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Abstract: Under the double pressure of global energy consumption and climate change, nuclear
power has become a low-carbon alternative energy source that could transform the energy structure
of the globe. In the nuclear power industry, selecting suitable suppliers plays a significant role in
improving the overall performance of nuclear power projects. Along with this symmetrical impact,
this paper aims to develop a multistage decision-support framework to determine the optimal nuclear
power equipment supplier, which is constructed in the context of Z-number information. Concretely,
the Analytic Network Process (ANP) and Tomada de Decisão Iterativa Multicritério (TODIM) are
extended by Z-numbers symmetrically—namely, Z-ANP and Z-TODIM. Z-ANP is first applied to
analyze the symmetrical interdependence of criteria, so as to accurately determine the criterion
weights. Further, the ranking of alternatives is obtained by Z-TODIM, which sufficiently considers the
risk preference and psychological states of decision-makers. Finally, a practical case of nuclear-grade
cable procurement in the Karachi 2-3 international nuclear power project is performed to illustrate
the practicality of the proposed method, and its robustness and superiority are proven by comparing
it with current representative approaches.
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1. Introduction

Faced with increasing environmental pollution and global warming, nuclear power is still one
of the main options for most countries to cope with global energy shortages and climate change [1].
According to the International Atomic Energy Agency (IAEA) statistics, as of July 2020 there are
441 nuclear reactors in operation worldwide, with a capacity of 390,113 MWe. Over the past five
years, the total amount of electricity supplied from the world’s reactors has increased by more than
121.42 TW.h, effectively alleviating the pressure on resources and the environment [2]. With the
flourishing development of Nuclear Power Plants (NPPs) worldwide, nuclear energy technology
exports and international cooperation in nuclear power projects have become more frequent.

Since 1955, nuclear power in China has developed well and progressed over a long period.
The success of the Hualong One nuclear power technology marks a firm step in the localization of nuclear
power equipment and technology, which has effectively promoted the overall improvement of China’s
nuclear power industry capability. In recent years, China’s nuclear power industry has been expanding,
prompting massive exports of technologies and equipment [3]. Especially with the development of the
“Belt and Road”, this trend will become more obvious in the future. However, along with the increase in
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international nuclear power cooperative items, newer and higher requirements have been implemented
for nuclear power project management and equipment design and manufacturing. The development of
the international business of nuclear power enterprises has also driven a large number of purchases
of nuclear power equipment. As an important part of nuclear power engineering, nuclear power
equipment not only guarantees the operation safety of the nuclear power plant, but also is a key factor
affecting the progress of the project [4]. In addition, the purchase cost of nuclear power equipment often
accounts for more than half of the investment cost of nuclear power engineering construction. Therefore,
it is necessary to develop an appropriate and symmetric supplier selection plan for the nuclear power
industry to select qualified nuclear power equipment suppliers and improve competitiveness.

This work aims to construct an integrated Analytic Network Process (ANP)-Tomada de Decisão
Iterativa Multicritério (TODIM) method to determine the best supplier for international nuclear
power projects. Its main contributions can be summarized as follows: Firstly, there are few studies
addressed selecting suppliers in the nuclear power industry under the Z-information environment.
Therefore, this is the first work to introduce Z-numbers in the selection of nuclear power equipment
suppliers, which can effectively deal with the uncertainty of expert preference. Secondly, in view of
the influence of the criterion symmetrical interdependence on its weight, ANP and Z-numbers are
integrated (i.e., Z-ANP) to determine the weights of the criteria. Thirdly, the TODIM is also improved
by Z-numbers, namely Z-TODIM. It is utilized to aggregate all the entire criteria to determine the
final ranking, which can comprehensively consider the risk preference and psychological state of
decision-makers [5]. Since this work contains many acronyms, a list of acronyms is provided in
Table A1 (see Appendix A) to improve readability.

The rest of this paper is structured as follows. Section 2 reviews some studies associated with
nuclear power equipment supplier selection. Section 3 introduces some basic theories of Z-numbers.
Section 4 proposes a framework for nuclear power equipment supplier selection. Section 5 provides a
case study of the Karachi 2-3 international nuclear power project in Pakistan and conducts sensitivity
and comparison analyses concerning the final ranking results. Finally, Section 6 draws conclusions.

2. Literature Review

2.1. Supplier Selection Methods

Supplier selection is one of the most important decisions in Supply Chain Management (SCM),
and the performance of the supplier directly affects the whole chain [6]; this issue has also attracted
the attention of scholars for a long time. Throughout the literature, the choice of supplier depends on
many factors, including cost, technology, quality assurance, etc. Therefore, it is usually considered
as a multi-criteria decision-making (MCDM) problem, and some symmetrical methods have been
provided to determine the best supplier from a group of alternatives [7]. For instance, Li and Wang [8]
applied the extended Qualitative Flexible Multiple (QUALIFLEX) method to solve the problem of green
supplier selection in the context of the probability hesitant fuzzy environment. Chen et al. [9] solved
the selection problem of low-carbon suppliers by using a novel Archimedean copulas and co-copulas
technique. On the basis of social and environmental perspectives, Kannan et al. [10] combined the
fuzzy best-worst method (BWM) and the interval VIsekriterijumskao ptimizacija i KOm-promisno
Resenje (VIKOR) technique to prioritize sustainable suppliers in circular supply chains.

In previous studies, most symmetrical methods of selecting suppliers were evaluated by crisp
or fuzzy numbers. These innovative studies have expanded theoretical foundations, techniques,
and practical tools for supplier selection. However, decision-makers often fail to give accurate and
reliable evaluation information because of time pressure and humans’ limited information processing
capabilities [11,12]. Therefore, some scholars have attempted to introduce uncertainty theories to
handle imprecision in many MCDM processes [13–15]. Especially, fuzzy logic and its improvements
are the most preferred [16]. For instance, Kacprzyk et al. [17] showed how fuzzy logic can be employed
to represent a fuzzy majority, which is in many cases closer to the real human perception of the very
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essence of the majority. Bates et al. [18] applied fuzzy logic to medical decision-making in intensive care
units. However, classic uncertainty theories ignore the reliability of evaluation information, which may
lead to unreasonable final ranking results. In addition, some studies have shown that information from
multiple complex sources may be confusing and unreliable [19,20]. In order to address this problem,
Zadeh [21] proposed the Z-number to describe the reliability of information, and it can better capture
the expression nature of experts. Owing to its superiority and availability, the Z-number has been
widely used in logistics service provider selection [22], economy development program selection [23],
hospital performance management [24], and so on, but its application in supplier selection is not
common yet. In this work, the Z-number is introduced to handle the uncertainty of decision-making,
in order to determine the optimal nuclear power equipment supplier.

In 1996, Saaty [25] first proposed the ANP method based on the Analytic Hierarchy Process (AHP),
which is particularly suitable for evaluation and decision-making in complex circumstances. In contrast
to many other weighting methods (eg., AHP/BWM), the ANP considered the interdependence
among criteria very well. It can effectively improve the rationality and scientificity of the criterion
weight distribution by constructing a super-matrix [26,27]. Kiani [28] analyzed the critical success
factors of sustainable project management in construction by integrating fuzzy Decision-Making and
Evaluation Laboratory (DEMATEL) with the ANP. Tian et al. [29] developed an improved ANP-TODIM
approach to resolve MCDM problems where the criterion weights are fully unknown, and it has
been successfully applied in optimal tourism attraction recommendation. Mistarihi [30] established
a decision-support framework for wheelchair design, in which the fuzzy-ANP approach is applied
to determine the importance of engineering characteristics. Although the classic or improved ANP
method has been applied in many fields and gained high recognition, few studies have captured
both the symmetrical interdependence between criteria and the reliability of evaluation information
simultaneously. Therefore, the combination of Z-numbers and ANP is meaningful and creative for the
selection of nuclear power equipment suppliers.

