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Abstract: A new multi-criteria assessment model is proposed in this paper, which combines grey
relational analysis (GRA) techniques with intuitionistic fuzzy entropy-based Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS) method, to solve multi-criteria decision making
(MCDM) problems and to sort the alternatives. Generally speaking, the supplier selection process, by
which buyers choose to find the right supplier of the high-quality products or/and services within
the scheduled and quantity, is one of the most important key activities in constructing an effective
and timely supply chain. On account of several conflicting attributes on which the knowledge
of decision makers is often inaccurate and vague, this is a difficult problem. The contribution of
this paper is not only to substitute objective weights of intuitionistic fuzzy entropy for subjective
weights directly made by decision-makers in the TOPSIS method, but also to extend and modify this
method with intuitionistic fuzzy sets and GRA techniques, and to propose the intuitionistic fuzzy
entropy-based TOPSIS method combined with GRA techniques for selecting appropriate sustainable
building materials supplier. Finally, we take the choice of sustainable building materials supplier as
an example to illustrate the alternative effectively chosen by the intuitionistic fuzzy entropy-based
TOPSIS method combined with GRA techniques.

Keywords: multi-criteria assessment model; GRA (grey relational analysis) technique; intuitionistic
fuzzy set; Entropy-Based Weight method; TOPSIS

1. Introduction

Multi-criteria assessment model can be suitable in solving complex problems. In the case of
multiple standards, there are a variety of multi-standard technologies to aid decision making. In issues
of multi-criteria decision making, decision makers choose the most suitable alternative after rational
evaluation of a limited set of independent or interdependent criteria. Atanassov [1–3] improved
traditional fuzzy set to the intuitionistic fuzzy sets (IFS) as regards the degree of hesitation since
1986, which is the generalization of fuzzy sets theory [4]. The theory of IFS has been widely used
to solve problems related to multi-criteria decision making (MCDM). Grey system theory [5] is a
method to explore uncertainty in the case of scare data and has advantages in deductive analysis of
uncertain information situation. It has been successfully applied to situations where there is partial
information or uncertainty. The grey system theory mainly consists of five facets: grey relational
analysis (GRA), grey prediction, grey decision making, grey control and grey planning [6]. In recent
years, GRA technology has been applied to solve uncertainties in different fields under discrete data
and incomplete information environment [7–14]. GRA technique is one of the common methods for
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analyzing various relationships among discrete data sets and making the right decisions in the case of
multiple criteria or attribute situations [15]. The techniques first obtain a correlation between reference
sequence and comparable sequences and then sort the alternatives according to the correlation.

Supply chain management (SCM) is primarily about maximizing revenue, reducing manufacturing
costs, meeting consumer service, optimizing business process, cycle times and inventory levels, and
improving competitiveness, customer satisfaction and profitability [16–21]. Certain factors need to be
predefined and implemented in the decision-making process, especially in complex areas such as SCM.
In the initial stage of the supply chain (SC), one of the most important projects is to choose the most
favorable supplier [22]. SCM has recently received widespread attention from industry and academia.

The main activity of a successful SC lies in effective purchasing mechanisms and
functions [17,23–25]. The most important responsibility of the procurement function is to select
the right supplier because it saves the organization huge costs [26]. Several approaches have been
discussed for the suitability of supplier selection. The supplier selection in the system analysis
method includes weighted point method, taxonomy [27,28], vendor profile analysis [29], supplier
performance matrix approach [30], matrix approach [31], and analytic hierarchy process (AHP) [32,33].
The supplier selection problem is characterized by complex, multi-criteria, and unstructured nature,
and is considered to be a multi-criteria decision-making problem [34–37].

Most of methodologies proposed for addressing supplier selection issues do not seem to solve
the unstructured and complex context of current purchasing decision conditions [38]. In the
decision-making process, several influencing factors are often ignored and not considered, such
as qualitative criteria, ambiguous information, other qualitative criteria and inaccurate preference
representations [39,40]. Therefore, in response to this dilemma, the solution to the problem of supplier
selection has introduced the fuzzy set theory (FST). The application and suitability of FST in supplier
selection was explored [41,42]. The concept of TOPSIS method is extended to solve the problem of
supplier selection in fuzzy environment [40]. The fuzzy AHP was presented and used to verify the
structural model for evaluation rubber industry suppliers by using AHP [26]. Based on the fuzzy
theory calculation, a fuzzy multi-criteria group decision-making method for supplier selection was
presented [43]. The fuzzy AHP is proposed to effectively solve quantitative and qualitive decision
factors in global supplier selection [44].

