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Abstract: The main focus of this paper is to investigate the multiple attribute decision making (MADM)
method under intuitionistic linguistic (IL) environment, based on induced aggregation operators
and analyze possibilities for its application in low carbon supplier selection. More specifically,
a new aggregation operator, called intuitionistic linguistic weighted induced ordered weighted
averaging (ILWIOWA), is introduced to facilitate the IL information. Some of its desired properties
are explored. A further generalization of the ILWIOWA, called intuitionistic linguistic generalized
weighted induced ordered weighted averaging (ILGWIOWA), operator is developed. Furthermore,
by employing the proposed operators, a MADM approach based on intuitionistic linguistic
information is presented. Finally, an illustrative example concerning low carbon supplier selection
and comparative analyses are conducted to demonstrate the effectiveness and practicality of the
proposed approach.

Keywords: intuitionistic linguistic set; induced aggregation operator; low carbon supplier selection;
multiple attribute decision-making

1. Introduction

Due to the increased consciousness on the issue of global warming and environmental protection,
low carbon supply chain has been a popular research topic in recent years [1-3]. Identifying the suitable
low carbon supplier is one of the most critical activities to achieve an efficient low-carbon supply
chain, which plays a vital role in carbon emissions reduction and environmental sustainability [4,5].
In general, the supplier selection process is considered as a multiple attribute decision making (MADM)
problem, since numerous and discordant attributes should be taken into account and evaluated [6-9].
In the literature, a variety of MADM approaches for supplier evaluation and selection have been
proposed of which the prerequisites for using these methods is to assume that the information
of attribute is clearly known and can be evaluated with exact values [10-13]. However, in real
world problems, the rapid development of economics and business environment has made the
decision progress of supplier selection more complex and uncertain. The intuitionistic fuzzy set
(IFS), as proposed by Atanassov [14], is a very useful tool to describe and deal with such uncertainty
and vagueness. A prominent characteristic of IFS is that it assigns to each element a membership
degree and a non-membership degree. Due to its outstanding superiority, IFS has received more
and more attention and has been widely applied in supplier evaluation and selection problems.
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For example, Sirbiladze and Badagadze [15] presented some IFS probabilistic aggregation operators to
study the method of supplier selection. Biiyiikdzkan and Goger [16] developed an IFS MADM method
based on axiomatic design methodology for the supplier selection problem. Yu [17] investigated
the application of intuitionistic fuzzy Bonferroni mean approach in supplier selection problems.
Krishankumar et al. [18] conducted a review on IF decision making process concerning supplier
selection problems from 2013 to 2016, based on which, they presented a new MADM method to solve
supplier selection problems. Tong and Wand [19] put forward the induced intuitionistic ordered
weighted averaging (IIOWA) operator to solve a low carbon supplier selection with intuitionistic
preference relations. More recently, Mehdi et al. [20] conducted a deep bibliometric survey on MADM
methods for the evaluation and selection of suppliers from 2001 to 2016, which not only concentrates
on an IF situation, but also focuses on other aspects of a fuzzy environment.

From the existing literature, it can be seen that IFS is an effective tool to handle the problem
of uncertainty and has been widely used in MADM including supplier evaluation and selection,
investment selection, and other selection problems. However, sometimes it is difficult for decision
makers to provide exact numbers for the membership and non-membership degrees of an IFS, while it
is easy to provide linguistic assessment values in in real decision making. On the basis of the IFS and
the linguistic assessment set, Wang and Li [21] proposed the concept of intuitionistic linguistic set (ILS),
whose basic elements are intuitionistic linguistic numbers (ILNs). Since its appearance, the MADM
method with ILS, especially the investigations of the intuitionistic linguistic (IL) aggregation method,
have obtained more and more attention. For example, Wang and Li [21] proposed the expected
values, score function, accuracy function, and some operational laws of the ILS. Based on the ordered
weighted averaging (OWA) operator [22], Liu [23] developed some IL aggregation operators including
the IL generalized dependent ordered weighted average (ILGDOWA) operator and the IL generalized
dependent hybrid weighted aggregation (ILGDHWA) operator, respectively. Liu and Wang [24]
proposed some IL power aggregation operators. Su et al. [25] extended the OWA distance (OWAD)
operator to IL environment and presented the IL OWA distance (ILOWAD) operator. Xiao and
Zhang [26] developed the IL inducing OWA (ILIOWA) operator, and studied its application in financial
decision making problems.

How to deal with the evaluation information by using a proper aggregation operator is a critical
step of the decision making. The induced OWA (IOWA) operator, as introduced by Yager and Filev [27],
has been widely used to aggregate experts” information in decision making, in which the ordering
of arguments is induced by the order-inducing variables. The IOWA aggregates actual arguments
coupled with the order-inducing variables. Depending upon its merit, a number of applications
and extension of IOWA operator has been studied in the literature [28-34]. However, the IOWA
operator cannot reflect the different magnitudes of the order-inducing variables, which often leads to
a loss of information in the aggregation result. To circumvent this drawback, Manish [35] proposed
an improved IOWA, called the weighted IOWA (weighted induced ordered weighted averaging
(WIOWA)) operator, whose main advantage is its ability to take into account the inherent variations of
the order-inducing variables. In the WIOWA operator, any characteristics that are associated with each
attribute pair, such as preference, importance, and consistency can be treated as inducing variables.
Moreover, he further extended the WIOWA operator to the intuitionistic fuzzy domain and studied its
application in supplier selection problems.