The basic concept of TODIM was originally proposed by Gomes et al. [31] in 2009. Given the
influence of the cognitive level and the emotional and psychological state, TODIM assumes that
decision-makers usually have limited rational rather than absolutely rational states [5,32,33]. It reflects
the behavioral characteristic of experts and has been successfully used in failure risk assessment, location
selection, and portfolio allocation [34,35]. In addition, considering that the original TODIM is not
suitable for uncertain environments, some researchers have improved it to comply with their research
questions. For instance, Krohling and Souza [36] first combined TODIM with fuzzy numbers to solve
uncertain decision-making problems. Subsequently, in order to further cope with the uncertainty in the
MCDM process, Krohling et al. [37] extended the fuzzy TODIM with Z-numbers, namely Z-TODIM.
As a direct extension of classic TODIM, they can effectively handle the fuzziness of decision-making.
However, an advantage of Z-TODIM is that it can deeply measure the reliability of evaluation
information. In the process of selecting nuclear power equipment suppliers, the psychological state of
experts and the reliability of information cannot be ignored, and thus Z-TODIM is used to rank the
alternative suppliers in this work.

2.2. Evaluation Criteria for Nuclear Power Equipment Supplier Selection

Nuclear power equipment supplier selection can be viewed as choosing the optimal alternative
based on a set of technical and economic indicators. However, very few scholars paid attention
to the selection of nuclear power equipment suppliers, except for Yang and Wu et al. [38,39]. In a
recent study, researchers focused on supplier selection in the agricultural industry [40], construction
industry [41], and manufacturing industry [42]. Nevertheless, with the restarting of global nuclear
power, the equipment suppliers of nuclear power projects have shown a large-scale growth trend
every year. Some of them still have a lot of deficiencies in product design and manufacturing; project
quality management systems and nuclear safety awareness need to be further strengthened. Therefore,
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the development of a comprehensive, scientific, and symmetrical nuclear power equipment supplier
evaluation index system has become increasingly necessary.

In the few studies available, Yang et al. [38] established a supplier evaluation system on the
ground of Daya Bay NPP, including the capability of the completing system, technology, and quality
certification system; the capability of the enterprise organization and management; and the performance
history. Based on the former, Wu et al. [39] pointed out that cost, service, reliability and credit should
also be taken into consideration comprehensively when selecting an optimal nuclear power equipment
supplier. The above literature analysis indicates that some reference criteria have been provided to
construct an indicator framework. However, the new era has put forward some new standards and
requirements for nuclear power equipment suppliers, such as environmental consciousness and the
informatization level of the enterprise. Therefore, we consulted some experts from the nuclear power
industry, the machinery industry, and economic sectors to identify the appropriate criteria as follows:

(1) Quality assurance (C1). The NPP usually consists of four parts: nuclear island, convention island,
balance of plant, and nuclear fuel assembly [38,43]. All the nuclear power equipment of them
must strictly comply with the quality standard set by IAEA, and their failure rate should be
controlled at a very low level. Once a quality safety accident occurs, suppliers should have good
after-sales service capabilities and provide corrective measures in the first place.

(2) Cost control (C2). In previous studies [44], cost was often regarded as a key factor in supplier
selection. Market surveys show that when the quality level of products or services provided by
suppliers is the same, nuclear power enterprises tend to choose suppliers with lower prices so as
to save the construction and operation costs of NPPs.

(3) Technical capacity (C3). The nuclear power industry is a high-tech industry, and the technological
level embodies the comprehensive competitiveness of nuclear power enterprises. In general,
technical capacity is positively related to quality assurance capacity, but shows a negative
correlation with the cost of production [39].

(4) Enterprise qualification (C4). The qualification of an enterprise is closely related to its financial
status, market condition, and industry influence [39,40,45]. In reality, buyers always look to
strengthening cooperation with suppliers with a higher credit reputation and industry ranking.
Hence, it is necessary to consider the qualification of candidates in the supplier selection process.

(5) Deliver capability (C5). The delivery cycle and delivery performance are the major concerns in
supplier selection [9,46]. Specifically, any delay in delivery will result in cost overruns, or even
project failure. In addition, whether it can be successfully delivered in a state of emergency should
also be considered in the selection of a nuclear power equipment supplier.

(6) Environmental consciousness (C6). In recent years, the environmental awareness of the company
and the government has gradually increased, and many nuclear power equipment suppliers
increasingly focus on efficiency, energy saving, environmental protection equipment, and Research
and Development (R & D). It has also become an important indicator to measure the corporate
social responsibility of suppliers [7,41,47].

On the basis of the above analysis, Table 1 describes the details of the nuclear power equipment
supplier selection indicator framework. B and C represent the benefit-type criteria and cost-type
criteria, respectively.

Table 1. Nuclear power equipment supplier selection criteria.

Criteria Sub-Criteria Category Related Literature

Quality assurance

Quality management capacity C11 B

[38,43]Quality certification level C12 B
Acceptance rate C13 B

Feedback and improvement C14 B

Cost control
Product price C21 C

[44,48]Quantity discount C22 B
Transportation and installation cost C23 C



Symmetry 2020, 12, 1357 5 of 22

Table 1. Cont.

Criteria Sub-Criteria Category Related Literature

Technical capacity
Technical advancement C31 B

[4,39,49]R&D capability C32 B
Technical equipment level C33 B

Enterprise qualification
Business credit status C41 B

[39,40]Market reputation C42 B
Industry ranking C43 B

Deliver capability
Delivery cycle C51 C

[9,46]Rate of delivery in time C52 B
Emergency delivery capability C53 B

Environmental
consciousness

Energy utilization ratio C61 B [7,41,50]
Energy-saving measures C62 B

3. Preliminaries

Definition 1 ([51]). Let Ã =
{(

x,µÃ(x)
)∣∣∣∣x ∈ X

}
be a fuzzy set on space X. The membership function of a

Triangular Fuzzy Number (TFN) Ã = (a1, a2, a3) is defined as Equation (1). The distance between the two
TFNsÃ′ = (a1

′, a2
′, a3

′) and Ã′′ = (a1
′′ , a2

′′ , a3
′′ ) can be calculated as Equation (2).

fÃ(x) =


x−a1
a2−a1

, a1 ≤ x < a2
a3−x
a3−a2

, a2 ≤ x < a3

0, otherwise
(1)

d
(
Ã′, Ã′′

)
=

√
1
3

[
(a1
′ − a1′′ )

2 + (a2′ − a2′′ )
2 + (a3′ − a3′′ )

2
]

(2)

where µÃ(x) : X→ [0, 1] is the degree of membership of the element x in Ã.

Definition 2 ([51]). Assume that Ã′ = (a1
′, a2

′, a3
′) and Ã′′ = (a1

′′ , a2
′′ , a3

′′ ) are TFNs, and the math
operations of them are shown below:

Ã′ ⊕ Ã′′ = (a1
′ + a1

′′ , a2
′ + a2

′′ , a3
′ + a3

′′ )

Ã′ ⊗ Ã′′ = (a1
′a1
′′ , a2

′a2
′′ , a3

′a3
′′ )

Ã′ � Ã′′ = (a1
′/a3

′′ , a2
′/a2

′′ , a3
′/a1

′′ )

λÃ′ = λ(a1
′, a2

′, a3
′) = (λa1

′,λa2
′,λa3

′),λ ≥ 0

(3)

Definition 3 ([21,52]). A Z-number Z = (A, B) is an ordered pair of regular fuzzy numbers. A is a restriction
on the values, which indicates that the uncertain variable is allowed to take. B is a measure of the reliability of A.
Let Z̃ = (Ã, B̃) be a Z-number; the component B̃ can be converted into a crisp number α, as in Equation (4).
Then, Z̃ = (Ã, B̃) can be translated into a regular fuzzy number, as in Equation (5).

α =

∫
xµB̃(x)dx∫
µB̃(x)dx

(4)

Z̃′ = {µÃ′(x) =
√
αµÃ(x), x ∈ [0, 1]} (5)

where Ã = {
(
x,µÃ(x)

)∣∣∣∣x ∈ X } and B̃ = {
(
x,µB̃(x)

)∣∣∣∣x ∈ X } are TFNs.

