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Abstract
Purpose – The purpose of this paper is to extend the PROMETHEE method under typical hesitant
fuzzy information for solving multi-attribute decision-making problem in which there is hesitancy
among experts.
Design/methodology/approach – Different aggregation and distance functions were developed to
deal with HFS. But it is rational that different operators applying in existing methods can produce
different results. Also, it is difficult for decision makers to select suitable operators. To address
the drawback, this paper develops the PROMETHEE method as an outranking approach to
accommodate hesitant fuzzy information. Since the proposed method is constructed on the basis of the
pair-wise comparisons, it is independent of the aggregation and distance functions.
Findings – To demonstrate the efficiency and accuracy of the proposed method, the authors provide
a numerical example and a comparative analysis. The results indicate that outranking-based methods
suggest a better ranking than the aggregation- and distance-based methods.
Research limitations/implications – The proposed approach does not consider the hesitant fuzzy
linguistic information decision-making problem.
Practical implications – The proposed approach can be applied in many group decision-making
problems in which there is hesitancy among experts.
Originality/value – This paper proposes an extension on PROMETHEE method under hesitant
fuzzy information, which has not been reported in the existing academic literature.
Keywords PROMETHEE, Outranking, Hesitant fuzzy sets, Multi-attribute decision making
Paper type Research paper

1. Introduction
Decision making has an important effect on everyday life. But in most cases, the
decision-making process takes place in the presence of multiple and conflicting attributes.
For this purpose, multiple criteria decision making (MCDM) as one of the well-known
topics of decision making refers to making decisions in complex environments.
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MCDM techniques can be roughly divided into two main groups, multiple objective
decision making problems and multi-attribute decision making (MADM). In the MADM
problems, the decision maker (DM) attempts to choose the best alternatives characterized
by a set of multiple attributes.

Very often in MCDM problems, it is difficult for DMs to express their evaluations
exactly. To address the imprecise and vague information or incomplete data, Zadeh
(1965) suggested employing the fuzzy set theory as a modeling tool for complex
systems that are hard to define exactly. Over the years there have been successful
applications and implementations of fuzzy set theory in the field of MADM. In this
respect, a wide range of studies are devoted to combining MADM techniques with the
fuzzy set theory called fuzzy MADM (Mardani et al., 2015). Some of them are fuzzy
TOPSIS (Ashtiani et al., 2009; Liao and Kao, 2011; Kam and Yuen, 2014), fuzzy analytic
hierarchy process (AHP) (Kahraman et al., 2003; Ramík and Perzina, 2010; Chen and
Yang, 2011), fuzzy VIKOR (Chen and Wang, 2009; Park et al., 2011; Sanayei et al., 2010),
fuzzy ELECTREE (Sevkli, 2010; Rouyendegh and Erkan, 2013), fuzzy ANP (Kang et al.,
2012; Vinodh et al., 2011; Pang and Bai, 2013) and fuzzy PROMETHEE (Chen et al.,
2011; Gupta et al., 2012; Chen, 2015).

Since its original definition in Zadeh (1965), several extensions have been proposed
for fuzzy sets including intuitionistic fuzzy sets (Atanassov, 1986), type-2 fuzzy sets
(Dubois and Prade, 1980), type-n fuzzy sets (Dubois and Prade, 1980), interval-valued
fuzzy sets (Zadeh, 1975) and fuzzy multi sets (Miyamoto, 2005). In this respect, Torra
and Narukawa (2009) and Torra (2010) introduced the concept of hesitant fuzzy sets
(HFSs) as another extension of fuzzy sets. The motivation for introducing this type of
set is that it is sometimes difficult to assign the membership degree of an element to a
set and in some circumstances this difficulty is caused by a doubt among a few
different values (Torra and Narukawa, 2009). The HFS permits us to consider the
membership degree by a set of possible values between 0 and 1. Since some cases of
group decision-making DMs have hesitancy to express their preference, the concept of
HFS provides a powerful tool to deal with MADM problems. Because of the
importance of the HFSs in applications, so many studies have been devoted to
solving MADM problems under hesitant fuzzy information. Several studies were
conducted on the basis of the aggregation operators. Xia and Xu (2011) developed
some aggregation operators for hesitant fuzzy elements (HFEs) and used them for
decision-making problems. Zhu et al. (2012) proposed an aggregation operator based
on the geometric Bonferroni mean under HFSs for MADM problems. Xia et al. (2013)
proposed other aggregation operators to deal with HFSs and used them for group
decision making. Zhang (2013) extended power aggregation operators for hesitant
fuzzy environments to solve decision-making problems. Liao and Xu (2014a, b, c)
proposed hybrid weighted aggregation operators under HFSs. Peng andWang (2014)
presented some dynamic hesitant fuzzy aggregation operators for multi-period
decision-making problems under hesitant fuzzy environment. Liao et al. (2014a, b, c)
developed some weight determining methods for hesitant fuzzy multi-criterion
decision-making problem.

Several studies were conducted to solve MADM problems by means of hesitant
fuzzy preference relations (HFPRs) concept. For example, Zhu et al. (2014) explored
the ranking methods with HFPRs in the group decision-making environments.
They developed a hesitant goal programming model to derive priorities from HFPRs.
Chen et al. (2013) introduced interval-valued hesitant preference relations to describe
uncertain evaluation information in GDM processes. Zhang et al. (2015a, b) introduced
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the concepts of incomplete HFPR to solve multi-criteria group decision-making
problem. Zhang et al. (2015a, b) developed a decision support model that
simultaneously addresses the consistency and consensus for group decision making
based on HFPRs. Zhang (2016) proposed a method for deriving the priority weights
from incomplete HFPRs based on multiplicative consistency. Xu et al. (2016) proposed
another method to derive the priority weights from incomplete HFPRs. Zhou and
Xu (2016) developed asymmetric hesitant fuzzy sigmoid preference relation and used
in the AHP.

Some other studies are classified into approaches utilizing distance and similarity
measures for HFSs. Xu and Xia (2011) proposed approaches for distance and similarity
measures under HFSs and so did Liao et al. (2014a, b, c) to rank alternatives in MADM
problems. Li et al. (2015) proposed a method for hesitant distance and similarity
measures by means of the concept of hesitance degree for decision making in hesitant
fuzzy environment.

Moreover TOPSIS and VIKOR are well-known methods which are constructed on
the basis of the aggregating function representing “closeness to the ideal.” Several
studies have extended these two methods by means of the concept of HFSs. Liao and
Xu (2013) proposed a hesitant fuzzy VIKOR method based on the hesitant normalized
Manhattan Lp-metric. Furthermore, Zhang and Wei (2013) developed VIKOR and
TOPSIS methods based on the HFSs. Besides, Xu and Zhang (2013) extended TOPSIS
method in HFSs environment with incomplete weight information.

All of the above mentioned papers were constructed following the aggregation
functions as well as distance and similarity measures. Thus, the result of these methods
was dependent on the aggregation or distance function operators. Since different
aggregation and distance functions are involved in different operations, different
results can be produced by applying different operators. Also, it is difficult for DMs to
select suitable operators.

Unlike the aforementioned methods, outranking approaches are constructed on the
basis of the pair-wise comparisons and are independent of aggregation operators.
PROMETHREE and ELECTRE methods are the typical ones within that category.
Several studies have been devoted to solving MADM problems under HFSs by means
of ELECTRE method. Wang et al. (2014) proposed an outranking approach based on
the ELECTRE III and HFSs and Chen et al. (2014) extended ELECTRE I under HFSs to
solve MADM problems. In addition, Chen and Xu (2015) developed ELECTRE II
method to handle hesitant fuzzy MAMD problems while Peng et al. (2015) proposed an
extension of ELECTRE method under multi-HFSs.