One of the most famous methods for MCDM, Technique for Order Preference by Similarity to
an Ideal Solution (TOPSIS), was proposed by Hwang and Yoon [45]. The TOPSIS method, which
considered both positive and negative ideal solutions, is based on the following concept that the chosen
alternative should be closer to the positive-ideal solution and farther away from the negative-ideal
solution. The TOPSIS method is considered to be an important research topic and has received great
attention from the academic community [46,47]. However, TOPSIS has its drawbacks because decision
makers need to subjectively judge the weighting of the various criteria [48,49]. TOPSIS is generally
used to sort all alternatives in the final phase [50].

In the choice of supplier issues, both the weight of criteria and the impact of differentiating
alternatives on the criteria determined by the decision maker are difficult to accurately and appropriately
express by crisp data.

The intuitionistic fuzzy sets (IFSs) proposed by Atanassov (1986) is a suitable method to deal
with this challenge in an uncertain environment. IFSs have been successfully applied in diverse fields
in recent years such as: decision-making problems [51–62], pattern recognition [63–68], and medical
diagnosis [69–71].

Aiming at the problem of supplier selection, an intuitionistic fuzzy multi-criteria decision making
with entropy-based TOPSIS method and GRA techniques is proposed. Based on the above analysis,
the main investigated topics of this study are as follows:

(1) TOPSIS has its drawbacks because decision makers need to subjectively judge the weighting of
various criteria. Therefore, when the decision makers are in intuitionistic fuzzy environment,
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how should we solve the problem of decision makers subjectively setting weights in the
TOPSIS method?

(2) The calculation of intuitionistic fuzzy entropy is different from the general measurement of
entropy weight. How do we combine the TOPSIS method with intutionistic fuzzy entropy in
order to obtain objective weight values?

(3) GRA is a measure of the nonlinear relationship between sequences and can compensate for the
deficiencies of TOPSIS method. How should we combine the intutionistic fuzzy entropy-based
TOPSIS method with GRA techniques?

In this study, we propose the intuitionistic fuzzy entropy-based TOPSIS method combined with
GRA techniques for selecting appropriate sustainable building materials supplier. Entropy-based
TOPSIS method based on GRA techniques and intuitionistic fuzzy set has huge chance of success in the
supplier selection process. The remainder of this article is divided into five parts. Section 2 introduces
the research framework and methodology, and Section 3 we present intuitionistic fuzzy entropy-based
TOPSIS with RGA techniques. Section 4 gives a numerical example of sustainable building materials
supplier selection. In Section 5, we describe the analysis and discussion of the results associated with
our approach. Finally, Section 6 presents the conclusions of the study.

2. Research Framework and Methodology

The analytic processes of the research framework consist of four stages, as shown in Figure 1:

Stage 1: Introduce the research background and review literatures and methods.
Stage 2: Begin to establish a new multi-criteria assessment model and then combine this model with
intuitionist fuzzy entropy and TOPSIS method.
Stage 3: Extend the TOPSIS method by GRA technology.
Stage 4: Discuss the results and sensitive analysis.

Section 2.1 through Section 2.3 belong to Stage 1, including a review of related methods, such as
grey relational analysis (GRA), intuitionistic fuzzy set and intuitionistic fuzzy entropy. As for Section 3
through Section 5, it belongs to other stages.

2.1. Grey Relational Analysis (GRA)

The Grey System theory was introduced to the scientific community in 1982 [72]. The goal and
application of the Grey System theory is to construct a bridge between the social sciences and the
national sciences and fill in the gaps between them. Hereby, Grey System theory is an interdisciplinary
academic field [5]. The term “grey” in the theoretical name can be interpreted as a feature between
black and white. Hereby, “black” indicates that the required information is not fully available; on
the contrary, “white” indicates that the required information is fully available. Grey system theory
establishes the connection and correlation between white and black [73].

GRA is a well-liked method for analyzing the relationship between discrete data sets. GRA is also
applied in multi-attributes cases for decision making. GRA use the information in the grey system to
dynamically quantify and compare factors. According to similarity and variability, this method of
contact establishes the relationship among the factors [74]. GRA measures the degree of association
among factors based on grey relational grade [75]. In addition, GRA calculates grey relational grade
between reference sequence and comparable sequences based on grey relational coefficient. Among
the alternatives, the highest value of grey relational grade is the best choice [76–78]. GRA is used
to access the relative proximity of each alternative to an ideal solution. According to the degree of
similarity between two alternatives, the closer the distance between the actual object and the ideal
object, the greater the correlation between the two [79].