Motivated by the idea of WIOWA operator, in this paper, we first propose the intuitionistic
linguistic weighted induced ordered weighted averaging (ILWIOWA) operator, which is the extension
of WIOWA by using the IL variables. Some desirable properties of the ILWIOWA operator are
explored. We further develop the intuitionistic linguistic generalized weighted induced ordered
weighted averaging (ILGWIOWA) operator, which provides a wide range of intuitionistic linguistic
aggregation operators. At the same time, some special cases of the generalized parameters in these
operators are analyzed. Finally, a method based on the proposed operator is developed and its
application in low carbon supplier evaluation and selection is studied.
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To do this, the remainder of this paper is organized as follows. In Section 2, we briefly review
some basic concepts. Section 3 presents the ILWIOWA and ILGWIOWA operators and analyzes a wide
range of particular cases. In Section 4, we develop a method for MADM based on the proposed
operator and present an illustrative example in Section 5. Section 6 summarizes the main conclusions
that are found in the paper.

2. Preliminaries

This section briefly reviews the intuitionistic linguistic set, the IOWA operator, and the
WIOWA operator.

2.1. The Linguistic Set

For computational convenience, let S = {sy|a =0,1,...,I — 1} be a finite and totally ordered
discrete term set, where [ is the odd value and s, represents a possible value for a linguistic variable.
For example, when [ =7, a set S could be given as follows:

S = {50,51,52,53,54,55,56¢ } = {very poor, poor, slightly poor, fair, slightly good, good, very good}

In these cases, it is usually required that there exist the following [36,37]:
(1) A negation operator: Neg(s;) = s;_;;
(2) The setis ordered: s; < s;if and only if i < j;
(3) Maximum operator: max(si,sj) =s;,ifi > j;
(4) Minimum operator: min(s;, sj) =s;,if1 <.
In order to preserve all the given information, Xu [37] extended the discrete term set S to
a continuous term set S = {s,|a € [0,1]}, where, if s, € S, then we call s, the original term, otherwise,

we call s, the virtual term. Consider any two linguistic terms s,, s g€ S, and u > 0, the operations are
defined as follows:

(1) sa®sp=sasp;
(2) psa = Suas
() sa/sp=Susp-

2.2. The Intuitionistic Linguistic Set (ILS)

The IFS theory is one of the most efficient tools to handle the vagueness and impreciseness in the
data, which has received more and more attention from all over the world since its appearance [38-43].
In combining the advantage of the IFS and the linguistic terms, Wang and Li [21] first proposed the
ILS, and gave the definition of ILS.

Definition 1 [21]. An ILS A in X is defined as

A= {<x{h9(x),(yA(x),vA(x))}>‘xEX} 1)

here hy(y) € S,and p4(x) and v (x) represent the membership degree and non-membership degree
of the element x related to linguistic index hy,), respectively. 0 < pa(x) +v4(x) <1, forall x € X.
For each ILS A in X, if

ma(x) =1—pa(x) —va(x) Vx € X 2

then 74 (x) is called the indeterminacy degree or hesitation degree of x to linguistic index fg(,).

For computational convenience, Wang and Li [21] further developed the definition of the

intuitionistic linguistic number (ILN). An ILN is defined by @ = <59(a), (y(a),v(a))>, where 1(a)
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and v(a), respectively, represent the membership and non-membership degrees of the linguistic
variable sq(,) with p(a),v(a) > 0, u(a) +v(a) < 1.

Leta; = <39(H1), (y(al),v(al))> and a; = <39(H2), (y(az),v(a2))> be two ILNs and A > 0, then the
operations of ILNs are defined by [21]:
W) @+ = (Sa(ay)o(ay, (1= (1= p(@1)) (1 = p(a2)), (a1 )o(a2)) );
@ @O = (So(ay)xp(ar), (H(@)1(a2), v(ar) +0(a2) = v(m)o(a)) );
®) A= (sp(ay), (1- (1= (@), (o)) ).

For any ILN @ = <59(u), (y(a),v(a))>, in [23] Liu defined the expectation function E(a) by

S0(a) x [j(a)+ 1 (A—p(a)—o(a))] and introduced the accuracy function H (@) = % X (u(a) +v(a)) to evaluate

the accuracy degree of 4. Further, he gave the following order relationship to compare ILNs.

Definition 2 [23]. If a1 = <59(a1), (y(al),v(al))> and ay = <s€<u2), (y(az),v(az))> are any two ILNS, then:

(1) If E(ay) > E(ay) , then ay is bigger than ay, denoted by ay > ap;
(2) If E(ay) = E(az), and If H(ay) > H(ay), then @y > ay, or, If H(ay) = H(ay), then ay = aj.

2.3. The IOWA and WIOWA Operators

The main characteristic of the IOWA operator is that the reordering step is carried out with the
order-inducing variables, but not with the values of the argument, which reflect a more complex
reordering process [27]. It can be defined as follows:

Definition 3. An IOWA operator of dimension n is a mapping IOWA: R" x R" — R that has an associated

weighting W with w; € [0,1] and i w;j = 1 such that:
=1

IOWA((uy,a1),...,(Un, an)) = ijbj (3)
j=1

where b; is that choice of the a; value for which the IOWA pair (u;, a;) has the jth largest u;. Here u; is
the order inducing variable and a; is the argument variable.