Definition 4 ([1,53]). In reality, linguistic variables are more convenient for decision-makers [54]. Typically,
a Z-number can be expressed in natural language, such as (good, high) and (fairly, very high). Thus, the linguistic
terms and corresponding fuzzy numbers are defined in Tables 2 and 3.
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Table 2. Linguistic terms for importance and reliability.

Linguistic Term Triangular Fuzzy Scale Triangular Fuzzy Reciprocal Scale

Just equal (1,1,1) (1,1,1)
Equal importance (EI) (1/2,1,3/2) (2/3,1,2)

Weakly importance (WI) (1,3/2,2) (1/2,2/3,1)
Moderate importance (MI) (3/2,2,5/2) (2/5,1/2,2/3)

Very importance (VI) (2,5/2,3) (1/3,2/5,1/2)
Absolutely importance (AI) (5/2,3,7/2) (2/7,1/3,2/5)

Table 3. Linguistic terms for alternative ratings.

Constraint Reliability

Linguistic Term Fuzzy Scale Linguistic Term Fuzzy Scale

Very poor (VP) (0,0,0.25) Very low (VL) (0,0,0.3)
Poor (P) (0,0.25,0.5) Low (L) (0.1,0.3,0.5)
Fairly (F) (0.25,0.5,0.75) Neutral (N) (0.3,0.5,0.7)
Good (G) (0.5,0.75,1.0) High (H) (0.5,0.7,0.9)

Very good (VG) (0.75,1.0,1.0) Very high (VH) (0.7,1.0,1.0)

Example 1. Let Z = (VI, H) be a Z-number linguistic variable which can be depicted as Z = (A, B) = (VI,
H) = [(2, 5/2, 3), (0.5, 0.7, 0.9)]. Based on Definition 3, the part B can be transformed into a crisp number α = 0.7 by
Equation (4). Then, a regular fuzzy number Z′ =

(√
0.7× 2,

√
0.7× 5/2,

√
0.7× 3

)
= (1.67, 2.09, 2.51) is obtained.

4. Methodology

Based on the previous analysis and discussion, this research proposes an integrated Z-ANP and
Z-TODIM method to select the optimal supplier in the nuclear power industry. The flowchart of
the integration approach under Z-information is shown in Figure 1. In Phase I, a network model is
established based on the symmetrical interdependence of the criteria, so as to determine the criterion
weights with Z-ANP. In Phase II, Z-TODIM is applied to obtain the ranking of alternatives. The specific
steps of the two phases are described in detail in the following sections.

4.1. Phase I Determine Criterion Weights with Z-ANP

In view of the symmetrical interdependence among the criteria or alternatives, Saaty [25] proposed
ANP to determine the criterion weights more reasonably. However, the previous studies mainly carried
out ANP in real or fuzzy environments, without considering the reliability of information [53]. In this
phase, ANP is integrated with Z-numbers, and this includes the following implementation steps.

Step 1. Construct a network model and identify the interdependence of criteria.
In this step, the symmetrical interdependence of criteria is identified by a network model. First,

relevant experts from the nuclear power industry and mechanical industry will be invited to form a
decision-making group. Next, based on the indicator framework in Table 1, the interrelations among
all the criteria are identified on the basis of expert preference.
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Step 2. Determine the fuzzy aggregated pairwise comparison matrix.
Assume that the decision group consists of K experts; since the decision-makers have their own

functions in the supplier selection, the same weights are assigned to them. First, the experts give their
preferences using Z-number linguistic variables based on the linguistic terms from Tables 2 and 3.
Next, the evaluation linguistic terms are translated into triangular fuzzy numbers using Equations (4)
and (5). Final, the fuzzy aggregated pairwise comparison matrix is determined by the arithmetic mean,
as shown below:

A =
[
ai j

]
n×n

: ai j =
(
mi j, ni j, qi j

)
=

1
k

K∑
k=1

[
âi j

]
n×n

(6)

where
[
âi j

]
n×n

is the initial fuzzy pairwise comparison matrices given by experts.

Step 3. Calculate the priority weights of criteria.
Step 3.1. The value of the fuzzy synthetic extent with respect to each element i(i = 1, 2, · · · , n) is

defined as:

Si = (mi, ni, qi) =

 n∑
j=1

ai j

⊗
 n∑

i=1

n∑
j=1

ai j


−1

=


n∑

j=1
mi j

n∑
j=1

n∑
j=1

qi j

,

n∑
j=1

ni j

n∑
j=1

n∑
j=1

ni j

,

n∑
j=1

qi j

n∑
j=1

n∑
j=1

mi j

 (7)

Step 3.2. The degree of possibility of Si = (mi, ni, qi) ≥ S j =
(
m j, n j, q j

)
is defined as:

V
(
Si ≥ S j

)
= sup

[
Min

(
µSi(x),µS j(y)

)]
(8)
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This can be transformed into:

V
(
Si ≥ S j

)
= hgt

(
Si ∩ S j

)
= µSi(d) =


1 i f ni ≥ n j
0 i f m j ≥ qi

m j−qi

(ni−qi)−(n j−m j)
otherwise

(9)

where d is the ordinate of the highest intersection of µSi and µS j , as shown in Figure 2.
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Step 3.3. The degree possibility for a convex fuzzy number to be greater than all the other n− 1
convex fuzzy numbers S j( j = 1, 2, · · · , n, j , i) can be defined by:

d(Si) = V(Si ≥ S1, S2, · · · , Si−1, Si+1, · · · , Sn) = Min
j

V
(
Si ≥ S j

)
, f or j = 1, 2, · · · , n, j , i (10)

Step 3.4. The normalized weight vector W = (w1, w2, · · · , wn)
T is obtained by normalization, as in

Equation (11). Then, we construct comparison matrices based on other criteria, so as to obtain the
weight matrix A =

[
W1, W2, · · · , Wn

]
for the main criteria by repeating the above steps.

wi =
d(Si)

n∑
i=1

d(Si)

, i = 1, 2, · · · , n (11)

Step 4. Construct the unweighted, weighted, and limit super-matrix.
The unweighted super-matrix W′ is comprised of the importance vectors of the sub-criteria. It is a

multi-block matrix where each block describes the relationship between two nodes in a network [28].
Each column in every block is a priority weight vector, which is input into the super-matrix according to
the appropriate flow of influence between nodes. Next, the unweighted super-matrix is transformed into
the weighted super-matrix Wn = AW′. Then, we normalize the weighted super-matrix to obtain Wn

′.
After that, by taking sequent powers as shown in Equation (12), the normalized weighted super-matrix
will converge into a limit super-matrix W̃. The final weights of criteria W =

(
w1, · · · , w j, · · · , wn

)
,

1 ≤ j ≤ n can also be obtained from it. The algorithmic principles are given below:

W̃ = lim
t→∞

W′2t+1
n (12)

4.2. Phase II: Rank the Alternatives with Z-TODIM

In terms of the ranking of alternative suppliers, an improved TODIM is introduced to deal with
this problem in Phase II. The basic theory of TODIM was originally produced by Gomes [31] in
2009, which comprehensively considers the influence of the cognitive level and the emotional and
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psychological state on decision-making. It is further extended by using Z-numbers in this work,
and the specific steps are shown as follows.

Step 5. Construct the fuzzy aggregated decision matrix.
This procedure is similar to Step 2, and the final fuzzy aggregated decision matrix is presented

as below:

X =
[
xi j

]
m×n

=


x11 x12 · · · x1n
x21 x22 · · · x2n

...
...

. . .
...

xm1 xm2 · · · xmn

 (13)

where
[
xi j

]
m×n

= 1
k

K∑
k=1

[
x̂i j

]
m×n

and
[
x̂i j

]
m×n

are the initial fuzzy decision matrices.