Steps of the GRA algorithm [80–82] will be described in Section 3.



Sustainability 2019, 11, 2265 4 of 18
Sustainability 2018, 10, x FOR PEER REVIEW  4 of 17 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Analytic processes of the research framework. 

  

Stage 1 

Stage 2 

Stage 3 

Stage 4 

Step 10 

Calculate Grey Relational Grade of 
alternatives  ζ , ζ  

Calculate relative Grey Relational 
Grade with respect to IFPIS φ  

Rank the alternatives Step 11 

Step 9 

Obtain solutions about IFPIS and 

IFNIS  A , A  
Step 6 

Calculate distance measures from 

IFPIS and IFNIS  S , S  
Step 7 

Calculate Grey Relational 
Coefficient of alternatives  γ , γ  

Extending TOPSIS 

method with GRA 

techniques 

Step 8 

Determine the weight of 
criteria  

Calculate the weighted Intuitionistic 

Fuzzy decision matrix D∗ 
Step 4 Step 5 

Normalize the Intuitionistic 

Fuzzy entropy value 

Combining Intuitionistic 

Fuzzy Entropy with 

TOPSIS method 

Step 3 

Research background introduced 

and study problem defined 

A new Multi-Criteria assessment 

model constructed 

Based on literatures and 

methodologies review 

Construction of Intuitionistic 

Fuzzy decision matrix 

Calculate the Intuitionistic 

Fuzzy entropy value 
Step 1 Step 2 

Discuss the results Sensitivity analysis 

Figure 1. Analytic processes of the research framework.



Sustainability 2019, 11, 2265 5 of 18

2.2. Intuitionistic Fuzzy Sets

Intuitionistic fuzzy sets (IFSs) proposed by Atanassov in 1986, which is a suitable way to deal
with ambiguity and uncertainty. The degrees of membership, non-membership and hesitancy can be
presented in IFSs.

An IFSs A, which is in finite set X, has the form as follows:

A =
{
[x,µA(x), vA(x)] |x ∈ X

}
where the function µA(x) is the degree of membership, vA(x) is the degree of non-membership, and
µA(x), vA(x) : X→ [0, 1] , respectively. For each x ∈ X,

0 ≤ µA(x) + vA(x) ≤ 1 (1)

Another parameter of IFSs is πA(x), which is the degree of hesitancy of the intuitionistic fuzzy
index, indicating whether x belongs to A.

πA(x) = 1− µA(x) − vA(x) (2)

For each x ε X, obviously it can be seen that

0 ≤ πA(x) ≤ 1 (3)

If πA(x) is closer to 1, knowledge and information about x is more uncertain, on the contrary,
knowledge and information about x is more certain. Apparently, when µA(x) = 1 − vA(x) of all
elements in the universe, the general fuzzy set concept is restored [83].

For every A, G ∈ IFSs(x), there are several operations defined as follows [84]:

A ≤ G iif µA(x) ≤ µG(x) and vA(x) ≥ vG(x) for all x in X (4)

A = G iif A ≤ G and G ≤ A (5)

A∩G =
{
(x, min(µA(x),µG(x)), max(vA(x), vG(x)))

∣∣∣x ε X
}

(6)

A∪G =
{
(x, max(µA(x),µG(x)), min(vA(x), vG(x)))

∣∣∣x ε X
}

(7)

Assuming that A and G are IFSs of the set X, then multiplication expression is presented as
follows [1]:

A⊗G=
{
µA(x)·µG(x), vA(x) + vG(x) − vA(x)·vG(x)

∣∣∣x ε X
}

(8)

2.3. Intutionistic Fuzzy Entropy

Since Atanassov (1986) proposed the theory of IFSs, many scholars began to study the entropy
metric of IFSs from various viewpoints. The traditional entropy can measure the recognition of
attributes while applied in multi-attribute assessment model. However, on account of the IFSs entropy
represents the credibility of the data while applied in multi-attribute assessment model, the definition
of IFSs entropy is different from traditional defined entropy [84].