The WIOWA operator is a new extension of the IOWA operator, in which the order-inducing
variables modify the associated weights. It can be defined as follows.

Definition 4 [35]. A WIOWA operator of dimension n is a mapping WIOWA: R" x R" — R that has
n

an associated weighting W = (wy,wy, ..., wy) with w; € [0,1] and Y w; = 1 such that:
=1

WIOWA((uy,a1),...,{Un,an)) = Zvjbj 4)
=1

where b; is that choice of the a; value for which the WIOWA pair (u;, a;) has the jth largest u;. Here u;
is the order inducing variable and 4; is the argument variable. The weight v; is associated with w; € W
(j=12,...,n),as

vy = (5)
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where (0(1),0(2),...,0(n)) is any permutation of (1,2,...,n) for which u,(;_1) > uy(j) forall j > 1.

The WIOWA is suitable to deal with exact numbers rather than other types of arguments.
Manish [35] extended it to intuitionistic fuzzy environment. However, there is no study on applications
of the WIOWA with an ILS, although the use of ILS is proven to be a more powerful tool to handle
uncertain information than the use of IFS. Therefore, in what follows, we shall extend the WIOWA
operator to an IL environment and study its application in MADM problems that are related to
supplier selection.

3. Intuitionistic Linguistic WIOWA Operator

The ILWIOWA operator is an extension of the WIOWA operator by using uncertain information
represented in the form of ILNs. Therefore, it uses the main characteristics of the WIOWA operator
that are associated weights that are closely related to the order-inducing variables. Thus, this operator
enables us to capture the variations in the order-inducing variables in the final result. It can be defined
as follows.

Definition 5. Let @; = (sq, (i, v;)) (i = 1,2,...,n) be a collection of ILNs, an ILNIOWA operator
of dimension n is a mapping ILWIOWA: Q" x " — Q defined by W = (w1, wy, ..., wy) and u =
(uy,uy, ..., uy) such that:

n
ILWIOWA((uy,a1), ..., (tn, @n)) = ) v;bj ©)
j=1

where Ab}- is a; value of the ILWIOWA pair (u;,4;) having the jth largest u;, and the weight v; associated
withw; € W (j=1,2,...,n),is defined as Equation (5).

Next, we give a simple numerical example showing how to use the ILWIOWA operator in an
aggregation process.

Example 1. Let the argument to be aggregated in the form  (u;a;) be
((8,(s6,(0.5,0.4))),(7,(s4,(0.3,0.4))), (9, (s4,(0.6,0.3))), (5, (s3,(0.2,0.6)))), and the ILN a; is defined
in a seven linguistic terms set S = {sg, $1,52,53,54,55,5¢}. First we should take a record of the arqument
according to the values u;(i = 1,2,3,4) to get:

((9, (s4,(0.6,0.3))), (8, (s, (0.5,0.4))), (7, (s4,(0.3,0.4))), (5, (s3,(0.2,0.6))))

Assume the following weighting vector W = (0.4,0.3,0.2,0.1), then, we calculate the weight
vi(j =1,2,3,4):
04 x9

= pum— .4
L= (04 x9) 1 (03%8) + (02x7) £ (01x5) O+

Similarly, we can get
vy = 0.304,v3 = 0.177,v4 = 0.063

We apply the ILWIOWA operator in (6) to perform the aggregation as follows:

ILWIOWA((8, (s, (0.5,0.4))), (7, (54, (0.3,0.4))), (9, (s4, (0.6,0.3))), (5, (s3,(0.2,0.6)))) =
0.456 ® (s4,(0.6,0.3)) @ 0.304 ® (s4, (0.5,0.4)) @ 0.177 @ (s4, (0.3,0.4)) @ 0.063 @ (s3,(0.2,0.6)) =
<S4_545, (0.506, 0.360))



Int. J. Environ. Res. Public Health 2017, 14, 1451 6 of 12

In order to make a comparison of the (previous) ILIWIOWA aggregation result with that of the
corresponding intuitionistic linguistic IOWA (ILIOWA) operator [26], the corresponding aggregation
result is required. This aggregation result reads to follows:

ILIOWA((8, (s6, (0.5,0.4))), (7, (s4, (0.3,0.4))), (9, (s4, (0.6,0.3))), (5, (s3, (0.2,0.6)))) =
0.4 ® (s4,(0.6,0.3)) & 0.3 ® (s6, (0.5,0.4)) & 0.2 ® (s4, (0.3,0.4)) & 0.1 ® (s3,(0.2,0.6)) =
<S4.5, (0.487, 0.371)>

As we can see, when compared with the ILIOWA operator, besides inducing the order among the
arguments, the order-inducing variable values in the ILWIOWA operator also play an important role
in associated weights.

Based on the operational laws of the ILNs described earlier, we can derive the result, as shown as
Theorem 1.

Theorem 1. Let a@; = (s, (4, v;)) (i =1,2,...,n) be a collection of ILNS, the resulting aggregated value by
the ILWIOWA is still an ILN.