Step 6. Normalize the fuzzy aggregated decision matrix.
The fuzzy aggregated decision matrix X =

[
xi j

]
m×n

: xi j =
(
xi j, xi j, xi j

)
is transformed into fuzzy

normalized decision matrix R =
[
ri j

]
m×n

: ri j =
(
ri j, ri j, ri j

)
, as below:

ri j =
(
ri j, ri j, ri j

)
=



 max
j
(xi j)−xi j

max
j
(xi j)−min

j
(xi j)

,
max

j
(xi j)−xi j

max
j
(xi j)−min

j
(xi j)

,
max

j
(xi j)−xi j

max
j
(xi j)−min

j
(xi j)

 i f j ∈ C xi j−min
j
(xi j)

max
j
(xi j)−min

j
(xi j)

,
xi j−min

j
(xi j)

max
j
(xi j)−min

j
(xi j)

,
xi j−min

j
(xi j)

max
j
(xi j)−min

j
(xi j)

 i f j ∈ B
(14)

where B and C denote the benefit-type and cost-type criteria, as shown in Table 1.

Step 7. Calculate the relative weight.
According to the final weights of criteria W =

(
w1, · · · , w j, · · · , wn

)
, 1 ≤ j ≤ n determined from

Step 4, the relative weight w jr can be calculated as below:

w jr =
w j

wr
(15)

where wr = max
{
w j

∣∣∣ j ∈ [0, n]
}
.

Step 8. Determine the dominance of each alternative.
The dominance of alternative Pi over Pu can be calculated as below:

δ(Pi, Pu) =
n∑

j=1

Φ j(Pi, Pu) (16)

where Φ j(Pi, Pu) denotes the contribution of criterion j to function δ(Pi, Pu), and can be determined
as below:

Φ j(Pi, Pu) =



√
w jr∑n

j=1 w jr
d(ri j, ruj) i f (ri j > ruj)

0 i f (ri j = ruj)

−
1
θ

√∑n
j=1 w jr

w jr
d(ri j, ruj) i f (ri j < ruj)

(17)

where θ is the recession coefficient, and d(ri j, ruj) denotes the distance between ri j and ruj, which is
calculated by Equation (2).
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Step 9. Rank the alternatives.
The ranking of alternatives is obtained in the descending order of global value ξi, which is

calculated as below:

ξi =

m∑
u=1

δ(Pi, Pu) −min
m∑

u=1
δ(Pi, Pu)

max
m∑

u=1
δ(Pi, Pu) −min

m∑
u=1

δ(Pi, Pu)

(18)

5. Case Study and Result

Energy shortage is one of the main problems restricting the economic and social development
of countries along the Belt and Road. A typical one is Pakistan, which is located in southern Asia,
with an area of 880,254 square kilometers, bordering the Arabian Sea. At present, most of Pakistan’s
electricity is generated from natural gas and oil, which respectively account for 44% and 29%. However,
in recent years, the oil and gas resources in Pakistan have been unable to meet the needs of economic
development, and there is a large gap between the supply and demand of primary energy. Therefore,
sustainable energy (such as nuclear power and wind power) has attracted the government’s attention.
The construction of the Karachi 2–3 reactor began in 2015, with a capacity of 2340 MWe. In the choice
of its nuclear-grade cable, five suppliers (labeled as P1–P5) participated in the final bid. The case study
is performed to determine the optimal nuclear-grade cable supplier for the Karachi nuclear power
project, and the specific procedures are as follows.

5.1. Phase I: Determine Criterion Weights with Z-ANP

Step 1. Construct a network model and identify the interdependence of the criteria.
Four professionals DMk(k = 1, 2, 3, 4) engaged in the nuclear power industry, mechanical industry,

and economic arena are invited to form a decision group. Based on Table 1, expert consensus
formed the proposed network structure of the main criteria, as shown as Figure 3. The symmetrical
interdependencies of the sub-criteria are presented in Table A2 (see Appendix B), where “

√
” means

that the sub-criteria in the row have an influence on the sub-criteria in the column.Symmetry 2020, 12, x FOR PEER REVIEW 11 of 25 
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Step 2. Determine the fuzzy aggregated pairwise comparison matrix.
On the basis of Tables 2 and 3, experts use the Z-number linguistic variables for pairwise

comparison, and the original evaluation information of the main criteria is shown in Table A3
(see Appendix B). As mentioned in Example 2, the linguistic preference information from all the
decision-makers is converted into TFNs. Then, the fuzzy aggregated pairwise comparison matrix is
calculated by Equation (6), as presented in Table 4.
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Table 4. Fuzzy aggregated pairwise comparison matrix.

C1 C2 C3 C4 C5 C6

C1 (1.00,1.00,1.00) (0.55,0.86,1.20) (0.60,1.00,1.40) (0.97,1.35,1.74) (0.81,1.20,1.61) (0.99,1.39,1.79)
C2 (0.51,0.74,1.24) (1.00,1.00,1.00) (0.64,0.93,1.24) (0.89,1.29,1.69) (0.73,1.14,1.56) (1.05,1.44,1.83)
C3 (0.47,0.68,1.22) (0.55,0.73,1.01) (1.00,1.00,1.00) (0.99,1.39,1.79) (0.80,1.20,1.60) (1.05,1.48,1.92)
C4 (0.35,0.45,0.65) (0.38,0.50,0.74) (0.36,0.47,0.67) (1.00,1.00,1.00) (0.38,0.50,0.74) (0.60,1.00,1.40)
C5 (0.40,0.54,0.81) (0.45,0.63,1.04) (0.40,0.53,0.80) (0.91,1.31,1.71) (1.00,1.00,1.00) (0.95,1.33,1.71)
C6 (0.36,0.47,0.67) (0.33,0.42,0.59) (0.39,0.51,0.73) (0.47,0.68,1.22) (0.35,0.45,0.65) (1.00,1.00,1.00)

Step 3. Calculate the priority weights of the criteria.
Based on Table 4, the values of the fuzzy synthetic extent are determined using Equation (7).

Subsequently, the degree of possibility of Si ≥ S j is calculated from Equations (8) and (9), as presented
in Table 5. Then, the no-normalized weights of the main criteria are determined as d(S1) = 1.000,
d(S2) = 0.967, d(S3) = 0.992, d(S4) = 0.550, d(S5) = 0.794, and d(S6) = 0.451. Finally, the priority
weights of the six main criteria are obtained as W = (0.210, 0.203, 0.209, 0.116, 0.167, 0.095)T by
Equation (11). In the same way, the weight vectors of the other main criteria can be calculated
to determine the weighted matrix A.

Table 5. The degree of possibility of Si ≥ S j.

V(S1 ≥ S2) = 1.000 V(S1 ≥ S3) = 1.000 V(S1 ≥ S4) = 1.000 V(S1 ≥ S5) = 1.000 V(S1 ≥ S6) = 1.000

V(S2 ≥ S1) = 0.967 V(S2 ≥ S3) = 1.000 V(S2 ≥ S4) = 1.000 V(S2 ≥ S5) = 1.000 V(S2 ≥ S6) = 1.000
V(S3 ≥ S1) = 0.959 V(S3 ≥ S2) = 0.992 V(S3 ≥ S4) = 1.000 V(S3 ≥ S5) = 1.000 V(S3 ≥ S6) = 1.000
V(S4 ≥ S1) = 0.522 V(S4 ≥ S2) = 0.550 V(S4 ≥ S3) = 0.554 V(S4 ≥ S5) = 0.723 V(S4 ≥ S6) = 1.000
V(S5 ≥ S1) = 0.794 V(S5 ≥ S2) = 0.825 V(S5 ≥ S3) = 0.833 V(S5 ≥ S4) = 1.000 V(S5 ≥ S6) = 1.000
V(S6 ≥ S1) = 0.451 V(S6 ≥ S2) = 0.478 V(S6 ≥ S3) = 0.480 V(S6 ≥ S4) = 0.913 V(S6 ≥ S5) = 0.643

S1 = (4.91, 6.80, 8.73) × (26.64, 32.57, 42.94)−1 = (0.114, 0.209, 0.354),
S2 = (4.81, 6.53, 8.55) × (26.64, 32.57, 42.94)−1 = (0.112, 0.201, 0.347),
S3 = (4.87, 6.47, 8.54) × (26.64, 32.57, 42.94)−1 = (0.113, 0.199, 0.346),
S4 = (3.06, 3.92, 5.19) × (26.64, 32.57, 42.94)−1 = (0.071, 0.120, 0.211),
S5 = (4.11, 5.33, 7.08) × (26.64, 32.57, 42.94)−1 = (0.096, 0.164, 0.287),
S6 = (2.89, 3.52, 4.86) × (26.64, 32.57, 42.94)−1 = (0.067, 0.108, 0.197).