This paper selects the IFSs entropy measure proposed by Vlachos and Sergiadis (2007) [85]. They
generalized relative researches and yielded a new measure for entropy of IFSs. It can be articulated
as follows:

EA(A) =
{
min[µA(xi), vA(xi)] + min[1− vA(xi), 1− µA(xi)]

}
/
{
max[µA(xi), vA(xi)] + max[1− vA(xi), 1− µA(xi)]

} (9)
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3. Intuitionistic Fuzzy Entropy-Based TOPSIS with GRA Techniques

Let A = {A1, A2, . . . , Am} be a collection of alternatives and C = {C1, C2, . . . , Cn} be a collection of
criteria, the procedure of intuitionistic fuzzy entropy-based TOPSIS method with GRA techniques can
be listed as follows:

Step 1: Establishing the Intuitionistic Fuzzy Decision Matrix In this step, intuitionistic fuzzy value

dij = (µij, vij,πij) is obtained and intuitionistic fuzzy decision matrix D =
[
dij

]
m×n

is established. Here
µij and vij are degrees of membership and non-membership of the alternative Ai which satisfies the
criterion xj. And πij is the degree of hesitancy of the alternative Ai which satisfies the criterion xj.

Intuitionistic fuzzy decision matrix can be presented as follows:
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The intuitionistic fuzzy decision matrix D has m alternatives and n criteria. A denotes the
alternative and x denotes the criterion.

Step 2: Determining the Intuitionistic Fuzzy Entropy Values

In this step, measuring method introduced by Vlachos and Sergiadis (2007) is used to calculate
intuitionistic fuzzy entropy values.

Eij(xj) =
{
min

[
µij(xj), vij(xj)

]
+ min[1− vij(xj), 1− µij(xj)]

}
/
{
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[
µij(xj), vij(xj)

]
+ max[1− vij(xj), 1− µij(xj)]

} (11)
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fuzzy positive-ideal solution and 𝐴− represents intuitionistic fuzzy negative-ideal solution. Then 

A+ and 𝐴− are acquired as: 

A+ = (μA+W(x1), 𝑣A+W(x1)) and A− = (μA−W(x1), 𝑣A−W(x1)) (18) 

where 

μA+W(xj) = ( (max
i

μAiw
(xj) | j ∈ B) , (min

i
μAiw

(xj) | j ∈ C)) (19) 

𝑣A+W(xj) = ( (min
i

𝑣Aiw
(xj) | j ∈ B) , (max

i
𝑣Aiw

(xj) | j ∈ C)) (20) 

μA−W(xj) = ( (min
i

μAiw
(xj) | j ∈ B) , (max

i
μAiw

(xj) | j ∈ C)) (21) 

𝑣A−W(xj) = ( (max
i

𝑣Aiw
(xj) | j ∈ B) , (min

i
𝑣Aiw

(xj) | j ∈ C)) (22) 

Step 7: Calculate the Distance Measured from IFPIS (Solution of IFPI) and IFNIS (Solution of IFNI) 

In order to measure the distance between each alternative Ai from IFPIS and IFNIS, the intuitive 

separation measurement given by Szmidt and Kacprzyk [88] is expressed by the following calculation: 

(14)

Step 4: Determining Criteria Weights
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Not all criteria are equally important. In this step, following intuitionistic fuzzy entropy
measurement proposed by Chen and Li [86] would be used to obtain the weight vector, that w =

(w1, w2, . . . , wn), where wi ≥ 0 and
∑n

i=1 wi = 1.

wj =
1

(n−T) × (1− aj), j = 1, 2, . . . , n (15)

where aj =
∑i

d=1 edj and T =
∑j

k=1 ak. The aj represents the sum of the normalized entropy values
which corresponds to the criterion j. Then T is the sum of aj, and n represents the number of criteria.

Step 5: Constructing the Weighted Matrix of Intuitionistic Fuzzy Decision

Based on the following formula proposed by Atanassov [87], the weighted matrix of intuitionistic
fuzzy decision is constructed.