One of the well-known and applicable techniques in the field of MADM is
PROMETHEE method (preference ranking organization method for enrichment
evaluation) (Brans et al., 1984; Brans and Vincke, 1985). A more detailed review of
PROMETHEE method has been provided in Behzadian et al. (2010). Similar to other
MADM techniques, the PROMETHEE has been extended in uncertainty environments.
A brief review of the main developments of PROMETHEE under uncertain data is
presented as follows: Le Teno and Mareschal (1998) developed PROMETHEE method
for interval data while Goumas and Lygerou (2000) extended PROMETHEE to handle
fuzzy data. Additionally, Li and Li (2010) proposed an extension of PROMETHEE and
so did Chen et al. (2011) under linguistic fuzzy information. Halouani and Chabchoub
(2009) developed PROMETHEE method by using two-tuple linguistic variables. Chen
(2014) extended PROMETHEE method for interval type-2 fuzzy sets environment.
Furthermore, Liao and Xu (2014a, b, c) extended PROMETHEE method into
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intuitionistic fuzzy circumstance. Chen (2015) developed PROMETHEE for interval-
valued intuitionistic fuzzy information. And finally Mahmoudi et al. (2016) proposed a
hybrid approach which employs both fuzzy rule-based system and PROMETHEE
method to rank alternatives.

Literature review reveals that the extension of PROMETHEE method in hesitant
fuzzy information environment remains as a gap. Therefore, this paper develops the
PROMETHEE method in the presence of uncertain data in which uncertainties are
expressed by HFSs. Our main motivation to combine PROMETHEE method and
HFSs concept is HFSs address common difficulty that often appears when the
membership degree of an element must be established because there are some
possible values that make hesitations about which one would be the right one. This
situation is very usual in real decision-making problems when an expert might
consider different degrees of membership of an element x in the set A. According to
the aforementioned review, since the different aggregation operators lead to different
rankings, our proposed method is constructed on the basis of the pair-wise
comparisons to overcome this drawback. Unlike the methods that use distance
measure causing various disadvantages in the decision-making process, the proposed
hesitant fuzzy PROMETHEE (HF-PROMETHEE) does not take distances into
account. Therefore, in our proposed method, DMs do not have to select appropriate
aggregation operators and distance measure and thus our proposed method is easy
for implementation. Moreover, most existing methods that operate between the two
HFSs expand one that has a lesser number of elements by adding repeated values
(maximum or minimum value) in it until it has the same length as the other HFS.

The rest of this paper is organized as follows: in next section we review some
preliminary concepts in terms of HFSs. Section 3 describes the proposed HF-PROMETHEE
method in detail. Numerical illustration as well as comparative analysis is presented in
Section 4. Finally, summary and conclusion of this paper are presented in Section 5.

2. HFSs
In this section, we introduce some basic concepts related to HFSs which are applied in
proposed HF-PROMETHEE:

Definition 1. (Torra and Narukawa, 2009). Let X be a reference set. A HFS on X is
represented as follows:

A ¼ x ;h xð Þ� �
: xeX

� �
(1)

where h(x)¼ {γ∣γϵhA(x)}, referred to as the HFE, is a set of some
values in [0, 1] denoting the possible membership degree of the element
xϵX to the set A (Xia and Xu, 2011). For Example, Let X¼ {x1, x2, x3}
be a reference set. hA(x1)¼ {0.2, 0.3, 0.5}, hA(x2)¼ {0.5, 0.6} and
hA(x3)¼ {0.3, 0.5} are the HFEs of xi(i¼ 1, 2, 3) to a set A, respectively.
Then A can be considered as a HFS, i.e., A¼ {〈x1,{0.2, 0.3, 0.5}〉,
〈x2,{0.5, 0.6}〉, 〈x3,{0.3, 0.5}〉}.

Definition 2. (Xia et al., 2013). Score function of a HFE h, s(h) can be calculated as
follows:

s hð Þ ¼ 1
lh

X
gEh

g (2)
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where lh is the number of the elements in h. For two HFEs h1 and h2, if
s(h1)≻ s(h2), then h1 is superior to h2, denoted by h1≻ h2; if s(h1)¼ s(h2),
then h1 is indifferent to h2, denoted by h1∼h2.

However, in some special cases, the above score function cannot distinguish two HFEs.
Therefore deviation degree of a HFE helps us for better ranking of two HFEs:

Definition 3. (Chen et al., 2014). For a HFE h, the deviation degree σ(h) of h can be
expressed by:

s hð Þ ¼ 1
lh

X
gEh

g�s hð Þð Þ2
" #1

2

(3)

A small σ(h) shows that the numerical values in h approach each other,
meaning a high consistency of opinions among different experts.

It is necessary to express that a better alternative has a higher score function or a lower
deviation degree in the case where the alternatives have the same score. Thus, to
compare two HFEs h1 and h2, if s(h1)os(h2), then h1oh2; and if s(h1)¼ s(h2), then (1) if
σ(h1)oσ(h2), then h1Wh2; (2) if σ(h1)¼ σ(h2), then h1¼ h2:

Definition 4. (Wang and Xu, 2015). The relation on H( [0, 1], n) defined by:

h1!Dnh23 D1 h1ð ÞoD1 h2ð Þð Þ3 D1 h1ð Þ ¼ D1 h2ð Þð Þðð
4 (m42ð Þ 8iomð Þ Dk h1ð Þ ¼ Dk h2ð Þð Þ4 Dm h1ð Þ4Dm h2ð Þð ÞÞÞ (4)

Is a strict admissible order, where Dk hð Þ ¼ Pn
j¼1 g

k
j =n; k ¼ 1; 2; . . .; n and also, n is

the number of the elements in h:

Definition 5. (Torra, 2010). Let φ be a function φ: [0, 1]N→[0, 1], and let A be a set of
N HFSs on the reference set X (i.e. A¼ {h1, h2,…, hN} are HFSs on X).
Then, the extension of φ on A is defined for each x in X by:

jA xð Þ ¼ [gE h1 xð Þ�...�hN xð Þf g j gð Þ� �
(5)

Definition 6. (Xia and Xu, 2011; Liao and Xu, 2014a, b, c). Let h, h1 and h2 be three
HFEs, and λ be a positive real number, then:

lh ¼ [gEh 1� 1�gð Þl� �
; (6)

h1 � h2 ¼ [g1Eh1;g2Eh2 g1þg2�g1g2
� �

; (7)

h1 � h2 ¼ [g1Eh1;g2Eh2 g1g2
� �

; (8)

h1 � h2 ¼ [g1Eh1;g2Eh2 tf g;
where:

t ¼
g1�g2
1�g2

; if g1Xg2 and g2a1

0; otherwise

(
; (9)
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Let hj( j¼ 1, 2,…, n) be a collection of HFEs, Liao et al. (2014a, b, c) generalized (7)
to following forms:

�n
j¼1

hj ¼ [gjAhj 1� P
n

j¼1
1�gj
� �� 	

; (10)

To be easily understood, we present an example for above operators. To do so, let
h1¼ {0.1, 0.2}, h2¼ {0.1, 0.3, 0.5} and h3¼ {0.6, 0.7} be three HFSs, and let λ¼ 2. Then,
the following results are calculated:

(1) h21 ¼ 0:01; 0:04f g
(2) 2h1¼ {0.19, 0.36}

(3) s(h2)¼ 0.30

(4) σ(h2)¼ 0.163

(5) h1⊕ h2¼ {0.19, 0.37, 0.55, 0.28, 0.44, 0.60}

(6) h1⊕ h2¼ {0.01, 0.03, 0.05, 0.02, 0.06, 0.10}

(7) h1⊖ h2¼ {0.11}

(8) h2⊖ h1¼ {0.13, 0.22, 0.38, 0.44}

(9) h1⊕ h2⊕ h3¼ {0.676, 0.712, 0.748, 0.757, 0.776, 0.784, 0.811, 0.820, 0.832,
0.840, 0.880}

(10) s(h1⊕ h2⊕ h3)¼ 0.788

(11) σ(h1⊕ h2⊕ h3)¼ 0.055

3. Proposed methodology
In real decision-making problems, especially for qualitative attributes, it is difficult for
DMs to give their rating information just a single precise value. Furthermore, the
situation in which a group of experts are asked to give their opinions, it cannot usually
achieve a consentaneous preference value over the considered alternative with respect
to a criterion. Thus, HFSs are more suitable and powerful tools to express the rating
information in a situation with hesitancy among experts. In what follows, we describe
our extended PROMETHEE by considering hesitancy in rating information.