A =



0.210 0.314 0.263 0.279 0.204 0.266
0.203 0.181 0.193 0.176 0.179 0.183
0.209 0.198 0.223 0.214 0.220 0.237
0.116 0.104 0.131 0.124 0.111 0.162
0.167 0.124 0.126 0.137 0.180 0
0.095 0.079 0.064 0.070 0.106 0.152


Step 4. Construct the unweighted, weighted, and limit super-matrix.
The same procedure in the previous step is conducted to determine the symmetrical

interdependence of the sub-criteria. Similar to the main criteria, the priority weights of all the
sub-criteria can be obtained. On the basis of Algorithm 1, the unweighted super-matrix is constructed
as Table A4. By multiplying the weighted matrix of the main criteria with the unweighted super-matrix,
the weighted super-matrix is calculated is shown in Table A5. Then, we can determine the limit
super-matrix (see Table A6), and the final weights of the eighteen sub-criteria are obtained as shown in
Table 6.
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Algorithm 1. Calculate the limit super-matrix

Input: The weight matrix A =
[
W1, W2, · · · , Wn

]
and the original Z-linguistic evaluation matrices for the

sub-criteria T =
[
ti j

]
with respect to each main criterion.

Output: The limit super-matrix W̃.
(i) Generated the fuzzy aggregated pairwise comparison matrices T′ =

[
ti j
′
]
, as in Step 2.

(ii) Calculate the weight matrix a of each block by Step 3.
(iii) Construct the unweighted super-matrix W′ =

[
ai j

]
.

(iv) Calculate the weighted super-matrix Wn = AW′.
(v) Normalize the weighted super-matrix to obtain Wn

′.
(vi) Generated the limit super-matrix W̃ = lim

t→∞
W′2t+1

n .

Table 6. Weight distribution of the criteria for nuclear power equipment supplier selection.

Criteria Sub-Criteria Criteria Weight

Quality assurance

Quality management capacity C11 0.067
Quality certification level C12 0.058

Acceptance rate C13 0.062
Feedback and improvement C14 0.052

Cost control
Products price C21 0.083

Quantity discount C22 0.037
Transportation and installation cost C23 0.066

Technical capacity
Technical advancement C31 0.089

R&D capability C32 0.068
Technical equipment level C33 0.071

Enterprise qualification
Business credit status C41 0.010

Market reputation C42 0.058
Industry ranking C43 0.040

Deliver capability
Delivery cycle C51 0.052

Rate of delivery in time C52 0.046
Emergency delivery capability C53 0.062

Environmental
consciousness

Energy utilization ratio C61 0.039
Energy-saving measures C62 0.040

5.2. Phase II: Rank the Alternatives with Z-TODIM

Steps 5 and 6. Construct the normalized fuzzy decision matrix.
Experts use the Z-number linguistic variables to determine decision matrices, as presented in

Table A7 (see Appendix B), and these can be converted into initial fuzzy decision matrices using
Equations (4) and (5). The fuzzy aggregated decision matrix is obtained using Equation (13). Based on
Equation (14), the normalized fuzzy decision matrix is determined, as in Table 7.
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Table 7. The normalized fuzzy decision matrix.

P1 P2 P3 P4 P5

C11 (0.036,0.517,1.000) (0.010,0.474,0.939) (0.149,0.629,1.000) (0.068,0.517,0.870) (0.000,0.464,0.928)
C12 (0.128,0.614,1.000) (0.028,0.513,1.000) (0.123,0.558,0.792) (0.000,0.480,0.865) (0.000,0.480,0.865)
C13 (0.130,0.610,0.983) (0.032,0.470,0.810) (0.027,0.513,1.000) (0.059,0.513,0.869) (0.000,0.470,0.940)
C14 (0.000,0.439,0.879) (0.060,0.529,1.000) (0.055,0.464,0.767) (0.140,0.595,0.943) (0.110,0.504,0.701)
C21 (0.055,0.471,0.887) (0.174,0.590,1.000) (0.000,0.432,0.862) (0.000,0.461,0.917) (0.110,0.511,0.912)
C22 (0.028,0.513,1.000) (0.017,0.502,0.988) (0.000,0.469,0.938) (0.017,0.502,0.988) (0.078,0.547,0.915)
C23 (0.114,0.510,0.907) (0.190,0.600,1.000) (0.000,0.425,0.850) (0.053,0.463,0.874) (0.076,0.487,0.892)
C31 (0.060,0.529,1.000) (0.039,0.448,0.767) (0.000,0.438,0.878) (0.024,0.479,0.933) (0.145,0.555,0.767)
C32 (0.291,0.661,0.839) (0.241,0.633,0.839) (0.277,0.688,0.989) (0.000,0.419,0.843) (0.177,0.588,1.000)
C33 (0.109,0.548,0.987) (0.093,0.532,0.878) (0.119,0.559,1.000) (0.000,0.438,0.878) (0.046,0.454,0.862)
C41 (0.149,0.629,1.000) (0.026,0.506,0.987) (0.068,0.517,0.870) (0.090,0.506,0.731) (0.000,0.464,0.928)
C42 (0.148,0.660,0.936) (0.211,0.694,0.936) (0.010,0.510,0.890) (0.102,0.602,1.000) (0.000,0.493,0.872)
C43 (0.131,0.557,0.876) (0.080,0.491,0.810) (0.085,0.542,1.000) (0.000,0.410,0.820) (0.050,0.491,0.932)
C51 (0.145,0.538,0.931) (0.000,0.407,0.814) (0.167,0.561,0.949) (0.118,0.497,0.877) (0.167,0.588,1.000)
C52 (0.164,0.594,0.932) (0.000,0.441,0.886) (0.200,0.645,1.000) (0.138,0.553,0.876) (0.072,0.502,0.932)
C53 (0.183,0.591,1.000) (0.000,0.413,0.835) (0.235,0.624,0.835) (0.005,0.408,0.816) (0.145,0.539,0.849)
C61 (0.027,0.511,1.000) (0.000,0.467,0.940) (0.000,0.473,0.946) (0.065,0.473,0.685) (0.201,0.658,1.000)
C62 (0.252,0.617,0.904) (0.217,0.609,1.000) (0.183,0.548,0.913) (0.000,0.357,0.722) (0.104,0.478,0.857)

Steps 7 and 8. Calculate the relative weight and determine the overall dominance of each alternative.
Based on Equation (15), the relative weights of the criteria are determined as Wjr =

{0.753, 0.652, 0.697, 0.584, 0.933, 0.416, 0.742, 1.000, 0.764, 0.798, 0.112, 0.652, 0.449, 0.584, 0.517, 0.697, 0.438, 0.449}.
According to Equations (16) and (17), the dominance of alternative Pi over Pu is calculated as below,
and the recession coefficient θ = 1 in this work.

δ(Pi, Pu) =


0.000 −4.880 −7.851 −0.366 −5.418
−17.385 0.000 −14.487 −5.996 −10.637
−13.152 −10.382 0.000 −5.087 −7.659
−24.958 −17.585 −19.889 0.000 −14.299
−18.835 −12.853 −13.690 −8.929 0.000


Step 9. Rank the alternatives.
Following on Step 8, the global values of alternatives are obtained as ξ1 = 1.000, ξ2 = 0.485,

ξ3 = 0.695, ξ4 = 0.000, ξ5 = 0.385. Thus, the final ranking is P1 � P3 � P2 � P5 � P4, with P1 as the
best supplier.

5.3. Results and Discussion

5.3.1. Sensitivity Analysis

The values of θ reflect the characteristics of experts to avoid risks and losses, and the greater θ is,
the lower loss aversion is. In the research of Kahneman and Tversky [55], the experimental results
showed that θ generally fluctuates between 1 and 2.5. In this part, we modify the recession coefficient
to investigate the influence of θ on the ranking order of alternatives, and the variation results are
shown in Table 8. This indicates that the ranking of alternatives is exactly the same as the proposed
ranking. Therefore, the sensitivity analysis reveals that our integrated ZANP-TODIM method can
provide reliable results for the selection of nuclear power equipment suppliers.
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Table 8. Ranking of alternatives with different values of θ.