Theorem 2. (Idempotency). If all @; = (sq,, (4, v;)) (i =1,2,...,n) are equal, i.e., a; = a = (sg, (4,v)) for
all i, then
ILWIOWA((uq,d1),. .., (Un,an)) = a (7)

Theorem 3. (Monotonicity). Let (@1,a,...,4,) and (@},d,,...,4,) (i = 1,2,...,n) be two collection of
ILNs, if @} < a; for all i, then
ILWIOWA((1t1,@1), . ., (ttn, @n)) < ILWIOWA ((uy, @), ..., (ttn, @, ) ®)

n

Theorem 4. (Boundedness). The ILWIOWA operator lies between the max and min operators, i.e.,

min(ay, a, ..., 4,) < ILWIOWA({u1,a1), ..., (Un,dy)) < max(ay,ay,...,a,) )

Theorem 5. (Permutation) Let (<u1,é~1>,...,<un,é~n>) (i = 1,2,...,n) is any permutation of

(<M1,El>, ey (un,ﬁn>)

ILWIOWA((11,@), .., (1, n)) = IIWIOWA( (), ..., (1t ) ) (10)

Note that the proofs of these theorems are straightforward and thus omitted. Moreover, some
particular cases of ILWIOWA operator can be explored following the vein of recent literature [28,40,44].
Especially, if u1 = up = ... = u, = 1, then the ILWIOWA operator is reduced to the ILOWA
operator [26].

Next, we shall develop an extension of the ILWIOWA operator by using the generalized means
approach [28], therefore we get a new IL aggregation operator, called the IL generalized WIOWA
(ILGWIOWA) operator. The main advantage of this operator is that it includes a wide range of IL
aggregation operators. Thus, we have more chance to select the alternative that best fits with our
interests. The ILGWIOWA operator can be defined as follows.
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Definition 6. Let @; = <59i, (y,',v,«)> (i = 1,2,...,n) be a collection of ILNs, an ILGWIOWA
operator of dimension n is a mapping ILGWIOWA: Q" x " — Q) defined by W = (w1, wy, ..., wy) and
u = (uy,uy,..., uy)such that:

" 1/A
ILGWIOWA({(11,1), .. ., (tn, @) = (Z vj('Ej)A> (11)
=1

where E is a; value of the ILGWIOWA pair (u; 4;) having the jth largest u;, and the weight v;
associated with w; € W (j = 1,2,...,n), is defined as Equation (5). A is a parameter such that
A € (=00, +00) — {0}

It is easy to prove that the ILGWIOWA operator has properties of idempotency, boundedness,
monotonicity, and commutativity. Moreover, this model covers a wide range of IL aggregation
operators, for example,

o If A = 0, we form the IL weighted induced ordered weighted geometric ILWIOWG) operator.

o IfA=1, we get the LWIOWA operator, and the same time we obtain a kind of particular cases of
the ILWIOWA.

o If A = 2, we get the IL weighted induced ordered weighted quadratic averaging

(ILWIOWQA) operator.

e If A = —1, theIL weighted induced ordered weighted harmonic averaging (ILWIOWHA) operator
is obtain.

e  Etc.

4. Multiple Attribute Decision Making Based on the ILGWIOWA Operator

As a general framework of induced aggregation operators, the ILGWIOWA operator can be
applied in many areas, such as decision theory, statistics, and economics. In this section, we study the
application of ILGWIOWA operator in MADM problems concerning the supplier selection in supply
chain management. For a MADM problem, let A = {A1, Ay, ..., Ay} be a discrete set of alternatives,
andlet G = {Gy, Gy, ..., G, } be the set of attributes. The main steps of selection best decision variant(s)
are as follows.

Step 1. Form the IL evaluation matrix A = <'DZI_]_) e where b?l_]_ is a preference value provided by

the experts for alternative A; with respect to the attribute C;, which takes the form of an ILN.

Step 2. Calculate the order-inducing variable values u = (u,uy,...,u,), which could be any
important property values concerning the alternatives, such as belief levels, consistency, and importance.
In this paper, we assume that the order-inducing variable values represent the experts’ belief levels of
the evaluations.

Step 3. Utilize the ILGWIOWA operator to aggregate the evaluations bZ[]_ for each alternative A;.

&,’ = ILGWIOWA(< ul,'&ﬂ >0, < Mn,ﬁin >),i =12,...,m (12)

Note that we can also use a wide range of particular cases of the ILGWIOWA operators to
aggregate the evaluations in this step according to our interesting.

Step 4. Rank all of the alternatives A; (i = 1,2, ..., m) and identify the optimal one(s) in accordance
witha; 1 =1,2,...,m).

5. An Example of Low Carbon Supplier Selection

In recent years, the increasing of carbon emissions has threatened public health and economic
development mode. This challenge has prompted governments and companies worldwide to perform
attempt in order to increase and stimulate investments in low carbon economics. In the decision
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process, a crucial stage is to select the suitable low carbon suppliers. What is more, this process
involves multiple requirements that are associated with uncertain information, all of which have to
be taken into account and assessed simultaneously. Therefore, the selection of low carbon supplier is
a highly vague and complex decision process. Tong and Wang [19] and Lin and Wang [45] investigated
the selection of low carbon supplier using IF and linguistic MADM method, respectively. However,
the linguistic set and IFS can be viewed as special cases of ILS. Therefore, ILS can be used to describe the
linguistic set and IF information in this category of low carbon supplier selection problems, reflecting
the real-world situations more accurately. To address this important issue, in this section, we present
a numerical example on the use of the developed operator in a MADM problem aimed at the low
carbon supplier selection.