λI = (1− (1− µI)
λ, (vI)

λ), 0 < λ < 1 (16)

The weighted matrix of intuitionistic fuzzy decision can be expressed as follows:
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Step 6: Acquire the Solutions of Intuitionistic Fuzzy Positive-Ideal (IFPI) and Intuitionistic Fuzzy
Negative-Ideal (IFNI)

In the TOPSIS method, the assessment criteria can be divided into benefit criteria and cost criteria,
respectively. Let B be a set of benefit criteria and C be a set of cost criteria. A+ is intuitionistic fuzzy
positive-ideal solution and A− represents intuitionistic fuzzy negative-ideal solution. Then A+ and A−

are acquired as:

A+ = (µA+W(x1), vA+W(x1))andA− = (µA−W(x1), vA−W(x1)) (18)

where
µA+W(xj) = ((max

i
µAiw(xj)

∣∣∣j ∈ B), (min
i
µAiw(xj)

∣∣∣j ∈ C)) (19)

vA+W(xj) = ((min
i

vAiw(xj)
∣∣∣j ∈ B), (max

i
vAiw(xj)

∣∣∣j ∈ C)) (20)

µA−W(xj) = ((min
i
µAiw(xj)

∣∣∣j ∈ B), (max
i
µAiw(xj)

∣∣∣j ∈ C)) (21)

vA−W(xj) = ((max
i

vAiw(xj)
∣∣∣j ∈ B), (min

i
vAiw(xj)

∣∣∣j ∈ C)) (22)

Step 7: Calculate the Distance Measured from IFPIS (Solution of IFPI) and IFNIS (Solution of IFNI)

In order to measure the distance between each alternative Ai from IFPIS and IFNIS, the intuitive
separation measurement given by Szmidt and Kacprzyk [88] is expressed by the following calculation:

S+ =

√√√
1

2n

n∑
j=1

[
(µAiw(xj) − µA+w(xj))

2 + (vAiw(xj) − vA+w(xj))
2 + (πAiw(xj) − πA+w(xj))

2
]

(23)
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S− =

√√√
1

2n

n∑
j=1

[
(µAiw(xj) − µA−w(xj))

2 + (vAiw(xj) − vA−w(xj))
2 + (πAiw(xj) − πA−w(xj))

2
]

(24)

Step 8: Calculate Grey Relational Coefficient of Alternatives

Use the following formula to calculate the grey relational coefficient between each alternative
and IFPIS:

γ+ij = γ(A+
j , Aij)=

min
i

min
j

S(A+
j , Aij) + ρmax

i
max

j
S(A+

j , Aij)

S(A+
j , Aij) + ρmax

i
max

j
S(A+

j , Aij)
(25)

where ρ is the recognition coefficient, ρ ∈ [0, 1], generally let ρ = 0.5. And i = 1, 2, . . . , m, and j = 1, 2,
. . . , n.

Use the following formula to calculate the grey relational coefficient between each alternative
and IFNIS:

γ−ij = γ(A−j , Aij) =

min
i

min
j

S(A−j , Aij) + ρmax
i

max
j

S(A−j , Aij)

S(A−j , Aij) + ρmax
i

max
j

S(A−j , Aij)
(26)

Step 9: Calculating the Grey Relational Grade of Alternatives

Use the following formula to calculate the grey relational grade of each alternative:

ζ+i =
∑n

j=1
γ+ij ×wj and

∑n

j=1
wj = 1 (27)

ζ−i =
∑n

j=1
γ−ij ×wj and

∑n

j=1
wj = 1 (28)

Step 10: Calculating the Relative Grey Relational Grade with regard to IFPIS

Relative grey relational grade of an alternative Ai with regard to the intuitionistic fuzzy
positive-ideal solution (IFPIS) A+ can be calculated as follows:

ϕi =
ζ+i

ζ+i + ζ−i
, where 0 ≤ ϕi ≤ 1 (29)

Step 11: Sorting the Alternatives

After determining the relative grey relational grade of each alternative, alternatives are sorted in
descending order ofϕi’s. The larger value of relative grey relational grade of some alternative indicates
that it is closer to IFPIS. As a result, the most appropriate choice would be the alternative with the
highest closeness value.

4. Numerical Example of Sustainable Building Materials Supplier Selection

A housing investment and development company hopes to choose the most suitable supplier in its
development process. Five sustainable building materials suppliers have been chosen as alternatives
for further consideration and selection. Four criteria are included in the assessment, respectively, as
follows:

C1: Business credit
C2: Technical capability
C3: Quality level
C4: Price
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Step 1: Establishing the Intuitionistic Fuzzy Decision Matrix

We construct decision matrix of intuitionistic fuzzy which contains five alternatives and four
criteria. The matrix was showed as follows:
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where A denotes the alternative and C denotes the criterion. In the intuitionistic fuzzy decision
matrix, each matrix element is an IFS. For instance, in alternative A1, criterion C1 has µ, v, π of (0.712,
0.157, 0.131).