δ
θ=1 θ=1.5 θ=2 θ=2.5

ξ Ranking ξ Ranking ξ Ranking ξ Ranking

P1 1.000 1 1.000 1 1.000 1 1.000 1
P2 0.485 3 0.485 3 0.485 3 0.484 3
P3 0.695 2 0.695 2 0.696 2 0.696 2
P4 0.000 5 0.000 5 0.000 5 0.000 5
P5 0.385 4 0.385 4 0.385 4 0.385 4

5.3.2. Comparison Analysis

In order to verify the applicability and superiority of the proposed method in this work, the fuzzy
AHP-Technique for Order Performance by Similarity to Ideal Solution (TOPSIS) approach [56] and
rough BWM-Multi-Attribute Ideal Real Comparison Analysis (MAIRCA) [57] technique are compared
with our integrated ZANP-TODIM method. In the comparison analysis, the reliability constraint of
the evaluation information is excluded from consideration. The linguistic assessment information is
directly converted into fuzzy numbers and rough numbers, respectively. Then, the sorting differences
between the above MCDM methods are presented in Table 9.

Table 9. Ranking results by different MCDM methods.

Methods Ranking Orders

Fuzzy AHP-TOPSIS P1 � P5 � P3 � P2 � P4
Rough BWM-MAIRCA P1 � P3 � P5 � P2 � P4
The proposed ranking P1 � P3 � P2 � P5 � P4

As can be seen from Table 9, although the ranking order has changed to some extent, the sorting of
P1 and P4 has remained unchanged. Some minor inconsistencies have occurred between the rankings of
P3, P2, and P5. The reasons can be explained as follows: Firstly, the primary reason for the discrepancies
is that the reliability of the assessment information is ignored in the process of comparative experiments.
This not only causes information loss, but also increases the uncertainty of the results. Secondly,
the TOPSIS, MAIRCA, and TODIM have different ways of normalization, which may also cause
fluctuations in the ranking results. In addition, of the three ranking methods, only TODIM considered
the risk preference and psychological states of the experts. Finally, the symmetrical interdependence
among the criteria is not taken into account in AHP and BWM, and only about half of the evaluation
information is effectively used in the BWM method, which results in variations in the criterion weights.
Therefore, the proposed integrated ZANP-TODIM approach is more reliable and practical.

5.3.3. Discussion

In line with the increasing nuclear power export business, this study proposes an integrated
ANP-TODIM method to determine the optimal nuclear power equipment supplier with Z-number
information. The ANP method is improved by the Z-number to calculate the criteria weights,
which can effectively identify the interrelationships among criteria. The greater the criterion’s influence
on the other indicators, and the larger the weight. Based on the criterion weights, it is easy to find
the key factors affecting the selection of nuclear power equipment suppliers. Referring to Table 6,
the product price (C21) and technical advancement (C31) are significantly larger than the others.
This indicates that advanced technology and an affordable product price are the prerequisites that
affect the competitiveness of nuclear-level suppliers, while the impact of enterprise qualifications is
relatively weak. In terms of the ranking of alternatives, the extended Z-TODIM is used to obtain the
potential priorities for suppliers, and ultimately determines that P1 is the best choice. Referring to
Table 8, the ranking of alternatives has not changed with the variation in parameter θ. This shows that
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our proposed Z-TODIM is less sensitive to the risk preference of decision-makers, and is more reliable
and stable than the traditional TODIM method.

In accordance with the analysis and discussion above, it is easy to understand why ANP
and TODIM are integrated to construct a nuclear power equipment supplier selection framework.
The comparative analysis has also proven the superiority and robustness of the proposed method in
this work. However, the computational efficiency of the proposed model needs to be improved in the
future. In particular, when the decision information source is complex and there are many candidate
suppliers, the computational load of the proposed model is relatively high.

6. Conclusions, Limitation, and Future Work

With the intensification of global climate change and the exhaustion of traditional energy sources,
nuclear power is increasingly favored by many countries. However, the evaluation and selection of
suppliers is always an important issue that has plagued the implementation of nuclear power projects.
In this paper, we proposed a MCDM support framework for selecting nuclear power equipment
suppliers. Relevant research results can enrich the theoretical foundation and provide references for
nuclear power bid evaluation and engineering implementation.

From a methodological viewpoint, compared to other MCDM methods for supplier selection,
our research has the following advantages. One the one hand, the Z-number is introduced to express
the group decision information, which can well depict the reliability of evaluation information in
the decision-making process. On the other hand, the ANP and TODIM methods are extended by
Z-numbers, namely Z-ANP and Z-TODIM. Z-ANP is used to determine the importance weight of
criteria, and the ranking of alternatives is obtained by Z-TODIM, which effectively combines the
advantages of ANP and TODIM. Meanwhile, the symmetrical interdependence of criteria and the risk
preferences and psychological states of decision-makers have also been sufficiently considered in our
integrated ANP-TODIM method.

From a practical viewpoint, our research effectively identified the key influencing factors on
nuclear power equipment supplier selection, which will help decision-makers to select suitable
suppliers accurately and flexibly in the process of equipment procurement for overseas nuclear power
projects. Simultaneously, faced with the complex background of its global procurement, the proposed
support framework is conducive to formulating scientific procurement strategies for nuclear power
enterprises, thereby improving the equipment procurement capabilities of purchasers and reducing
the possibility of project failure. Furthermore, for those suppliers with poor evaluations, this study
provides a reference for improving their performance and competitiveness.

Although this research has made significant contributions to related theories and practices,
some limitations remain and need to be considered in future work; at present, we only collect data from
several experts, which limits the decision information sources. Meanwhile, the calculation cost of this
proposed integrated method is relatively high, and there is a certain amount of information loss in the
data conversion process. In the future, we will attempt to invite experts from home and abroad to form
a larger group of decision-makers to expand the data sources and application scope of our research.
In addition, we would like to conduct a deep research regarding the Z-number arithmetic rules, so as
to reduce information loss during data processing and improve the simplicity of the model operation.
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Appendix A

Table A1. List of acronyms.

Acronym Definition

ANP Analytic Network Process
TODIM Tomada de Decisão Iterativa Multicritério
IAEA International Atomic Energy Agency
NPPs Nuclear Power Plants
SCM Supply Chain Management

MCDM Multi-criteria Decision-making
QUALIFLEX Qualitative Flexible Multiple Method

BWM Best-worst Method
VIKOR VIsekriterijumskao ptimizacija i KOm-promisno Resenje

AHP Analytic Hierarchy Process
DEMATEL Decision-Making and Evaluation Laboratory

R & D Research and Development
TFN Triangular Fuzzy Number

TOPSIS Technique for Order Performance by Similarity to Ideal Solution
MAIRCA Multi-attribute Ideal Real Comparison Analysis

Appendix B

Table A2. Mutual influence concerns of sub-criteria.

C11 C12 C13 C14 C21 C22 C23 C31 C32 C33 C41 C42 C43 C51 C52 C53 C61 C62

C11
√ √ √ √ √ √ √ √ √ √

C12
√ √ √ √ √ √ √ √

C13
√ √ √ √ √ √ √ √ √ √ √

C14
√ √ √ √ √ √ √ √ √ √

C21
√ √ √ √ √ √

C22
√ √ √ √

C23
√ √ √ √ √ √ √

C31
√ √ √ √ √ √ √ √ √ √ √ √

C32
√ √ √ √ √ √ √ √ √

C33
√ √ √ √ √ √ √ √ √ √ √ √ √

C41
√ √ √

C42
√ √ √ √ √ √ √ √ √ √ √ √

C43
√ √ √ √ √ √ √ √ √ √

C51
√ √ √ √ √ √ √ √ √

C52
√ √ √ √ √ √ √ √ √ √

C53
√ √ √ √ √ √ √ √ √ √ √

C61
√ √ √ √ √ √ √ √ √ √ √

C62
√ √ √ √ √ √ √ √ √ √ √
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Table A3. The original evaluation information of the main criteria using Z-linguistic variables.