To select an appropriate low carbon supplier for a manufacturer, the committee of decision
makers offer their assessments to four potential suppliers A;(i = 1,2,...,4) based on a set of criteria
accounting for low carbon technology (C;), cost (Cy), risk factor (C3), and capacity (C4) (adapted
from [19]). It is assumed that the four possible alternatives are evaluated using the linguistic term
set S = (s1,52,83,84,55,56,57) by decision makers under the above four attributes, and construct,

respectively, the intuitionistic linguistic evaluation matrix A = (E_j>4 38 shown in Table 1.
! X

Table 1. Intuitionistic linguistic evaluation matrix.

G C, Cs Cs
Ay (s5,(06,03))  (55,(04,06))  (s5(07,02)) (s (0.2,0.6))
Ay (54,(04,06))  (s5(04,05))  (s3,(0.8,01))  (s4,(0.5,0.5))
Az (s3,(05,05))  (s54,(03,07))  (s4,(07,02))  (s5,(0.2,0.7))
Ay (56,(05,04))  (55,(03,06))  (s3,(09,01)) (s, (0.4,05))

After evaluating, the decision makers present their order-inducing variable values u = (17 =9,
up = 8,u3z = 6,uy = 7), which represent their confidence levels of the evaluation. Suppose that the
weighting vector W = (0.4,0.3,0.2,0.1). By exploiting this information, we can utilize the ILGWIOWA
operator (suppose A = 1) to derive the collective overall preference values 4; that are associated with
each of the alternative A;(i = 1,2,3,4):

ﬁl = <S3.75, 0.501, 0.404>, ﬁz = <S4'225, 0.465, 0.481>,ﬁ3 = <53'725, 0.422,0.548>, ﬁ4 = <S3.975,0.494, 0.410>

Calculate the expected values E(a;)(i = 1,2,3,4) of the collective overall IL preference values
a;(i=1,2,3,4),
E(a1) = s2.056, E(42) = s2.078, E(@3) = s1.620, E(a4) = 52128
Rank all of the alternatives A;(i = 1,2, 3,4) in accordance with the expected values E(a;) of the
collective overall IL preference values a;(i = 1,2,3,4), we can get:

A4>—A2>—A1>—A3,

and thus the most desirable alternative is A4.

It is interesting to study the validation and comparison of results with other IL aggregation
operators. In this example, we compare the results of the ILGWIOWA with the ILIOWA operator,
in which the order-inducing variables is only used to the order inducing step, but is not explicitly used
in the aggregation. The aggregation results of ILIOWA operator are:

@1 = (s37,0.496,0.407), @ = (s4,0.482,0.480),

3 = (s3.8,0.423,0.540), @4 = (s35,0.512,0.411).



Int. J. Environ. Res. Public Health 2017, 14, 1451 9o0f12

Therefore, the expected values E(4;) of the collective overall values a;(i = 1,2,3,4),
E(a1) = s2014, E(@2) = s2.150, E(a3) = s1.677, E(da) = 52001
The ordering of the alternatives according to the decreasing order of E(a;)
Ay = Ay = Ay = Az,

and thus the most desirable alternative is A,.

As we can, see we get a different ranking order of the alternatives by using the ILIOWA operator.
The reason being that the role of the order-inducing variables in the ILIOWA operator is limited
to the order-inducing, which leads to a loss of the intrinsic variation information and a biased
aggregation result.

Furthermore, it is possible to explore how the parameter A of the ILGWIOWA operator affects the
aggregation results. We obtain some integrated results and the ranking of the alternatives by using
some key particular cases of the ILGWIOWA operators, as shown in Table 2.

Table 2. Aggregated results by the intuitionistic linguistic generalized weighted induced ordered
weighted averaging (ILGWIOWA) and the rankings of alternatives.

Aq Ap A3 Ay Ranking
ILGIWIOWA (A =2) $2003  S2215  S1887 S22 Ay = Ay = Ay - As
ILGIWIOWA (A = 3) $1926 52245  S1725  S2312 Ay = Ay = Ay - Az
ILGIWIOWA (A — 0) $7034 57125 51.745 52,035 Al > Ay = Ay > Az
ILGIWIOWA (A = —1) 51.836 59034 51.756 52,033 Ay = Ay > A1 > Az

As we can see, depending on the used parameter value A, the ordering of the alternatives may
be different. The rule of the parameter A in the ILGWIOWA operator is to describe certain aspects
of attitude of the decision makers, and as such the aggregation results are more reasonable and
correspond better to real-world situations. Note that this method is rather flexible as it allows the
decision maker(s) for more choices of the aggregation schemes by assigning the different values to the
parameters. Therefore, the decision maker will select for his decision the one that best fits with his or
her interests or beliefs.