Step 2: Determining the Intuitionistic Fuzzy Entropy Values

In this step, for alternative A1 in C1, we have IFS as (0.712, 0.157, 0.131), so we calculate the
intuitionistic fuzzy entropy values as follows:

E11(x1) =
{
min[0.712, 0.157] + min[1− 0.157, 1− 0.712]

}
/
{
max[0.712, 0.157] + max[1− 0.157, 1− 0.712]

}
= 0.286

We performed the same calculation steps for the entire matrix, so the decision matrix becomes the
following one:
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Step 4: Determining the Criteria Weights

In this step, we apply the weight function to calculate the criterion weight. For example, we sue
a1 and w1. In this numerical study, n = 4. The aj represents the sum of the normalized entropy values
which corresponds to the criterion j. Then T is the sum of aj, and n represents the number of criteria.

a1 = 0.468 + 0.719 + 1.000 + 0.504 + 0.686 = 3.377,
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We do the same step for the whole matrix, so the vector aj = (a1, a2, a3, a4) = (3.377, 3.625, 4.517,
4.711). Then T and w1 can be obtained as follows.Sustainability 2018, 10, x FOR PEER REVIEW  10 of 17 
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Step 7: Calculating the Distance Measured from IFPIS (Solution of IFPI) and IFNIS (Solution of IFNI). 

According to normalized Euclidean distance, positive and negative separation measures for each 

alternative are given in Tables 1 and 2. 

Table 1. Intuitionistic distance measures from IFPIS. 

Alternatives 𝐒𝐜𝟏
+  𝐒𝐜𝟐

+  𝐒𝐜𝟑
+  𝐒𝐜𝟒

+  

A1 0.0000 0.0961 0.0020 0.0250 

A2 0.0522 0.0573 0.0234 0.0142 

A3 
A4 

0.0845 

0.0096 

0.0558 

0.0611 

0.0260 

0.0565 

0.0177 

0.0478 

A5 0.0509 0.0000 0.0320 0.0330 

  

As the same step has been done, we can get the weight vector w = (w1, w2, w3, w4) =

(0.194, 0.215, 0.288, 0.303).

Step 5: Constructing the Weighted Matrix of Intuitionistic Fuzzy Decision

Based on the formula (16) proposed by Atanassov (1999), the weighted matrix of intuitionistic
fuzzy decision is established.

In this step, for alternative A1 in C1, we have IFS as (0.712, 0.157, 0.131), so we calculate the
weighted matrix of intuitionistic fuzzy decision as follows:

w1 = 0.194
D∗11 = (µA11w1

(x1), vA11w1(x1),πA11w1(x1))

=
{
1− (1− µA11)

w1 , (vA11)
w1 , 1−

[
1− (1− µA11)

w1 ] − (vA11)
w1

}
=

{
1− (1− 0.712)0.194, (0.157)0.194, 1−

[
1− (1− 0.712)0.194] − (0.157)0.194

}
= (0.215, 0.698, 0.087)

We performed the same calculation steps for the entire matrix, so the weighted decision matrix
becomes the following one:
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Step 6: Acquiring the Solutions of Intuitionistic Fuzzy Positive-Ideal (IFPI) and Intuitionistic Fuzzy
Negative-Ideal (IFNI)

“Business credit”, “technical capability” and “quality level” are benefit criteria B = {C1, C2, C3}
and “price” is cost criteria C = {C4}. Then the solutions of intuitionistic fuzzy positive-ideal (IFPI) and
intuitionistic fuzzy negative-ideal (IFNI) were acquired as follows:

A+ =
{
(0.215, 0.698, 0.087), (0.191, 0.640, 0.169), (0.249, 0.612, 0.139), (0.238, 0.629, 0.133)

}
A− =

{
(0.139, 0.789, 0.072), (0.135, 0.751, 0.114), (0.217, 0.674, 0.109), (0.293, 0.596, 0.111)

}
Step 7: Calculating the Distance Measured from IFPIS (Solution of IFPI) and IFNIS (Solution of IFNI)

According to normalized Euclidean distance, positive and negative separation measures for each
alternative are given in Tables 1 and 2.



Sustainability 2019, 11, 2265 11 of 18

Table 1. Intuitionistic distance measures from IFPIS.

Alternatives S+c1 S+c2 S+c3 S+c4

A1 0.0000 0.0961 0.0020 0.0250
A2 0.0522 0.0573 0.0234 0.0142
A3 0.0845 0.0558 0.0260 0.0177
A4 0.0096 0.0611 0.0565 0.0478
A5 0.0509 0.0000 0.0320 0.0330

Table 2. Intuitionistic distance measures from IFNIS.