Expert Criteria C1 C2 C3 C4 C5 C6

DM1

C1 Just equal (MI, N) (WI, H) (MI, H) (WI, H) (MI, H)
C2 (MI−1, N) Just equal (MI−1, N) (WI, N) (EI, H) (MI, N)
C3 (WI−1, H) (MI, N) Just equal (MI, H) (WI, N) (MI, H)
C4 (MI−1, H) (WI−1, N) (MI−1, H) Just equal (MI−1, H) (WI, H)
C5 (WI−1, H) (EI−1, H) (WI−1, N) (MI, H) Just equal (MI, N)
C6 (MI−1, H) (MI−1, N) (MI−1, H) (WI−1, H) (MI−1, N) Just equal

DM2

C1 Just equal (EI, H) (EI, H) (WI, N) (WI, H) (WI, N)
C2 (EI−1, H) Just equal (WI, N) (WI, VH) (WI, H) (MI, N)
C3 (EI−1, H) (WI−1, N) Just equal (MI, N) (WI, VH) (WI, VH)
C4 (WI−1, N) (WI−1, VH) (MI−1, N) Just equal (WI−1, H) (EI, H)
C5 (WI−1, H) (WI−1, H) (WI−1, VH) (WI, H) Just equal (MI, N)
C6 (WI−1, N) (MI−1, N) (WI−1, VH) (EI−1, H) (MI−1, N) Just equal

DM3

C1 Just equal (WI−1, N) (EI, H) (MI, N) (WI, H) (MI, N)
C2 (WI, N) Just equal (WI, H) (MI, N) (WI, VH) (MI, H)
C3 (EI−1, H) (WI−1, H) Just equal (WI, VH) (WI, N) (MI, N)
C4 (MI−1, N) (MI−1, N) (WI−1, VH) Just equal (WI−1, H) (WI, N)
C5 (WI−1, H) (WI−1, VH) (WI−1, N) (WI, H) Just equal (WI, VH)
C6 (MI−1, N) (MI−1, H) (MI−1, N) (WI−1, N) (WI−1, VH) Just equal

DM4

C1 Just equal (EI, N) (WI, N) (WI, H) (WI, N) (WI, VH)
C2 (EI−1, N) Just equal (WI, N) (WI, H) (WI, N) (WI, H)
C3 (WI−1, N) (WI−1, N) Just equal (WI, N) (WI, H) (WI, VH)
C4 (WI−1, H) (WI−1, H) (WI−1, N) Just equal (WI−1, N) (EI, H)
C5 (WI−1, N) (WI−1, N) (WI−1, H) (WI, N) Just equal (WI, N)
C6 (WI−1, VH) (WI−1, H) (WI−1, VH) (EI−1, H) (WI−1, N) Just equal

Table A4. The unweighted super-matrix.

C11 C12 C13 C14 C21 C22 C23 C31 C32 C33 C41 C42 C43 C51 C52 C53 C61 C62

C11 0.000 0.667 0.375 0.636 0.217 0.000 0.000 0.000 0.000 0.393 1.000 0.324 0.374 0.334 1.000 0.000 0.000 0.000
C12 0.345 0.000 0.364 0.000 0.363 0.000 0.000 0.384 0.398 0.000 0.000 0.262 0.401 0.000 0.000 0.000 0.667 0.000
C13 0.362 0.000 0.000 0.364 0.216 0.000 0.000 0.311 0.386 0.341 0.000 0.241 0.225 0.333 0.000 0.000 0.333 0.435
C14 0.293 0.333 0.261 0.000 0.204 0.000 0.000 0.305 0.216 0.266 0.000 0.173 0.000 0.333 0.000 0.000 0.000 0.565
C21 0.000 1.000 0.000 0.000 0.000 0.622 0.487 1.000 0.000 0.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000
C22 0.000 0.000 0.000 0.433 0.500 0.000 0.513 0.000 0.000 0.000 0.000 0.500 0.000 0.000 0.000 0.000 0.000 0.000
C23 0.000 0.000 0.000 0.567 0.500 0.378 0.000 0.000 0.000 0.000 0.000 0.500 0.000 1.000 1.000 1.000 0.000 0.000
C31 0.000 0.361 0.614 0.500 0.343 0.000 0.000 0.000 0.717 0.691 0.000 0.334 0.464 0.000 0.502 0.575 0.321 0.520
C32 1.000 0.345 0.000 0.000 0.333 0.000 0.000 0.663 0.000 0.309 0.000 0.333 0.425 0.000 0.000 0.000 0.317 0.480
C33 0.000 0.294 0.386 0.500 0.324 0.000 0.000 0.337 0.283 0.000 1.000 0.333 0.111 1.000 0.498 0.425 0.362 0.000
C41 0.312 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.500 0.511 0.000 0.000 0.000 0.000 0.000
C42 0.333 0.528 0.500 0.000 0.458 0.000 0.000 0.348 1.000 0.000 0.534 0.000 0.489 0.000 0.484 1.000 0.651 1.000
C43 0.355 0.472 0.500 1.000 0.542 0.000 0.000 0.652 0.000 0.000 0.466 0.500 0.000 0.000 0.516 0.000 0.349 0.000
C51 1.000 0.000 0.000 0.362 0.334 0.000 0.335 0.442 0.000 0.227 0.000 0.303 0.349 0.000 0.000 0.555 0.000 0.000
C52 0.000 0.000 1.000 0.342 0.314 0.000 0.323 0.264 0.000 0.232 0.765 0.355 0.316 0.000 0.000 0.445 0.000 0.000
C53 0.000 0.000 0.000 0.296 0.352 0.000 0.342 0.294 1.000 0.541 0.235 0.342 0.335 1.000 1.000 0.000 0.000 0.000
C61 0.000 0.555 0.000 0.513 0.501 0.000 0.000 0.564 0.621 0.532 1.000 0.422 0.000 0.500 0.000 1.000 0.000 1.000
C62 0.000 0.445 1.000 0.487 0.499 0.000 0.000 0.436 0.379 0.468 0.000 0.578 1.000 0.500 0.000 0.000 1.000 0.000
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Table A5. The weighted super-matrix.

C11 C12 C13 C14 C21 C22 C23 C31 C32 C33 C41 C42 C43 C51 C52 C53 C61 C62

C11 0.000 0.168 0.099 0.134 0.068 0.000 0.000 0.000 0.000 0.153 0.279 0.090 0.127 0.077 0.228 0.000 0.000 0.000
C12 0.103 0.000 0.096 0.000 0.114 0.000 0.000 0.101 0.130 0.000 0.000 0.073 0.136 0.000 0.000 0.000 0.217 0.000
C13 0.108 0.000 0.000 0.076 0.068 0.000 0.000 0.082 0.126 0.133 0.000 0.067 0.076 0.076 0.000 0.000 0.108 0.116
C14 0.088 0.084 0.069 0.000 0.064 0.000 0.000 0.080 0.070 0.103 0.000 0.048 0.000 0.076 0.000 0.000 0.000 0.150
C21 0.000 0.244 0.000 0.000 0.000 0.622 0.289 0.193 0.000 0.000 0.176 0.000 0.000 0.000 0.000 0.000 0.000 0.183
C22 0.000 0.000 0.000 0.088 0.091 0.000 0.304 0.000 0.000 0.000 0.000 0.088 0.000 0.000 0.000 0.000 0.000 0.000
C23 0.000 0.000 0.000 0.115 0.091 0.378 0.000 0.000 0.000 0.000 0.000 0.088 0.000 0.201 0.200 0.225 0.000 0.000
C31 0.000 0.091 0.161 0.105 0.068 0.000 0.000 0.000 0.198 0.228 0.000 0.071 0.121 0.000 0.124 0.159 0.093 0.123
C32 0.298 0.087 0.000 0.000 0.066 0.000 0.000 0.148 0.000 0.102 0.000 0.071 0.110 0.000 0.000 0.000 0.092 0.114
C33 0.000 0.074 0.101 0.105 0.064 0.000 0.000 0.075 0.078 0.000 0.214 0.071 0.029 0.247 0.123 0.117 0.105 0.000
C41 0.052 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.062 0.077 0.000 0.000 0.000 0.000 0.000
C42 0.055 0.074 0.073 0.000 0.048 0.000 0.000 0.046 0.162 0.000 0.066 0.000 0.074 0.000 0.060 0.139 0.129 0.162
C43 0.059 0.066 0.073 0.116 0.056 0.000 0.000 0.085 0.000 0.000 0.058 0.062 0.000 0.000 0.064 0.000 0.069 0.000
C51 0.238 0.000 0.000 0.060 0.041 0.000 0.136 0.056 0.000 0.042 0.000 0.042 0.058 0.000 0.000 0.126 0.000 0.000
C52 0.000 0.000 0.210 0.057 0.039 0.000 0.131 0.033 0.000 0.043 0.105 0.049 0.053 0.000 0.000 0.101 0.000 0.000
C53 0.000 0.000 0.000 0.049 0.044 0.000 0.139 0.037 0.156 0.101 0.032 0.047 0.056 0.202 0.201 0.000 0.000 0.000
C61 0.000 0.063 0.000 0.049 0.040 0.000 0.000 0.036 0.049 0.050 0.070 0.030 0.000 0.060 0.000 0.133 0.000 0.152
C62 0.000 0.051 0.119 0.046 0.039 0.000 0.000 0.028 0.030 0.044 0.000 0.040 0.085 0.060 0.000 0.000 0.186 0.000