For convenience, the alternatives can be expressed as a¼ {a1,…, ai,…, am} and
evaluation attributes can be expressed as c¼ {c1,…, cj,…, cn}. The rating of
alternative ai on criterion cj given by the DM is a HFE hij. Therefore, hesitant fuzzy
decision matrix D¼ (hij)m×n is constructed as follows:

D ¼ hij
� �

m�n ¼

h11 h12
h21 h22

� � �
h1n
h2n

^ & ^
hm1 hm2 � � � hmn

2
666664

3
777775 (11)

In this study, we can consider the weight of criteria in form of either crisp values
as W ¼ ½w1 w2 . . . wn � where

Pn
j¼1 wj ¼ 1 or hesitant fuzzy values as
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~W ¼ ½ ~w1 ~w2 . . . ~wn�. The following steps describe the implementation of the
proposed HF-PROMETHEE method:

Step 1: compute the hesitant deviations based on pair-wise comparisons using
Equation (12) as follows:

~dj ai; akð Þ ¼ hij � hkj; j ¼ 1; 2; . . .; n and i; k ¼ 1; 2; . . .; m and iak (12)

where ~dj ai; akð Þ is difference between the rating of ai and ak with respect to criterion j.
Step 2: calculate the hesitant preference degree between alternatives as:

~Pj ai; akð Þ ¼ f ~dj ai; akð Þ

 �

; j ¼ 1; 2; . . .; n and i; k ¼ 1; 2; . . .; m and iak (13)

By means of Definition 5 and also Equation (13), hesitant preference degree can be
determined as:

~Pj ai; akð Þ ¼ f ~dj ai; akð Þ

 �

¼ [gE ~dj ai ;akð Þ f gð Þ� �
; j ¼ 1; 2; . . .; n and i; k

¼ 1; 2; . . .; m and iak (14)

The value of this preference degree is included between 0 and 1. If ai is better than ak,
then ~P j ai; akð Þ40; otherwise, ~Pj ai; akð Þ ¼ 0. There are six types of functions to obtain
preference degree (Brans and Vincke, 1985). The most widely used of which is the linear
preference function, i.e., the V-shape shown as:

P dð Þ ¼
0; dpq

d�q
p�q; qodpp

1; d4p

8><
>: (15)

For each criterion, the parameters q and p have to be fixed by the DM in accordance
with the specific problem. By considering Equation (15), we can rewrite the
Equation (14) as:

~Pj ai; akð Þ ¼ f ~dj ai; akð Þ

 �

¼ [gE ~dj ai ;akð Þ
g�p
p�q

� 	
;

j ¼ 1; 2; . . .; n

i; k ¼ 1; 2; . . .; m and iak
(16)

Step 3: compute the weighted hesitant preference degrees as follows:

~Pj
0 ai; akð Þ ¼ wj: ~Pj ai; akð Þ

¼ [gE ~dj ai ;akð Þ 1� 1�g�p
p�q

� wj
� 	

;
j ¼ 1; 2; . . .; n

i; k ¼ 1; 2; . . .; m and iak
(17)

According to Equation (6), we establish the Equation (17) in which the weight of
attributes are crisp values. Under situations in which the weight of attributes are
expressed as HFSs, the Equation (17) can be rewrite based on the Equation (8) as:

~P j
0 ai; akð Þ ¼ ~wj: ~Pj ai; akð Þ ¼ [g1E ~wj ;g2E ~P j

g1:g2
� �

;
j ¼ 1; 2; . . .; n

i; k ¼ 1; 2; . . .; m and iak
(18)
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Step 4: calculate the hesitant global preference index for alternatives using the concept
of Equation (10) as follows:

~p ai; akð Þ ¼ �n
j¼1

~P j
0 ai; akð Þ ¼ [gjA ~P j

0 1� P
n

j¼1
1�gi
� �� 	

; i; k ¼ 1; 2; :::; m and iak (19)

Step 5: determine the score function of hesitant global preference indexes using the
Equation (2) as follows:

p ai; akð Þ ¼ s ~p ai; akð Þð Þ ¼ 1
l ~p ai ;akð Þ

X
gE ~p ai ;akð Þ

g; i; k ¼ 1; 2; . . .; m and iak (20)

In order to evaluate the alternatives using the outranking relation, following flows must
be defined.

Step 6: determine the leaving and entering flows as.
The leaving flow:

∅þ aið Þ ¼ 1
m�1

Xm
k¼1

p ai; akð Þ; i ¼ 1; 2; . . .; m and iak (21)

The entering flow:

∅� aið Þ ¼ 1
m�1

Xm
k¼1

p ak; aið Þ; i ¼ 1; 2; . . .; m and iak (22)

Score of leaving flow represents the global strength of alternative ai in comparison to
all other alternatives. Indeed, this score has to be maximized. Score of entering flow
represents the global weakness of ai in comparison to all other alternatives. Indeed, this
score has to be minimized.

Step 7: calculate the net flow as follows:

∅ aið Þ ¼ ∅þ aið Þ�∅� aið Þ; i ¼ 1; 2; . . .; m (23)

Step 8: establish the partial ranking (PROMETHEE I) by comparing ∅+(ai) and ∅−(ai)
of the alternatives as following principle (Brans et al., 1984):

• ai is preferred to ak (aiP
(I)ak) iff;

∅þ aið Þ4∅þ akð Þ and ∅� aið Þo∅� akð Þ; or
∅þ aið Þ ¼ ∅þ akð Þ and ∅� aið Þo∅� akð Þ; or
∅þ aið Þ4∅þ akð Þ and ∅� aið Þ ¼ ∅� akð Þ;

8><
>:

• ai is indifferent to ak (aiI
(I)ak) iff; ∅+(ai)¼∅+(ak) and ∅−(ai)¼∅−(ak);

• ai is incomparable to ak (aiRak) iff;
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∅þ aið Þ4∅þ akð Þ and ∅� aið Þ4∅� akð Þ; or
∅þ aið Þo∅þ akð Þ and ∅� aið Þo∅� akð Þ

(

Step 9: apply the complete ranking (PROMETHEE II) induced by the net flow as
follows:

• ai is preferred to ak (aiP
(II)ak) iff; ∅(ai)W∅(ak)

• ai is indifferent to ak (aiI
(II)ak) iff; ∅(ai)¼∅(ak)

It seems easier for the DM to achieve the decision problem by using the complete
ranking in PROMETHEE II instead of the partial one given by PROMETHEE I.
However, the partial ranking provides more realistic information by considering only
confirmed outranking with respect to the leaving and entering flows. On the other
hand, the relation of incomparability can also be severely useful. In real-world
applications, considering both PROMETHEE I and PROMETHEE II is recommended.
The complete ranking is easy to use, but the analysis of the incomparability often helps
to finalize a proper decision:

Remark. In the case ∅(ai)¼∅(ak), to present more complete ranking, we use the
concept of Definition 4 and Equation (4).

4. Illustrative examples
In this section, two practical examples are provided to demonstrate and validate the
application of the proposed method for MADM problems and results are compared
with some current techniques.

4.1 Example 1
As example 1, we consider problem discussed in Wei (2012) in which the ranking of
overseas outstanding teachers is investigated. To evaluate the alternatives, a panel of
DMs is established with the university president, the dean of the management school
and the human resource officer. The decision-making problem includes five possible
candidates ai(i¼ 1, 2, 3, 4, 5). DMs are asked to evaluate the alternatives with respect to
four attributes consisting of C1: morality, C2: research capability, C3: teaching skill and
C4: education background. The weight vector of attributes is W¼ [0.45, 0.25, 0.2, 0.1].
The evaluation values of the alternatives are expressed as HFSs under the above
attributes as shown in Table I.

4.1.1 Solving procedure. In the following, we have utilized the proposed
HF-PROMETHEE method to select the most desirable candidate under hesitant
fuzzy information. To do so, steps 1-9 explained in Section 3 are applied as follows:
Step 1: at first, based on the pair-wise comparisons, hesitant deviations between
the alternatives must be calculated with respect to all attributes using Equation (12).