Alternatives S−c1 S−c2 S−c3 S−c4

A1 0.0845 0.0000 0.0520 0.0316
A2 0.0342 0.0392 0.0467 0.0339
A3 0.0000 0.0506 0.0342 0.0466
A4 0.0784 0.0394 0.0195 0.0100
A5 0.0675 0.0961 0.0620 0.0550

Step 8: Calculate Grey Relational Coefficient of Alternatives

Grey relational coefficients, which are calculated by Equation (25) between each alternative and
IFPIS, are given as follows:

γ+ij =


1.0000
0.4475
0.3333
0.8142
0.4535

0.3053
0.4244
0.4308
0.4088
1.0000

0.9548
0.6437
0.6191
0.4278
0.5690

0.6283
0.7488
0.7049
0.4690
0.5615


Grey relational coefficients, which are calculated by Equation (26) between each alternative and

IFNIS, are given as follows:

γ−ij =


0.3626
0.5844
1.0000
0.3802
0.4158

1.0000
0.5506
0.4873
0.5494
0.3333

0.4805
0.5072
0.5844
0.7113
0.4367

0.6033
0.5866
0.5077
0.8278
0.4664


Step 9: Calculating the Grey Relational Grade of Alternatives

Grey relational grades of alternatives calculated by the Equations (27) and (28) are given as follows:
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Relative grey relational grade calculated by Equation (29) is shown in Table 3.  
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Step 10: Calculating the Relative Grey Relational Grade with respect to IFPIS

Relative grey relational grade calculated by Equation (29) is shown in Table 3.

Table 3. Relative grey relational grade of the alternatives.

Alternatives A1 A2 A3 A4 A5

ϕi 0.5445 0.5152 0.4693 0.4411 0.6030

Step 11: Sorting the Alternatives

The relative grey relational grade was calculated and determined, and then alternatives were
sorted according to the descending order of ϕi. The five alternatives were sorted in order as A5 >

A1 > A2 > A3 > A4, as shown in Table 4. Among the five alternatives, A5 was chosen as appropriate
sustainable building materials supplier.

Table 4. The ranking of the alternatives.

Alternatives A1 A2 A3 A4 A5

Rank 2 3 4 5 1

5. Results and Discussion

In this section, findings and sensitivity analysis of this paper will be discussed. From steps 2–4
in the two stage of the research framework, the intuitionistic fuzzy entropy value of TOPSIS can
be derived, which can appropriately replace the subjective weight value set by the decision makers
in the traditional TOPSIS method. The obtained value of objective weight vector was w = (w1, w2,
w3, w4) = (0.194, 0.215, 0.288, 0.303). The implication was that the impact of each criterion on the
alternative is 19.4%, 21.5%, 28.8%, and 30.3%, respectively. Objective weights can be less biased and
truly reflect the current conditions than subjective weights. In the third stage, the intuitionistic fuzzy
entropy-based TOPSIS method was improved by using the grey relational analysis, and an intuitionistic
fuzzy entropy-based TOPSIS-GRA assessment model was established.

In addition, the principle of entropy-based TOPSIS method was used to calculate the superiority
of each alternative based on the evaluation index ϕi. Based on the new established multi-criteria
assessment model, the relative grey relational grade (ϕi) of the five alternatives were 54.45%, 51.52%,
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46.93%, 44.11%, and 60.30%, respectively. According to the ϕi values from high to low, we can rank the
alternatives in order of A5, A1, A2, A3, A4. Finally, it was determined that A5 was the optimal supplier.

It can be seen from the results that the research framework proposed in this paper has the advantage
of selecting suitable alternatives and providing decision-maker for the ranking with reference value.
Furthermore, a systematic sensitivity analysis was performed to verify the stability and robustness of
the new assessment model.

First, as described in the previous section in step 8, in addition to Equations (25) and (26) suggested
for calculating the recognition coefficient ρ, the equations also obtained a crisp value within the limits
of 0.1, 0.2, . . . , 1.0. Hereby, the sensitivity analysis of recognition coefficient ρ can be presented in
Table 5 and Figure 2.

Table 5. Sensitivity analysis of the coefficient ρ to the outcome of the alternatives.