Table A6. The limit super-matrix.

C11 C12 C13 C14 C21 C22 C23 C31 C32 C33 C41 C42 C43 C51 C52 C53 C61 C62

C11 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067 0.067
C12 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058
C13 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062
C14 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052
C21 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083
C22 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.037
C23 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066
C31 0.089 0.089 0.089 0.089 0.089 0.089 0.089 0.089 0.089 0.089 0.089 0.089 0.089 0.089 0.089 0.089 0.089 0.089
C32 0.068 0.068 0.068 0.068 0.068 0.068 0.068 0.068 0.068 0.068 0.068 0.068 0.068 0.068 0.068 0.068 0.068 0.068
C33 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071
C41 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010
C42 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058
C43 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040
C51 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052 0.052
C52 0.046 0.046 0.046 0.046 0.046 0.046 0.046 0.046 0.046 0.046 0.046 0.046 0.046 0.046 0.046 0.046 0.046 0.046
C53 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062 0.062
C61 0.039 0.039 0.039 0.039 0.039 0.039 0.039 0.039 0.039 0.039 0.039 0.039 0.039 0.039 0.039 0.039 0.039 0.039
C62 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040 0.040
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Table A7. The original evaluation information for rating alternatives using Z-linguistic variables.

P1 P2 P3 P4 P5 P1 P2 P3 P4 P5

DM1

C11 (G, VH) (G, VH) (VG, H) (G, H) (G, VH)

DM2

(G, H) (G, H) (G, VH) (G, VH) (G, H)
C12 (VG, N) (G, VH) (G, VH) (VG, N) (VG, N) (G, VH) (G, H) (VG, N) (G, H) (G, VH)
C13 (G, H) (G, H) (G, H) (G, VH) (G, VH) (G, VH) (G, H) (G, VH) (G, H) (G, H)
C14 (G, VH) (G, VH) (VG, H) (G, VH) (VG, N) (G, VH) (G, VH) (G, H) (VG, H) (VG, H)
C21 (G, H) (G, N) (G, H) (G, VH) (G, H) (G, VH) (G, H) (G, VH) (G, H) (G, H)
C22 (G, VH) (G, VH) (G, H) (G, H) (G, VH) (G, H) (G, N) (G, H) (G, VH) (VG, N)
C23 (G, H) (G, N) (G, H) (G, VH) (F, VH) (G, VH) (G, H) (G, VH) (G, H) (G, VH)
C31 (G, VH) (G, H) (G, VH) (G, VH) (G, H) (G, VH) (G, H) (G, VH) (G, VH) (VG, H)
C32 (VG, H) (VG, H) (G, VH) (F, VH) (G, H) (VG, H) (VG, H) (VG, VH) (G, VH) (G, VH)
C33 (G, H) (G, VH) (G, H) (G, H) (G, N) (G, H) (G, H) (G, H) (G, N) (G, H)
C41 (G, VH) (G, VH) (G, H) (VG, N) (G, VH) (G, VH) (G, VH) (VG, N) (G, VH) (G, H)
C42 (VG, H) (VG, H) (VG, H) (G, VH) (G, H) (VG, H) (VG, H) (G, VH) (VG, N) (VG, H)
C43 (VG, H) (G, VH) (G, VH) (G, H) (G, H) (G, VH) (G, H) (G, H) (G, N) (G, VH)
C51 (G, H) (G, VH) (G, H) (G, N) (F, VH) (G, VH) (G, H) (G, VH) (G, VH) (G, VH)
C52 (G, VH) (F, VH) (VG, N) (G, H) (G, N) (VG, N) (G, H) (G, H) (G, N) (G, VH)
C53 (G, VH) (G, H) (VG, H) (G, VH) (VG, N) (G, VH) (G, H) (VG, N) (F, N) (G, VH)
C61 (G, H) (G, H) (G, VH) (VG, N) (G, H) (G, H) (G, H) (G, VH) (G, N) (VG, H)
C62 (VG, N) (G, VH) (G, H) (G, H) (G, H) (G, VH) (G, VH) (G, H) (F, N) (G, H)

DM3

C11 (G, H) (G, H) (G, H) (G, H) (G, N)

DM4

(G, VH) (G, H) (G, VH) (VG, N) (G, VH)
C12 (G, H) (G, N) (G, N) (F, VH) (F, VH) (G, VH) (G, VH) (VG, N) (G, VH) (G, H)
C13 (F, VH) (F, H) (F, H) (F, H) (F, H) (VG, H) (VG, N) (G, VH) (VG, N) (G, H)
C14 (G, N) (G, H) (G, N) (G, H) (G, N) (G, H) (G, VH) (G, H) (G, VH) (G, H)
C21 (G, N) (G, H) (G, N) (G, VH) (G, N) (G, H) (F, VH) (G, VH) (F, VH) (G, H)
C22 (G, H) (G, H) (G, H) (G, N) (G, N) (G, H) (G, VH) (G, H) (G, VH) (G, VH)
C23 (F, H) (F, VH) (F, H) (F, H) (G, H) (G, N) (F, VH) (G, VH) (G, H) (G, N)
C31 (G, H) (G, H) (G, N) (G, N) (G, H) (G, VH) (VG, N) (G, H) (G, VH) (VG, N)
C32 (G, N) (F, VH) (G, N) (F, H) (G, VH) (G, H) (G, H) (G, VH) (G, VH) (G, H)
C33 (G, N) (F, H) (G, H) (F, H) (G, N) (G, VH) (VG, N) (G, H) (G, VH) (G, H)
C41 (G, H) (G, N) (G, H) (G, N) (G, N) (VG, H) (G, VH) (G, VH) (VG, N) (G, VH)
C42 (F, VH) (G, N) (F, H) (G, H) (F, VH) (G, VH) (G, VH) (G, H) (G, VH) (G, H)
C43 (G, N) (G, N) (G, H) (G, H) (G, N) (G, H) (VG, N) (G, VH) (G, H) (G, VH)
C51 (F, H) (G, H) (F, VH) (G, N) (F, VH) (G, H) (G, VH) (G, N) (G, VH) (G, H)
C52 (G, N) (G, H) (G, VH) (G, VH) (G, N) (G, VH) (G, H) (G, VH) (VG, N) (G, VH)
C53 (G, N) (F, VH) (F, VH) (F, H) (F, H) (G, H) (F, VH) (G, H) (G, VH) (G, H)
C61 (F, VH) (F, VH) (F, H) (F, H) (G, N) (G, VH) (G, H) (G, N) (VG, N) (G, VH)
C62 (G, H) (G, N) (G, H) (F, VH) (F, VH) (G, H) (G, VH) (G, H) (G, H) (G, H)
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