C1 C2 C3 C4

a1 {0.4, 0.5, 0.7} {0.5, 0.8} {0.6, 0.7, 0.9} {0.5, 0.6}
a2 {0.6, 0.7, 0.8} {0.5, 0.6} {0.4, 0.6, 0.7} {0.4, 0.5}
a3 {0.6, 0.8} {0.2, 0.3, 0.5} {0.4, 0.6} {0.5, 0.7}
a4 {0.5, 0.6, 0.7} {0.4, 0.5} {0.8, 0.9} {0.3, 0.4, 0.5}
a5 {0.6, 0.7} {0.5, 0.7} {0.7, 0.8} {0.2, 0.3, 0.4}

Table I.
Hesitant fuzzy
decision matrix

of example 1
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Table II shows the pair-wise hesitant deviations between alternatives with respect
to criterion C1.

Step 2: hesitant preference degrees have been calculated by means of Equation (16).
To do so, we have fixed the value of q and p as 0.05 and 0.95, respectively, for all
attributes. For instance, hesitant preference degrees between alternatives with respect
to criterion C1 are shown in Table III.

Step 3: in this step, we have computed weighted hesitant preference degrees based
on Equation (17). The results are exhibited in Table IV for criterion C1. Note that our
proposed method is able to handle the situations in which the weight of attributes is
expressed as HFSs. In this case, we apply the Equation (18) instead of Equation (17) to
determine the weighted hesitant preference degrees.

Similarly, steps 1-3 must be repeated for other attributes which are not shown here
to stenography.

a1 a2 a3 a4 a5

a1 – {0.107} {0.107} {0.107, 0.199} {0.107}
a2 {0.079, 0.156, 0.199, 0.265,

0.346, 0.406}
– {0.107,

0.268}
{0.079, 0.107, 0.199, 0.156,
0.268, 0.346}

{0.107, 0.156,
0.268}

a3 {0.079, 0.156, 0.346, 0.406} {0.156,
0.268}

– {0.079, 0.156, 0.268, 0.346} {0.156, 0.268}

a4 {0.061, 0.079, 0.156, 0.199,
0.268}

{0.107} {0.107} – {0.107}

a5 {0.079, 0.156, 0.199, 0.268} {0.107} {0.107} {0.079, 0.107, 0.199} –

Table IV.
Weighed hesitant
preference degrees
with respect to
criterion C1
(example 1)

a1 a2 a3 a4 a5

a1 – {0.22} {0.22} {0.22, 0.39} {0.22}
a2 {0.17, 0.31, 0.39, 0.50,

0.61, 0.69}
– {0.25, 0.50} {0.17, 0.22, 0.31,

0.39, 0.50, 0.61}
{0.22, 0.31, 0.50}

a3 {0.17, 0.31, 0.61, 0.69} {0.31, 0.50} – {0.17, 0.31, 0.50,
0.61}

{0.31, 0.50}

a4 {0.13, 0.17, 0.31, 0.39, 0.50} {0.22} {0.22} – {0.22}
a5 {0.17, 0.31, 0.39, 0.50} {0.22} {0.22} {0.17, 0.22, 0.39} –

Table III.
The hesitant
preference degrees
with respect to
criterion C1
(example 1)

a1 a2 a3 a4 a5

a1 – {0.25} {0.25} {0.25, 0.4} {0.25}
a2 {0.20, 0.33, 0.40, 0.50, 0.60, 0.67} – {0.25, 0.50} {0.20, 0.25, 0.33,

0.40, 0.50, 0.60}
{0.25, 0.33, 0.50}

a3 {0.20, 0.33, 0.60, 0.67} {0.33, 0.50} – {0.20, 0.33, 0.50, 0.60} {0.33, 0.50}
a4 {0.17, 0.20, 0.33, 0.40, 0.50} {0.25} {0.25} – {0.25}
a5 {0.20, 0.33, 0.40, 0.50} {0.25} {0.25} {0.20, 0.25, 0.40} –

Table II.
Hesitant deviations
with respect to
criterion C1
(example 1)
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Step 4: hesitant global preference indexes of alternatives are calculated with respect to
other alternatives by Equation (19). Table V shows the hesitant global preference
indexes for alternative a3. This table must be created for other alternatives.

Step 5: this step converts the hesitant global preference indexes into crisp values in
order to compare them easily. To do so, Equation (20) is applied to determine the score
function of HFSs and results are represented in Table VI. For instance, from Table VI,
we have π(a1, a2)¼ 0.413 and π(a2, a1)¼ 0.268.

Steps 6 and 7: in order to establish the outranking relations, these two steps compute the
leaving, entering and net flows for the alternatives by implementing Equations (21)-(23),
respectively. The results are shown in Table VII.

Step 8: according to the results presented in Table VII, partial ranking
(PROMETHEE I) of alternatives is done by applying the principles explained in the
previous section. Figure 1 shows outranking graph of constructed partial ranking

~p a3; akð Þ
a1 {0.197, 0.123, 0.434, 0.378, 0.197, 0.177, 0.102, 0.0.420, 0.362, 0.177}
a2 {0.331, 0.367, 0.354, 0.229, 0.270, 0.255}
a4 {0.137, 0.122, 0.184, 0.170, 0.153, 0.387, 0.377, 0.421, 0.411, 0.399, 0.314, 0.303, 0.352, 0.340, 0.327,

0.210, 0.196, 0.253, 0.240, 0.224}
a5 {0.300, 0.290, 0.278, 0.339, 0.329, 0.317, 0.193, 0.182, 0.168, 0.238, 0.226, 0.213}

Table V.
The hesitant global
preference index of

alternative a3
(example 1)

a1 a2 a3 a4 a5

a1 – 0.413 0.410 0.403 0.394
a2 0.268 – 0.331 0.252 0.233
a3 0.257 0.301 – 0.276 0.256
a4 0.294 0.297 0.361 – 0.246
a5 0.332 0.281 0.333 0.226 –

Table VI.
The score of

hesitant global
preferences of
alternatives
(example 1)

∅+(a) ∅−(a) ∅(a) Rank

a1 1.621 1.151 0.470 1
a2 1.091 1.293 −0.202 4
a3 1.090 1.435 −0.346 5
a4 1.197 1.157 0.040 3
a5 1.173 1.129 0.044 2

Table VII.
The outranking

flows of alternatives
(example 1)

aP (I )b : a b a baRb :

a2

a1

a3

a4

a5 Figure 1.
The partial ranking
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between the alternatives. Partial ranking reveals that a5 is incomparable to a1 and a4.
Therefore, it is not suitable to make a decision based on partial ranking. Hence, in the
next step, complete ranking is presented.

Step 9: based on the net flow values and complete outranking principles described in
the previous section, we have provided the complete ranking (PROMETHEE II) of the
alternatives. According to the calculated values of the net flows presented in Table VII,
the ranking of alternatives by the PROMETHEE II complete ranking is
a1≻ a5≻ a4≻ a2≻ a3. As stated, ranking results indicate that a1 is the best among all
alternatives.

4.1.2 Comparison analysis and discussion. This sub-section presents a comparative
study with other methods to validate the feasibility of the proposed HF-PROMETHEE.
To do so, Wei (2012), Farhadinia (2013) and Wang et al. (2014) are considered and the
analysis is based on the above illustrative example. Note that, the proposed method of
Wei (2012) was applied under two separate operators including HFPWA and HFPWG.
The compared results can be obtained as shown in Table VIII.