6. Conclusions

In this paper, we have proposed two new IL induced aggregation operators, called the INIOWA
and ILGWIOWA operator, respectively. The prominent characteristic of the developed operators is that
the order-inducing variables do not only induce the order of arguments, but they also moderate the
corresponding weight vectors. We have also introduced a method for tackling IL MADM problems by
means of the proposed operators. It is shown that the developed operators are highly appealing in the
sense that they enable us to aggregate the intuitionistic linguistic preferences of experts in the analysis,
thus providing more robust conclusions. Finally, a numerical example of selecting the low carbon
supplier is provided to illustrate the solution processes and demonstrate the feasibility of the proposed
procedure. It is observed that the method is particularly attractive as it allows for a higher degree
of flexibility when specifying the parameter in accordance with the problem context and decision
makers’ interests.

In future work, we would like to extend this method in terms of the use of the distance measures
and Pythagorean fuzzy set [46,47]. One can also consider the different decisional problematics based
on the proposed tools and procedures, such as the choice, the ranking, or the sorting problematic [48].



Int. J. Environ. Res. Public Health 2017, 14, 1451 10 of 12

Acknowledgments: The authors are very grateful to five anonymous referees for their insightful and constructive
comments and suggestions that have led to an improved version of this paper. This paper is supported by
National Natural Science Foundation of China (No. 61373058; No. 71671165), Statistical Scientific Key Research
Project of China (No. 2016L.Z43; No. 2017LY100), Philosophy and Social Science Planning Projects of Zhejiang
(No. 16ZJQN022YB), Zhejiang Province Natural Science Foundation (No. LY18G010007), Strategic Cooperation
Project between Ningbo City and Chinese Academy of Social Sciences (No. NZKT201711) and Zhejiang Science
and Technology Program (No. 2016C33195; No. LGG18F020001).

Author Contributions: Jun Liu and Tiejun Pan drafted the initial manuscript and conceived the MADM
framework. Xianbin Wu provided the relevant literature review and the illustrated example. Shouzhen Zeng
revised the manuscript and analyzed the data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Krishnendu, S.; Ravi, S.; Surendra, S.Y.; Lakshman, S.T. Supplier selection using fuzzy AHP and fuzzy
multi-objective linear programming for developing low carbon supply chain. Expert Syst. Appl. 2012, 39,
8182-8192.

2. Govindan, K.; Sivakumar, R. Green supplier selection and order allocation in a low-carbon paper
industry: Integrated multi-criteria heterogeneous decision-making and multi-objective linear programming
approaches. Ann. Oper. Res. 2016, 238, 243-276. [CrossRef]

3. Rao, CJ,; Xiao, X.P; Xie, M.; Goh, M.; Zheng, J.]. Low carbon supplier selection under multi-source and
multi-attribute procurement. J. Intell. Fuzzy Syst. 2017, 32, 4009-4022. [CrossRef]

4. Li, H; Wang, C.X,; Shang, M.; Wei, O. Pricing, carbon emission reduction, low-carbon promotion and
returning decision in a closed-loop supply chain under vertical and horizontal cooperation. Int. J. Environ.
Res. Public Health 2017, 14, 1332. [CrossRef] [PubMed]

5. Hu, Z; Rao, C.J.; Zheng, Y.; Huang, D. Optimization decision of supplier selection in green procurement
under the mode of low carbon economy. Int. J. Comput. Intell. Syst. 2015, 8, 407—-421. [CrossRef]

6.  Wan, S.P; Xu, G.L,; Dong, ].Y. Supplier selection using ANP and ELECTRE II in interval 2-tuple linguistic
environment. Inform. Sci. 2017, 385-386, 19-38. [CrossRef]

7. Song, W.Y; Xu, Z.T.; Liu, H.C. Developing sustainable supplier selection criteria for solar air-conditioner
manufacturer: An integrated approach. Renew. Sustain. Energy Rev. 2017, 79, 1461-1471. [CrossRef]

8. Qin, J.D,; Liu, X.W.; Pedrycz, W. An extended TODIM multi-criteria group decision making method for green
supplier selection in interval type-2 fuzzy environment. Eur. . Oper. Res. 2017, 258, 626-638. [CrossRef]

9. Keshavarz, G.M.; Zavadskas, E.K.; Amiri, M.; Esmaeili, A. Multi-criteria evaluation of green suppliers using
an extended WASPAS method with interval type-2 fuzzy sets. J. Clean. Prod. 2016, 137, 213-229. [CrossRef]

10. Jain, V,; Panchal, G.B.; Kumar, S. Universal supplier selection via multi-dimensional auction mechanisms for
two-way competition in oligopoly market of supply chain. Omega 2014, 47, 127-137. [CrossRef]

11. Theisen, S.; Stefan, S. Strategic analysis of manufacturer-supplier partnerships: An ANP model for
collaborative CO; reduction management. Eur. J. Oper. Res. 2014, 233, 383-397. [CrossRef]

12.  Davood, M.; Seyed, H.G.; Ashkan, H. A game theoretic analysis in capacity-constrained supplier-selection
and cooperation by considering the total supply chain inventory costs. Int. . Prod. Econ. 2016, 181, 87-97.

13.  Asadabadi, M.R. A customer based supplier selection process that combines quality function deployment,
the analytic network process and a Markov chain. Eur. J. Oper. Res. 2017, 263, 1049-1062. [CrossRef]

14. Atanassov, K. Intuitionistic fuzzy sets. Fuzzy Set. System. 1986, 20, 87-96. [CrossRef]

15. Sirbiladze, G.; Badagadze, O. Intuitionistic fuzzy probabilistic aggregation operators based on the choquet
integral: application in multicriteria decision-making. Int. J. Inf. Technol. Decis. Mak. 2016, 15, 1-35.

