the discordance set N¢; is formulated as

Ngg = {j(k)|ds (hgjr, 1) > ds(hjg, 1)}
Then, the concordance index ez; of the pair of (Az, A7) is definedasezz = 1 W), and the

j(k)GCérg

m m
concordance threshold value is defined ase = ) Y (:Sé_l) .
$=1,0#¢, 0=1,0#¢
Based on the concordance threshold value g, the concordance dominance matrix is obtained as

Q= (qij)mxm’ where Jeg = 1,if ez > ¢, and Jeg = 0, if egr < e.
In the above evaluation problem, the following results are obtained:

€12 = 02851, €13 — 04791, €1 — 08518, €23 — 06294, €3] = 06516,
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e3p =04729,e =05617, 9= | 1 — 1

Correspondingly, the discordance index is defined as:

de (Wi hizie, Wi hi;
i Ae Wiz Winohj)

e = =
maxi_y 3 e (Wi g, Wi tzj))

T =

7

and the discordance threshold value T is defined as:

m m

y ©e
c-iirggre mm=1)

Based on the discordance threshold value T, the discordance dominance matrix R can be
constructed as R = (tff)mxm’ where tzr = 1,if 7;; < T,and t;; =0, if gz > T.

Therefore, in the above evaluation problem, the following results are obtained:

T =

T2 = 1.0, T3 = 1.0, T1 = 0.6422, T3 = 1.0, T31 = 0.9246,

-0
Tp = 04264, T =0832,R=| 1 —
0o 1 —

0
0

Finally, the aggregation dominance matrix Z is constructed by Z = Q ® R, where each element
zgz of Z is obtained by zz; = ggz X tzz. Thus, the aggregation dominance matrix Z in the above
evaluation problem is obtained as:

- 0
Z=11 -
0 0 -

0
0

It is easy to find from the dominance matrix Z that A, > A;. However, we cannot discern the
preference relations between A, and A3, as well as between A; and Aj3. In other words, the ranking
orders of three possible timescale windows obtained by the hierarchical fuzzy ELECTRE approach are
valueless. This is due to the fact that the hierarchical fuzzy ELECTRE approach is the preferred method
for the MCDM problems with a large set of alternatives and a few criteria [31]. For the green initiative
evaluation problem with a few alternatives and a large number of criteria described in Section 4.1,
if we employ the hierarchical fuzzy ELECTRE method to deal with it, we fail to obtain the distinct
ranking results of the alternatives; while our proposed approach can yield the distinct ranking results
of the alternatives (A, >~ A3z > Aj). Apparently, compared with the hierarchical fuzzy ELECTRE
approach, for the MCDM problem with few alternatives and a large number of criteria, our proposed
approach is more effective and reasonable. In addition, we also notice from their calculation processes
mentioned above that under the HIrFN environment, the computation process of the hierarchical
fuzzy ELECTRE method is more complex and cumbersome than our proposed approach. Thus, we
can conclude that compared with the hierarchical fuzzy ELECTRE approach, our proposed method in
terms of the MCDM problem with few alternatives and a large number of criteria cannot only get a
reasonable decision solution, but also requires a relatively simple calculation process.

5. Conclusions

This study has presented a new concept of HTrFN to capture the semantic of CLEs. The HTrFNs
with some possible membership degrees denoted by different TrFNs are appropriate to tackle the
imprecise and ambiguous information in complex decision-making. The basic operational laws and
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distance measures of HTrFINs have also been developed. To solve the hierarchical MCDM problems
with CLEs based on HTrFNs, we have proposed a hesitant trapezoidal fuzzy QUALIFLEX method.
Based on the new signed distance-based ranking method of HTrFNs, this proposed method has
developed a new measurement of concordance/discordance indices, which avoids the complicated
calculations under the HTrFNs’ environment. We have explored the green supply chain initiatives
selection problem and applied our proposed method to assist the company to choose a suitable time
windows to implement the green raw material. Compared with the aforementioned QUALIFLEX
methods [17-22], our proposed method cannot only manage HIrFN decision data, but also deal
effectively with the hierarchal structure of criteria. In addition, we have modified the ELECTRE
method to adapt the HTrFN data and conducted a comparison analysis with our proposed method.
Compared with the modified ELECTRE method, our proposed method can not only get a reasonable
decision solution, but also requires a relatively simple calculation process.

In the future, we will develop a decision support system based on the proposed method to assist
practitioners to deal with the evaluation of green supply chain initiatives. On the other hand, we will
combine the granular computing techniques [32-36] with our developed method to solve real-life
MCDM problems, such as the evaluation of green supply chain initiatives.
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