From Table VIII, it can be seen that the result of the proposed approach is different
from the method of Wei (2012) under two approaches of HFPWA and HFPWG and
Farhadinia (2013). The main reason is that those methods use an aggregation operator
to deal with the hesitant fuzzy information. Although it is easy to use an operator
with these methods, different aggregation operators also lead to different rankings.
Furthermore, it is difficult for DMs to choose which kind of explicit operators are
suitable. However, the core of the proposed method is based on the pair-wise
comparison between alternatives which may provide more exact ranking because of
its detailed comparison of alternatives. To demonstrate the effectiveness and accuracy
of the proposed approach, we have analyzed the rankings of methods in detail.
For instance, Wei (2012) under two approaches of HFPWA and HFPWG suggest that
a2 is better than a1. However, a close look at the hesitant fuzzy values of the attributes
for the alternatives a1 and a2 in Table I reveals that a1 is comparatively better than a2
the case of three criteria (i.e. C2, C3 and C4) whose total weight of these three criterion is
greater than the C1. Thus proposing a1 as the superior alternative than a2 which is
given by the proposed approach seems more logic than that proposed by the Wei
(2012). Similarly, about a1 and a5, unlike Farhadinia’s (2013) ranking, it is intelligible
that a1 is a better alternative than a5 which is offered by our proposed method. The
ranking order of alternatives by the proposed method nearly matches with the method
by Wang et al. (2014) and both of these methods suggest a1 as the best alternative. The
main reason of this likeness is that both of these methods are based on the pair-wise
comparison. Only a4 and a5 have a different ranking. This inconsistency can be caused
by different values of thresholds q and p in step 2. According to the values of the net
flow in Table VII, we have ∅(a4)¼ 0.040 and ∅(a5)¼ 0.044 which are very near to each

Methods Ranking

Wei (2012) (HFPWA) a5≻ a2≻ a1≻ a4≻ a3
Wei (2012) (HFPWG) a2≻ a5≻ a1≻ a4≻ a3
Farhadinia (2013) a5≻ a1≻ a2≻ a4≻ a3
Wang et al. (2014) a1≻ a4≻ a5≻ a2≻ a3
Proposed method a1≻ a5≻ a4≻ a2≻ a3

Table VIII.
Ranking
comparisons for
example 1
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other, meaning, these two alternatives can potentially be replaced with each other.
Table IX presents a sensitivity analysis on q and p in which behavior of a4 and a5 is
shown in terms of different values of q and p. It can be seen that for q¼ 0 and p¼ 1 we
have a5≻ a4 and by drawing the values of q and p to each other, a4 can be better than a5.
It is necessary to mention that a1, a2 and a3 keep their original ranking in all situations.

4.2 Example 2
In order to compare our proposed method with TOPSIS and VIKOR techniques, we
consider the example discussed in Zhang and Wei (2013), in which the enterprise’s
board of directors, which includes five members, is to plan the development of large
projects (strategy initiatives) for the following five years consistently. Suppose there
are four possible projects ai(i¼ 1, 2, 3, 4) as alternatives. The selection decision is made
on the basis of the following four criteria: financial perspective (C1), the customer
satisfaction (C2), internal business process perspective (C3) and learning and growth
perspective (C4). Also, the weight vector of four criteria is w¼ (0.2, 0.3, 0.15, 0.35)T.
Decision matrix is provided in form of HFSs by DMs as shown in Table X.

After the steps of the proposed HF-PROMETHEE, the results are shown in
Table XI. According to the results, the outranking graph of constructed partial ranking
between the alternatives is shown in Figure 2. Also, we can determine the complete
ranking of the alternatives by means of computed net flows. Partial ranking reveals
that a4≻ a2≻ a1≻ a3 as well as complete ranking. Therefore, our proposed method
suggests a4 as the best alternative.

Range of q Range of p Ranking a4 and a5

q¼ 0 p¼ 1 a5≻ a4
q ⩽ 0.08 p¼ 1 a5≻ a4
q⩾ 0.09 p¼ 1 a4≻ a5
q¼ 0 p⩾ 0.09 a5≻ a4
q¼ 0 p⩽ 0.89 a4≻ a5
q⩽ 0.05 p⩾ 0.95 a5≻ a4
q⩾ 0.06 p⩽ 0.94 a4≻ a5

Table IX.
The result of

sensitivity analysis
on q and p

C1 C2 C3 C4

a1 {0.2, 0.4, 0.7} {0.2, 0.6, 0.8} {0.2, 0.3, 0.6, 0.7, 0.9} {0.3, 0.4, 0.5, 0.7, 0.8}
a2 {0.2, 0.4, 0.7, 0.9} {0.1, 0.2, 0.4, 0.5} {0.3, 0.4, 0.6, 0.9} {0.5, 0.6, 0.8, 0.9}
a3 {0.3, 0.5, 0.6, 0.7} {0.2, 0.4, 0.6} {0.3, 0.5, 0.7, 0.8} {0.2, 0.5, 0.6, 0.7}
a4 {0.3, 0.5, 0.6} {0.2, 0.4} {0.5, 0.6, 0.7} {0.8, 0.9}

Table X.
Hesitant fuzzy
decision matrix

(example 2)

∅+(a) ∅−(a) ∅(a) Rank

a1 0.750 0.855 −0.099 3
a2 0.867 0.736 0.131 2
a3 0.486 1.1030 −0.544 4
a4 1.095 0.583 0.512 1

Table XI.
The results of

example 2
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To illustrate the effectiveness of the proposed HF-PROMETHEE, we have compared
the result with hesitant fuzzy VIKOR and hesitant fuzzy TOPSIS methods proposed by
Zhang and Wei (2013). As we can see from Table XII that the ranking order of
alternatives by the proposed HF-PROMETHEE exactly matches with the hesitant
fuzzy TOPSIS method. This demonstrates the validity of the suggested approach.
In addition, the results of the hesitant fuzzy VIKOR with ν⩾ 0.6 is very close to the
proposed approach, only a1 and a2 have a different ranking. By comparing the values
of the criteria for a1 and a2, we find that a2 is comparatively better than a1 in the case of
two criteria (i.e. C1 and C4),while a1 is better than a2 in the case of C2 criterion. Since
total weight of C1 and C4 is greater than C2, we can conclude that a2 is better than a1 as
suggested by the proposed approach. It is necessary to mention that in the case of C3
they have almost same evaluation. Similarly, by comparing a1 and a4, unlike hesitant
fuzzy VIKOR with 0.3⩽ ν⩽ 0.5 and vo0.3, it is intelligible that a4 is a better alternative
than a1 which is offered by our proposed method.

5. Conclusion
To address the situation in which a group of DMs rather than a single DM are
considered and in order to reflect the hesitancy and inconsistency of DMs’ opinions,
HFSs have been applied to model this type of uncertainty. Due to its characteristics and
capabilities, this study has developed the PROMETHEE method as one of the
outranking approaches under hesitant fuzzy information in group decision-making
problems. Since most of the existing methods applying aggregation and distance
functions and because different operators suggest different results, we have proposed a
method independent of aggregation and distance operators. HF-PROMETHEE method
ranks the alternatives based on the proposed hesitant pair-wise comparisons and thus
DMs do not have to select suitable operators. Hence, this study has developed an
outranking approach to deal with HFSs that can overcome some disadvantages of the

a3

a4

a2

a1

aRb : baaaP (I )b : b

Figure 2.
The partial ranking
of example 2

Methods Ranking

Zhang and Wei (2013)
VIKOR (νo0.3) a1≻ a3≻ a4≻ a2
VIKOR (0.3⩽ ν⩽ 0.5) a1≻ a4≻ a2≻ a3
VIKOR (ν⩾ 0.6) a4≻ a1≻ a2≻ a3
TOPSIS a4≻ a2≻ a1≻ a3

Proposed method
HF-PROMETHEE a4≻ a2≻ a1≻ a3

Table XII.
Ranking
comparisons for
example 2
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existing methods. As another advantage, because the proposed method do not expand
the HFEs by adding repeated dummy values, it can avoid loss of data and distortion of
the preference information initially provided, resulting in final outcomes that
more closely correspond to those in the actual decision-making processes. Moreover, we
have provided discussion by comparing the results which indicate the better ranking
of the proposed method rather than some existing methods. As future studies,
HF-PROMETHEE can be extended to support more real problems by means of the
concept of both hesitant fuzzy linguistic terms and interval-valued HFSs.

References

Ashtiani, B., Haghighirad, F. and Makui, A. (2009), “Extension of fuzzy TOPSIS method based on
interval-valued fuzzy sets”, Applied Soft Computing, Vol. 9 No. 2, pp. 457-461.

Atanassov, K. (1986), “Intuitionistic fuzzy sets”, Fuzzy Sets and Systems, Vol. 20 No. 1, pp. 87-96.

Behzadian, M., Kazemzadeh, R.B., Albadvi, A. and Aghdasi, M. (2010), “PROMETHEE:
a comprehensive literature review on methodologies and applications”, European Journal
of Operational Research, Vol. 200 No. 1, pp. 198-215.