16. Buyiikozkan, G.; Goger, F. Application of a new combined intuitionistic fuzzy MCDM approach based on
axiomatic design methodology for the supplier selection problem. Appl. Soft Comput. 2017, 52, 1222-1238.
[CrossRef]

17. Yu, DJ. Triangular Atanassov’s intuitionistic fuzzy Bonferroni mean and application to supplier selection.
J. Intell. Fuzzy Syst. 2015, 28, 2785-2791. [CrossRef]

18. Krishankumar, R.; Ravichandran, K.S.; Saei, A.B. A new extension to PROMETHEE under intuitionistic
fuzzy environment for solving supplier selection problem with linguistic preferences. Appl. Soft Comput.
2017, 60, 564-576.


http://dx.doi.org/10.1007/s10479-015-2004-4
http://dx.doi.org/10.3233/JIFS-151813
http://dx.doi.org/10.3390/ijerph14111332
http://www.ncbi.nlm.nih.gov/pubmed/29104268
http://dx.doi.org/10.1080/18756891.2015.1017375
http://dx.doi.org/10.1016/j.ins.2016.12.032
http://dx.doi.org/10.1016/j.rser.2017.05.081
http://dx.doi.org/10.1016/j.ejor.2016.09.059
http://dx.doi.org/10.1016/j.jclepro.2016.07.031
http://dx.doi.org/10.1016/j.omega.2013.10.005
http://dx.doi.org/10.1016/j.ejor.2013.08.023
http://dx.doi.org/10.1016/j.ejor.2017.06.006
http://dx.doi.org/10.1016/S0165-0114(86)80034-3
http://dx.doi.org/10.1016/j.asoc.2016.08.051
http://dx.doi.org/10.3233/IFS-151557

Int. J. Environ. Res. Public Health 2017, 14, 1451 11 of 12

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

Tong, X.; Wang, Z.]. A group decision framework with intuitionistic preference relations and its application
to low carbon supplier selection. Int. . Environ. Res. Public Health 2016, 13, 923. [CrossRef] [PubMed]
Mehdi, K.G.; Maghsoud, A.; Edmundas, K.Z.; Jurgita, A. Supplier evaluation and selection in fuzzy
environments: a review of MADM approaches. Econ. Res.-Ekonomska IstraZivanja. 2017, 30, 1073-1118.
Wang, J.Q.; Li, H.B. Multi-criteria decision-making method based on aggregation operators for intuitionistic
linguistic fuzzy numbers. Control Decis. 2010, 25, 1571-1574.

Yager, RR. On ordered weighted averaging aggregation operators in multicriteria decision making.
IEEE Trans. Syst. Man Cybern. B 1988, 18, 183-190. [CrossRef]

Liu, P. Some generalized dependent aggregation operators with intuitionistic linguistic numbers and their
application to group decision making. J. Comput. Syst. Sci. 2013, 79, 131-143. [CrossRef]

Liu, P.D.; Wang, Y.M. Multiple attribute group decision making methods based on intuitionistic linguistic
power generalized aggregation operators. Appl. Soft Comput. 2014, 17, 90-104. [CrossRef]

Su, WH.; Li, W.,; Zeng, S.Z.; Zhang, C. Atanassov’s intuitionistic linguistic ordered weighted averaging
distance operator and its application to decision making. J. Intell. Fuzzy Syst. 2014, 26, 1491-1502.

Xiao, Y.; Zhang, C. A new method for financial decision making under Intuitionistic linguistic environment.
Econ. Comput. Econ. Cybern. Stud. Res. 2016, 50, 303-318.

Yager, R.R; Filev, D.P. Induced ordered weighted averaging operators. IEEE Trans. Syst. Man Cybern. B 1999,
29, 141-150. [CrossRef] [PubMed]

Merigo, J.M.; Gil-Lafuente, A.M. Induced 2-tuple linguistic generalized aggregation operators and their
application in decision-making. Inform. Sci. 2013, 236, 1-16. [CrossRef]

Spirkova, J. Induced weighted operators based on dissimilarity functions. Inform. Sci. 2015, 294, 530-539.
[CrossRef]

Beliakov, G.; Pradera, A.; Calvo, T. Aggregation Functions: A Guide for Practitioners; Springer: Berlin/Heidelberg,
German, 2007.

Zhang, Z.M.; Wang, C.; Tian, D.; Li, K. Induced generalized hesitant fuzzy operators and their application to
multiple attribute group decision making. Comput. Ind. Eng. 2014, 67, 116-138. [CrossRef]

Xian, S.; Zhang, J.; Xue, W. Fuzzy linguistic induced generalized OWA operator and its application in fuzzy
linguistic decision making. Int. J. Intell. Syst. 2016, 31, 749-762. [CrossRef]

Zeng, S.Z.; Merig6, ] M.; Palacios-Marques, D.; Jin, H.; Gu, EJ. Intuitionistic fuzzy induced ordered weighted
averaging distance operator and its application to decision making. J. Intell. Fuzzy Syst. 2017, 32, 11-22.
[CrossRef]