ρ = 0.1 ρ = 0.2 ρ = 0.3 ρ = 0.4 ρ = 0.5 ρ = 0.6 ρ = 0.7 ρ = 0.8 ρ = 0.9 ρ = 1.0

A1 0.5978 0.5775 0.5627 0.5522 0.5445 0.5386 0.5340 0.5303 0.5273 0.5248
A2 0.5485 0.5333 0.5246 0.5190 0.5152 0.5124 0.5104 0.5089 0.5077 0.5067
A3 0.3845 0.4356 0.4542 0.4636 0.4693 0.4732 0.4760 0.4781 0.4799 0.4813
A4 0.3941 0.4116 0.4242 0.4337 0.4411 0.4471 0.4519 0.4560 0.4594 0.4624
A5 0.7409 0.6737 0.6396 0.6181 0.6030 0.5916 0.5826 0.5753 0.5693 0.5642

Table 5 and Figure 2 display the relative grey relational grade of the alternatives determined by
the value of the recognition coefficient ρ. It can be observed that, except for ρ = 0.1, the values of the
remaining recognition coefficients ρ did not affect the ranking of the alternatives, and continued to
maintain their starting rank, as displayed in Table 4. As the value of ρ increased, the relative grey
relational grade values of rank first to third alternatives decreased, while the values of rank fourth to
fifth increased. Figure 3 shows the relative grey relational grade of the alternatives determined by the
weight value of each criterion within the range of −50%, −40%, . . . , 40%, and 50%.
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Figure 2. Sensitivity analysis of the recognition coefficient ρ to the outcome of the alternatives.

From the perspective of selecting the optimal alternative, C2 was the sensitive factor. Regardless of
how the criterion weight changed, except C2 (see Figure 3b), the most appropriate choice remained A5.
In summary, through a series of sensitivity analysis, it is proven that the evaluation results of the new
established assessment model are reliable and effective. The stability, feasibility and effectiveness of
the new multi-criteria assessment model for a MCDM problem is verified by the practice of sensitivity
analysis of sustainable building materials suppliers.
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6. Conclusions

The main contributions of this paper can be stated as follows:

(1) The first contribution is to combine the intuitionistic fuzzy set with the TOPSIS method to become
an appropriate MCDM solution. When there is a lack of data and insufficient information, and
decision makers are in intuitionistic fuzzy environment.

(2) The second contribution is the objective weight value calculated by the intuitionistic fuzzy entropy
to replace the subjective weight that decision makers set directly in the TOPSIS method. In other
words, the objective weight of the intuitionistic fuzzy entropy is used instead of the subjective
weight, which reduces the bias that may be caused by the subjective judgment.

(3) The third contribution is to extend TOPSIS method with both GRA techniques and intuitionistic
fuzzy sets. The weighted matrix is transformed into a grey relational coefficient matrix by
introducing the grey relational coefficient, and the closeness between each alternative and the
positive-ideal solution is calculated. The closeness is used as the evaluation basis for appropriate
supplier selection.

The traditionally weighted TOPSIS method only calculates the relative distance to the ideal solution,
but ignores the curve trend and cannot accurately reflect the reality. This paper proposes a new
multi-criteria assessment model, combining GRA techniques with intuitionistic fuzzy entropy-based
TOPSIS method, for sustainable building materials supplier selection and takes the sustainable building
materials supplier as an example to verify the feasibility and effectiveness of the model by a series of
sensitivity analysis.

Intuitionistic fuzzy sets are a suitable method for dealing with uncertainty. According to
the Euclidean distance, intuitionistic fuzzy positive-ideal solution (IFPIS) and intuitionistic fuzzy
negative-ideal solution (IFNIS) were calculated. Then the grey relational coefficient, grey relational
grade and relative grey relational grade of five alternatives were obtained, and five alternatives were
sorted in descending order.

Findings of this paper contain three portions: (1) in the TOPSIS method, the value of intutionistic
fuzzy entropy can appropriately replace the subjective weight value set by the decision makers; (2)
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changes in most of the coefficient ρ values in GRA techniques do not affect the ranking result of the
alternatives; and (3) the evaluation results of the new assessment model are reliable and effective.

The entropy-based TOPSIS method integrated with intuitionistic fuzzy set and GRA techniques
has great opportunities for success in multi-criteria decision-making because it implies a relatively
objective, intuitive and vague perception of the opinions of decision makers. As a result, in the future,
the new multi-criteria assessment model can be used to handle fuzzy and uncertainties in multi-criteria
decision-making topics such as planning choices, construction options, site selection, and management
decision issues in many other areas.
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