Brans, J.P. and Vincke, Ph. (1985), “A preference ranking organization method (the PROMETHEE
method for MCDM)”, Management Science, Vol. 31 No. 6, pp. 647-656.

Brans, J.P., Mareschal, B. and Vincke, Ph. (1984), “PROMETHEE: a new family of outranking
methods in multi-criteria analysis”, in Brans, J.P. (Ed.), In Operational Research, Elsevier
Science Publishers B.V, North-Holland, pp. 408-421.

Chen, L.Y. and Wang, T.-C. (2009), “Optimizing partners’ choice in IS/IT outsourcing projects: the
strategic decision of fuzzy VIKOR”, International Journal of Production Economics,
Vol. 120 No. 1, pp. 233-242.

Chen, N. and Xu, Z. (2015), “Hesitant fuzzy ELECTRE II approach: a new way to handle multi-
criteria decision making problems”, Information Sciences, Vol. 292 No. 20, pp. 175-197.

Chen, N., Xu, Z. and Xia, M. (2013), “Interval-valued hesitant preference relations and their
applications to group decision making”, Knowledge-Based Systems, Vol. 37, pp. 528-540.

Chen, N., Xu, Z. and Xia, M. (2014), “The ELECTRE I multi-criteria decision-making method
based on hesitant fuzzy sets”, International Journal of Information Technology & Decision
Making, Vol. 13 No. 3, pp. 621-657.

Chen, T.Y. (2014), “A PROMETHEE-based outranking method for multiple criteria decision
analysis with interval type-2 fuzzy sets”, Soft Computing, Vol. 18 No. 5, pp. 923-940.

Chen, T.Y. (2015), “IVIF-PROMETHEE outranking methods for multiple criteria decision
analysis based on interval-valued intuitionistic fuzzy sets”, Fuzzy Optimization and
Decision Making, Vol. 14 No. 2, pp. 173-198.

Chen, Y.H., Wang, T.C. and Wu, C.Y. (2011), “Strategic decisions using the fuzzy PROMETHEE
for IS outsourcing”, Expert Systems with Applications, Vol. 38 No. 10, pp. 13216-13222.

Chen, Z. and Yang, W. (2011), “An MAGDM based on constrained FAHP and FTOPSIS and its
application to supplier selection”, Mathematical and Computer Modelling, Vol. 54 No. 11,
pp. 2802-2815.

Dubois, D. and Prade, H. (1980), Fuzzy Sets and Systems: Theory and Applications, Academic
Press, New York, NY.

Farhadinia, B.A. (2013), “Novel method of ranking hesitant fuzzy values for multiple attribute
decision making problems”, International Journal of Intelligent Systems, Vol. 28 No. 8,
pp. 752-767.

1227

An
extension on

PROMETHEE

D
ow

nl
oa

de
d 

by
 T

A
SH

K
E

N
T

 U
N

IV
E

R
SI

T
Y

 O
F 

IN
FO

R
M

A
T

IO
N

 T
E

C
H

N
O

L
O

G
IE

S 
A

t 2
1:

37
 1

4 
N

ov
em

be
r 

20
16

 (
PT

)

http://www.emeraldinsight.com/action/showLinks?crossref=10.1002%2Fint.21600&isi=000320475300002
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.asoc.2008.05.005&isi=000262888100001
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.eswa.2011.04.137&isi=000292169500133
http://www.emeraldinsight.com/action/showLinks?isi=000336411100004
http://www.emeraldinsight.com/action/showLinks?isi=000336411100004
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2FS0165-0114%2886%2980034-3&isi=A1986E001300008
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.ijpe.2008.07.022&isi=000268519600020
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.mcm.2011.06.068
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.ejor.2009.01.021&isi=000270347700020
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.ejor.2009.01.021&isi=000270347700020
http://www.emeraldinsight.com/action/showLinks?crossref=10.1007%2Fs00500-013-1109-4&isi=000334522300007
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.ins.2014.08.054
http://www.emeraldinsight.com/action/showLinks?crossref=10.1287%2Fmnsc.31.6.647&isi=A1985AKD3300001
http://www.emeraldinsight.com/action/showLinks?crossref=10.1007%2Fs10700-014-9195-z&isi=000354288600003
http://www.emeraldinsight.com/action/showLinks?crossref=10.1007%2Fs10700-014-9195-z&isi=000354288600003
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.knosys.2012.09.009&isi=000313761800047


Goumas, M. and Lygerou, V. (2000), “An extension of the PROMETHEE method for decision
making in fuzzy environment: ranking of alternative energy exploitation projects”,
European Journal of Operational Research, Vol. 123 No. 3, pp. 606-613.

Gupta, R., Sachdeva, A. and Bhardwaj, A. (2012), “Selection of logistic service provider using
fuzzy PROMETHEE for a cement industry”, Journal of Manufacturing Technology
Management, Vol. 23 No. 7, pp. 899-921.

Halouani, N. and Chabchoub, H. (2009), “Martel, J.M., PROMETHEE-MD-2T method for project
selection”, European Journal of Operational Research, Vol. 195 No. 3, pp. 841-849.

Kahraman, C., Cebeci, U. and Ulukan, Z. (2003), “Multi-criteria supplier selection using fuzzy
AHP”, Logistics Information Management, Vol. 16 No. 6, pp. 382-394.

Kam, K. and Yuen, F. (2014), “Combining compound linguistic ordinal scale and cognitive
pairwise comparison in the rectified fuzzy TOPSIS method for group decision making”,
Fuzzy Optimization and Decision Making, Vol. 13 No. 1, pp. 105-130.

Kang, H.Y., Lee, A.H. and Yang, C.Y. (2012), “A fuzzy ANP model for supplier selection
as applied to IC packaging”, Journal of Intelligent Manufacturing, Vol. 23 No. 5,
pp. 1477-1488.

Le Teno, J.F. and Mareschal, B. (1998), “An interval version of PROMETHEE for the comparison
of building products’ design with ill-defined data on environmental quality”, European
Journal of Operational Research, Vol. 109 No. 2, pp. 522-529.

Li, D., Zeng, W. and Li, J. (2015), “New distance and similarity measures on hesitant fuzzy sets
and their applications in multiple criteria decision making”, Engineering Applications of
Artificial Intelligence, Vol. 40, pp. 11-16.

Li, W.X. and Li, B.Y. (2010), “An extension of the PROMETHEE II method based on generalized
fuzzy numbers”, Expert Systems with Applications, Vol. 37 No. 7, pp. 5314-5319.

Liao, C.-N. and Kao, H.P. (2011), “An integrated fuzzy TOPSIS and MCGP approach to supplier
selection in supply chain management”, Expert Systems with Applications, Vol. 38 No. 9,
pp. 10803-10811.

Liao, H. and Xu, Z. (2013), “A VIKOR-based method for hesitant fuzzy multi-criteria decision
making”, Fuzzy Optimization and Decision Making, Vol. 12 No. 4, pp. 373-392.

Liao, H. and Xu, Z. (2014a), “Extended hesitant fuzzy hybrid weighted aggregation
operators and their application in decision making”, Soft Computing, Vol. 19 No. 9,
pp. 2551-2564.

Liao, H. and Xu, Z. (2014b), “Multi-criteria decision making with intuitionistic fuzzy
PROMETHEE”, Journal of Intelligent & Fuzzy Systems, Vol. 27 No. 4, pp. 1703-1717.

Liao, H., Xu, Z. and Xia, M. (2014a), “Multiplicative consistency of hesitant fuzzy preference
relation and its application in group decision making”, International Journal of Information
Technology & Decision Making, Vol. 13 No. 1, pp. 47-76.

Liao, H., Xu, Z. and Xu, J. (2014b), “An approach to hesitant fuzzy multi-stage multi-criterion
decision making”, Kybernetes, Vol. 43 Nos 9/10, pp. 1447-1468.

Liao, H.C. and Xu, Z.S. (2014c), “Subtraction and division operations over hesitant fuzzy sets”,
Journal of Intelligent & Fuzzy Systems, Vol. 27 No. 1, pp. 65-72.