Zhou, L.G.; Chen, H.Y. The induced linguistic continuous ordered weighted geometric operator and its
application to group decision making. Comput. Ind. Eng. 2013, 66, 222-232. [CrossRef]

Aggarwal, M. A new family of induced OWA operators. Int. |. Intell. Syst. 2015, 30, 170-205. [CrossRef]
Herrera, F.; Herrera-Viedma, E. Linguistic decision analysis: steps for solving decision problems under
linguistic information. Fuzzy Set. System. 2000, 115, 67-82. [CrossRef]

Xu, Z.S. Deviation measures of linguistic preference relations in group decision making. Omega 2005, 33,
249-254. [CrossRef]

Wei, G.W. Approaches to interval intuitionistic trapezoidal fuzzy multiple attribute decision making with
incomplete weight information. Int. J. Fuzzy Syst. 2015, 17, 484-489. [CrossRef]

Yu, D.J. Softmax function based intuitionistic fuzzy multi-criteria decision making and applications. Oper. Res.
2016, 16, 327-348. [CrossRef]

Zeng, S.Z.; Su, W.H.; Zhang, C.H. Intuitionistic fuzzy generalized probabilistic ordered weighted averaging
operator and its application to group decision making. Technol. Econ. Dev. Econ. 2016, 22, 177-193. [CrossRef]
Wu, J. Consistency in MCGDM problems with intuitionistic fuzzy preference relations based on
an exponential score function. Group Decis. Negot. 2016, 25, 399-420. [CrossRef]

Zhou, L.G,; Jin, EF,; Chen, H.Y;; Liu, J.P. Continuous intuitionistic fuzzy ordered weighted distance measure
and its application to group decision making. Technol. Econ. Dev. Econ. 2016, 22, 75-99. [CrossRef]

Zhou, L.G,; Tao, Z.F; Chen, H.Y.; Liu, L.P. Continuous interval-valued intuitionistic fuzzy aggregation
operators and their applications to group decision making. Appl. Math. Model. 2014, 38, 2190-2205.
[CrossRef]

Zeng, S.Z. Pythagorean fuzzy multiattribute group decision making with probabilistic information and
OWA approach. Int. |. Intell. Syst. 2017, 32, 1136-1150. [CrossRef]


http://dx.doi.org/10.3390/ijerph13090923
http://www.ncbi.nlm.nih.gov/pubmed/27657097
http://dx.doi.org/10.1109/21.87068
http://dx.doi.org/10.1016/j.jcss.2012.07.001
http://dx.doi.org/10.1016/j.asoc.2013.12.010
http://dx.doi.org/10.1109/3477.752789
http://www.ncbi.nlm.nih.gov/pubmed/18252288
http://dx.doi.org/10.1016/j.ins.2013.02.039
http://dx.doi.org/10.1016/j.ins.2014.09.049
http://dx.doi.org/10.1016/j.cie.2013.10.011
http://dx.doi.org/10.1002/int.21801
http://dx.doi.org/10.3233/JIFS-141219
http://dx.doi.org/10.1016/j.cie.2013.07.021
http://dx.doi.org/10.1002/int.21693
http://dx.doi.org/10.1016/S0165-0114(99)00024-X
http://dx.doi.org/10.1016/j.omega.2004.04.008
http://dx.doi.org/10.1007/s40815-015-0060-1
http://dx.doi.org/10.1007/s12351-015-0196-7
http://dx.doi.org/10.3846/20294913.2014.984253
http://dx.doi.org/10.1007/s10726-015-9447-5
http://dx.doi.org/10.3846/20294913.2014.984254
http://dx.doi.org/10.1016/j.apm.2013.10.036
http://dx.doi.org/10.1002/int.21886

Int. J. Environ. Res. Public Health 2017, 14, 1451 12 of 12

45.

46.

47.

48.

Lin, H.; Wang, ZJ. Linguistic multi-attribute group decision making with risk preferences and its use in
low-carbon tourism destination selection. Inf. J. Environ. Res. Public Health 2017, 14, 1078. [CrossRef]
[PubMed]

Yager, R.R. Pythagorean membership grades in multi-criteria decision making. IEEE Trans. Fuzzy Syst. 2014,
22,958-965. [CrossRef]

Zeng, S.Z.; Chen, ].P; Li, X.S. A hybrid method for Pythagorean fuzzy multiple-criteria decision making.
Int. J. Inf. Technol. Decis. Mak. 2016, 15, 403-422. [CrossRef]

Guitouni, A.; Martel, ]. M. Tentative guidelines to help choosing an appropriate MCDA. Eur. ]. Oper. Res.
1998, 109, 501-521. [CrossRef]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).


http://dx.doi.org/10.3390/ijerph14091078
http://www.ncbi.nlm.nih.gov/pubmed/28926985
http://dx.doi.org/10.1109/TFUZZ.2013.2278989
http://dx.doi.org/10.1142/S0219622016500012
http://dx.doi.org/10.1016/S0377-2217(98)00073-3
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Preliminaries 
	The Linguistic Set 
	The Intuitionistic Linguistic Set (ILS) 
	The IOWA and WIOWA Operators 

	Intuitionistic Linguistic WIOWA Operator 
	Multiple Attribute Decision Making Based on the ILGWIOWA Operator 
	An Example of Low Carbon Supplier Selection 
	Conclusions 