Liao, H.C., Xu, Z.S. and Zeng, X.J. (2014c), “Distance and similarity measures for hesitant fuzzy
linguistic term sets and their application in multi-criteria decision making”, Information
Science, Vol. 271, pp. 125-142.

Mahmoudi, A., Sadi-nezhad, S. and Makui, A. (2016), “A hybrid fuzzy-intelligent system for
group multi-attribute decision making”, International Journal of Fuzzy Systems, pp. 1-14,
doi: 10.1007/s40815-016-0173-1.

1228

K
45,8

D
ow

nl
oa

de
d 

by
 T

A
SH

K
E

N
T

 U
N

IV
E

R
SI

T
Y

 O
F 

IN
FO

R
M

A
T

IO
N

 T
E

C
H

N
O

L
O

G
IE

S 
A

t 2
1:

37
 1

4 
N

ov
em

be
r 

20
16

 (
PT

)

http://www.emeraldinsight.com/action/showLinks?system=10.1108%2FK-11-2013-0246&isi=000347782600019
http://www.emeraldinsight.com/action/showLinks?system=10.1108%2F09576050310503367
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.engappai.2014.12.012&isi=000352045600002
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.engappai.2014.12.012&isi=000352045600002
http://www.emeraldinsight.com/action/showLinks?crossref=10.1007%2Fs00500-014-1422-6&isi=000361728200013
http://www.emeraldinsight.com/action/showLinks?isi=000340435700006
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2FS0377-2217%2899%2900093-4&isi=000086887300013
http://www.emeraldinsight.com/action/showLinks?crossref=10.1007%2Fs10700-013-9168-7&isi=000330953300006
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.eswa.2010.01.004&isi=000277726300069
http://www.emeraldinsight.com/action/showLinks?isi=000343424500011
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.ins.2014.02.125&isi=000336011900009
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.ins.2014.02.125&isi=000336011900009
http://www.emeraldinsight.com/action/showLinks?system=10.1108%2F17410381211267727
http://www.emeraldinsight.com/action/showLinks?system=10.1108%2F17410381211267727
http://www.emeraldinsight.com/action/showLinks?crossref=10.1007%2Fs10845-010-0448-6&isi=000308820200003
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.eswa.2011.02.031&isi=000291118500010
http://www.emeraldinsight.com/action/showLinks?crossref=10.1142%2FS0219622014500035&isi=000330586100004
http://www.emeraldinsight.com/action/showLinks?crossref=10.1142%2FS0219622014500035&isi=000330586100004
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.ejor.2007.11.016&isi=000261941400019
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2FS0377-2217%2898%2900074-5&isi=000074586900021
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2FS0377-2217%2898%2900074-5&isi=000074586900021
http://www.emeraldinsight.com/action/showLinks?crossref=10.1007%2Fs10700-013-9162-0&isi=000326691900002


Mardani, A., Jusoh, A. and Zavadskas, E.K. (2015), “Fuzzy multiple criteria decision-making
techniques and applications – two decades review from 1994 to 2014”, Expert Systems with
Applications, Vol. 42 No. 8, pp. 4126-4148.

Miyamoto, S. (2005), “Remarks on basics of fuzzy sets and fuzzy multi sets”, Fuzzy Sets and
Systems, Vol. 156 No. 3, pp. 427-431.

Pang, B. and Bai, S. (2013), “An integrated fuzzy synthetic evaluation approach for supplier
selection based on analytic network process”, Journal of Intelligent Manufacturing, Vol. 24
No. 1, pp. 163-174.

Park, J.H., Cho, H.J. and Kwun, Y.C. (2011), “Extension of the VIKOR method for group decision
making with interval-valued intuitionistic fuzzy information”, Fuzzy Optimization and
Decision Making, Vol. 10 No. 3, pp. 233-253.

Peng, D.H. and Wang, H. (2014), “Dynamic hesitant fuzzy aggregation operators in multi-period
decision making”, Kybernetes, Vol. 43 No. 5, pp. 715-736.

Peng, J.J., Wang, J.Q., Wang, J., Yang, L.J. and Chen, X.H. (2015), “An extension of ELECTRE to
multi-criteria decision-making problems with multi-hesitant fuzzy sets”, Information
Sciences, Vol. 307, pp. 113-126.

Ramík, J. and Perzina, R. (2010), “A method for solving fuzzy multi-criteria decision
problems with dependent criteria”, Fuzzy Optimization and Decision Making, Vol. 9 No. 2,
pp. 123-141.

Rouyendegh, B.D. and Erkan, T.E. (2013), “An application of the fuzzy ELECTRE method for
academic staff selection”, Human Factors and Ergonomics in Manufacturing & Service
Industries, Vol. 23 No. 2, pp. 107-115.

Sanayei, A., Mousavi, S.F. and Yazdankhah, A. (2010), “Group decision making process for
supplier selection with VIKOR under fuzzy environment”, Expert Systems with
Applications, Vol. 37 No. 1, pp. 24-30.

Sevkli, M. (2010), “An application of the fuzzy ELECTRE method for supplier selection”,
International Journal of Production Research, Vol. 48 No. 12, pp. 3393-3405.

Torra, V. (2010), “Hesitant fuzzy sets”, International Journal of Intelligent Systems, Vol. 25 No. 6,
pp. 529-539.

Torra, V. and Narukawa, Y. (2009), “On hesitant fuzzy sets and decision”, IEEE International
Conference on Fuzzy Systems (FUZZ-IEEE), August 20, pp. 1378-1382.

Vinodh, S., Anesh Ramiya, R. and Gautham, S. (2011), “Application of fuzzy analytic network
process for supplier selection in a manufacturing organization”, Expert Systems with
Applications, Vol. 38 No. 1, pp. 272-280.

Wang, H. and Xu, Z. (2015), “Admissible orders of typical hesitant fuzzy elements and their
application in ordered information fusion in multi-criteria decision making”, Information
Fusion, Vol. 29, pp. 98-104, doi: 10.1016/j.inffus.2015.08.009.

Wang, J.Q., Wang, D.D., Zhang, H.Y. and Chen, X.H. (2014), “Multi-criteria outranking approach
with hesitant fuzzy sets”, OR Spectrum, Vol. 36 No. 4, pp. 1001-1019.

Wei, Gw. (2012), “Hesitant fuzzy prioritized operators and their application to multiple attribute
decision making”, Knowledge-Based Systems, Vol. 31, pp. 176-182.

Xia, M.M. and Xu, Z.S. (2011), “Hesitant fuzzy information aggregation in decision making”,
International Journal of Approximate Reasoning, Vol. 52 No. 3, pp. 395-407.

Xia, M.M., Xu, Z.S. and Chen, N. (2013), “Some hesitant fuzzy aggregation operators with
their application in group decision making”, Group Decision and Negotiation, Vol. 22 No. 2,
pp. 259-279.

1229

An
extension on

PROMETHEE

D
ow

nl
oa

de
d 

by
 T

A
SH

K
E

N
T

 U
N

IV
E

R
SI

T
Y

 O
F 

IN
FO

R
M

A
T

IO
N

 T
E

C
H

N
O

L
O

G
IE

S 
A

t 2
1:

37
 1

4 
N

ov
em

be
r 

20
16

 (
PT

)

http://www.emeraldinsight.com/action/showLinks?crossref=10.1109%2FFUZZY.2009.5276884
http://www.emeraldinsight.com/action/showLinks?crossref=10.1109%2FFUZZY.2009.5276884
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.eswa.2015.01.003&isi=000356904100028
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.eswa.2015.01.003&isi=000356904100028
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.knosys.2012.03.011&isi=000304230500015
http://www.emeraldinsight.com/action/showLinks?system=10.1108%2FK-11-2013-0236&isi=000341937600005
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.eswa.2009.04.063&isi=000271571000004
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.eswa.2009.04.063&isi=000271571000004
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.eswa.2010.06.057&isi=000282607800033
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.eswa.2010.06.057&isi=000282607800033
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.ijar.2010.09.002&isi=000288470100007
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.fss.2005.05.040&isi=000233051200013
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.fss.2005.05.040&isi=000233051200013
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.ins.2015.02.030&isi=000351965100009
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.ins.2015.02.030&isi=000351965100009
http://www.emeraldinsight.com/action/showLinks?crossref=10.1080%2F00207540902814355&isi=000276471900001
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.inffus.2015.08.009&isi=000367700500010
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.inffus.2015.08.009&isi=000367700500010
http://www.emeraldinsight.com/action/showLinks?crossref=10.1007%2Fs10726-011-9261-7&isi=000314039300005
http://www.emeraldinsight.com/action/showLinks?crossref=10.1007%2Fs10845-011-0551-3&isi=000313369800013
http://www.emeraldinsight.com/action/showLinks?crossref=10.1007%2Fs10700-010-9078-x&isi=000277413800001
http://www.emeraldinsight.com/action/showLinks?isi=000277550100003
http://www.emeraldinsight.com/action/showLinks?crossref=10.1007%2Fs00291-013-0354-3&isi=000342206700007
http://www.emeraldinsight.com/action/showLinks?crossref=10.1007%2Fs10700-011-9102-9&isi=000300098500003
http://www.emeraldinsight.com/action/showLinks?crossref=10.1007%2Fs10700-011-9102-9&isi=000300098500003
http://www.emeraldinsight.com/action/showLinks?crossref=10.1002%2Fhfm.20301&isi=000314921300004
http://www.emeraldinsight.com/action/showLinks?crossref=10.1002%2Fhfm.20301&isi=000314921300004


Xu, Y., Chen, L., Rodríguez, R.M., Herrera, F. and Wang, H. (2016), “Deriving the priority weights
from incomplete hesitant fuzzy preference relations in group decision making”,Knowledge-
Based Systems, Vol. 99, pp. 71-78.

Xu, Z. and Zhang, X. (2013), “Hesitant fuzzy multi-attribute decision making based on TOPSIS
with incomplete weight information”, Knowledge-Based Systems, Vol. 52, pp. 53-64.

Xu, Z.S. and Xia, M.M. (2011), “Distance and similarity measures for hesitant fuzzy sets”,
Information Science, Vol. 181 No. 11, pp. 2128-2138.

Zadeh, L.A. (1965), “Fuzzy sets”, Information and Control, Vol. 8 No. 3, pp. 338-353.

Zadeh, L.A. (1975), “The concept of a linguistic variable and its application to approximate
reasoning-I”, Information Sciences, Vol. 8 No. 3, pp. 199-249.

Zhang, N. and Wei, G. (2013), “Extension of VIKOR method for decision making problem based
on hesitant fuzzy set”, Applied Mathematical Modelling, Vol. 37 No. 7, pp. 4938-4947.

Zhang, Z. (2013), “Hesitant fuzzy power aggregation operators and their application to multiple
attribute group decision making”, Information Sciences, Vol. 234, pp. 150-181.

Zhang, Z. (2016), “Deriving the priority weights from incomplete hesitant fuzzy preference
relations based on multiplicative consistency”, Applied Soft Computing, Vol. 46,
pp. 37-59.

Zhang, Z., Wang, C. and Tian, X. (2015a), “A decision support model for group decision
making with hesitant fuzzy preference relations”, Knowledge-Based Systems, Vol. 86,
pp. 77-101.

Zhang, Z., Wang, C. and Tian, X. (2015b), “Multi-criteria group decision making with incomplete
hesitant fuzzy preference relations”, Applied Soft Computing, Vol. 36, pp. 1-23.

Zhou, W. and Xu, Z. (2016), “Asymmetric hesitant fuzzy sigmoid preference relations in the
analytic hierarchy process”, Information Sciences, Vol. 359, pp. 191-207.

Zhu, B., Xu, Z.S. and Xia, M.M. (2012), “Hesitant fuzzy geometric Bonferroni means”, Information
Science, Vol. 205, pp. 72-85.

Zhu, B., Xu, Z. and Xu, J. (2014), “Deriving a ranking from hesitant fuzzy preference
relations under group decision making”, IEEE Transactions on Cybernetics, Vol. 44 No. 8,
pp. 1328-1337.

About the authors
Amin Mahmoudi received his BS and MS Degree in Industrial Engineering in 2008
and 2011, respectively, from the Qazvin branch of the Islamic Azad University
(IAU). He received PhD Degree on Industrial Engineering in 2015 from Science
and Research branch of the Islamic Azad University. He is currently an
Assistant Professor in the Industrial Engineering Department of the Raja
University, Qazvin, Iran. His areas of interest include fuzzy logic, multi criteria

decision making, supply chain management and pricing. Amin Mahmoudi is the corresponding
author and can be contacted at: Amin.mahmoudi10@gmail.com

Soheil Sadi-Nezhad received his BS and MS Degree in Industrial Engineering in
1987 and 1989, respectively, from Iran University of Science and Technology. He
received PhD Degree in Industrial Engineering (optimization and decision making)
in 1999 from the Science and Research branch of the Islamic Azad University. He is
currently a Post-doctoral Fellow at the University of Waterloo. His research
interests are mathematical modeling of Industrial Engineering problems in both

services and production companies, organizations. Most of his recent researches focus on
decision making and optimization under uncertainty, imprecision, and partial truth, especially as
it involves human perceptions or risk.

1230

K
45,8

D
ow

nl
oa

de
d 

by
 T

A
SH

K
E

N
T

 U
N

IV
E

R
SI

T
Y

 O
F 

IN
FO

R
M

A
T

IO
N

 T
E

C
H

N
O

L
O

G
IE

S 
A

t 2
1:

37
 1

4 
N

ov
em

be
r 

20
16

 (
PT

)

http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2F0020-0255%2875%2990036-5&isi=A1975AD02300002
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.knosys.2015.05.023&isi=000359887400008
http://www.emeraldinsight.com/action/showLinks?crossref=10.1109%2FTCYB.2013.2283021&isi=000342226900007
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.knosys.2013.05.011&isi=000325600200005
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.apm.2012.10.002&isi=000316579600028
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.asoc.2015.06.047&isi=000360424700001
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.ins.2011.01.028&isi=000292622100005
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.ins.2013.01.002&isi=000317635500014
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.ins.2016.04.003&isi=000377322500012
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2FS0019-9958%2865%2990241-X
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.asoc.2016.04.010&isi=000377999900004
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.ins.2012.01.048&isi=000305368000005
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.ins.2012.01.048&isi=000305368000005
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.knosys.2016.01.047&isi=000374603400007
http://www.emeraldinsight.com/action/showLinks?crossref=10.1016%2Fj.knosys.2016.01.047&isi=000374603400007


Ahmad Makui received his BS Degree in Industrial Engineering, in 1985, an MS
Degree in Industrial Engineering, in 1991, and a PhD Degree in Industrial
Engineering (Operations Research), in 2000. He is currently an Associate Professor
in the Industrial Engineering Department of the Iran University of Science and
Technology, Tehran, Iran. His research interests include production planning,
supply chain, decision-making techniques and mathematical modeling. He has

authored numerous papers presented at conferences and published in journals, including JORS,
EJOR, PPC, IJAMT, JOMS, ESWA and MPE.

Mohammad Reza Vakili received his BS Degree in Industrial Engineering in 1996
from the Qazvin branch of the Islamic Azad University (IAU). Also, he received his
MS Degree in Industrial Engineering in 2000 from the Iran University of Science
and Technology, Tehran, Iran. He is currently a PhD Candidate at the Science and
Research branch of the Islamic Azad University, Tehran, Iran. His areas of interest
include fuzzy logic, operational research and closed-loop supply chain management.

For instructions on how to order reprints of this article, please visit our website:
www.emeraldgrouppublishing.com/licensing/reprints.htm
Or contact us for further details: permissions@emeraldinsight.com

1231

An
extension on

PROMETHEE

D
ow

nl
oa

de
d 

by
 T

A
SH

K
E

N
T

 U
N

IV
E

R
SI

T
Y

 O
F 

IN
FO

R
M

A
T

IO
N

 T
E

C
H

N
O

L
O

G
IE

S 
A

t 2
1:

37
 1

4 
N

ov
em

be
r 

20
16

 (
PT

)


