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Confronting the dilemma of resource shortage and environmental pollution, the idea of circular economy
(CE) has attracted widespread attentions. To address these problems, several industrial companies have
incorporated the CE in their operation or design. In this sense, the phosphorus chemical ﬁrms (PCFs) are
promoting CE to achieve sustainable development goals since phosphorus is a non-renewable resource
and one of the nutrient elements essential for crop growth. Thus, this paper aims to ﬁnd a suitable way to
assess the performance of CE for PCFs. Firstly, the evaluation index system of CE is designed according to
the characteristics of CE for PCFs. Then, a new framework based on the qualitative ﬂexible (QUALIFLEX)
and Vlsekriterijumska Optimizacija I Kompromisno Resenje (VIKOR) methods is established to pick out
the best enterprise. The linguistic neutrosophic number (LNN) is advised to describe decision making
information with linguistic true, hesitant and false membership degree. Moreover, an entropy-based
approach is used to determine the index weights, and the VIKOR method is presented to determine
the concordance index. After that, all possible permutations are itemized, and the ranking result is obtained according to the general concordance index values of each permutation. Finally, an example of
assessing the performance of CE for PCFs in China is given to illustrate the proposed method, and its
feasibility is demonstrated. The robustness and advantage of this approach are also indicated with
sensitivity and comparison analysis. The results show that the proposed VIKOR-QUALIFLEX method is
reliable and stable for assessing the performance of CE for PCFs, and provides references for the construction and management of CE for PCFs.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
Mineral resources are the material basis of human society (Ali
et al., 2017; Laurence, 2011). With the development of economy,
resource demand is growing dramatically (Wood et al., 2017).
However, many problems occur with the traditional linear ecobre et al., 2017). For instance, the
nomic model (Calas, 2017; Le
comprehensive utilization ratio of resources is quite low, and the
phenomena of environmental pollution are widespread and
serious. As mineral resources are non-renewable, most mine enterprises prefer to detect a novel circular economy (CE) pattern to
replace the old one (Hatayama et al., 2015).
Different from the traditional linear economic model with one-
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way ﬂow, the CE model is a feedback process of “resources products - waste - renewable resources” (Kirchherr et al., 2017;
Korhonen et al., 2018). The idea of CE was ﬁrst proposed by
Boulding (1966). After that, Commoner (1971) emphasized the
abandon of linear production process, and advocated recycling
production in modern society. Meadows et al. (1972) had the idea of
the limits of the earth, and gave warnings of the development
model for pursuing the continuous growth of human society. Taking into account the drawbacks of linear economic, Pearce and
Turner (1990) advocated establishing a new economic growth
model, called closed-loop feedback circulation model. Moreover,
some international communities have actively promoted the
development of CE. The World Commission on Environment and
Development (WCED) (Adler et al., 2010) put forward the concept
of sustainable development in the report “Our Common Future”.
The primary principle of sustainable development is that not only
the needs of contemporary people should be met, but also the
developments of offspring ought to be supported without damage.
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“Agenda 21” is one of the most important documents adopted by
the United Nations Conference on Environment and Development
(UNCED) (Spangenberg et al., 2002). It clariﬁed the options and
action programs that human beings should make coordination
between environmental protection and sustainable development.
The European Commission ((EC 2011)) established the European
Resource Efﬁciency Platform (EREP) and developed a roadmap of
resource efﬁciency and conservation. In China, the “Cleaner Production Promotion Law” and “Circular Economy Promotion Law”
have been promulgated one after another.
On the basis of different scales, there are three levels of CE in
practice, including the national level, the regional level, and the
ﬁrm level (Li et al., 2010; Ma et al., 2015). Although a great many of
achievements have been made in the work of CE in recent years,
there are still some improvements that need to be made. On the
one hand, most literature focused on the evaluation of CE in ﬁrst
two levels, such as the assessments for countries (Hosseini and
Kaneko, 2011; Shmelev and Rodríguez-Labajos, 2009), provinces
(Chen et al., 2017a, b; Tsai, 2010), cities (Guo et al., 2017), and ecoindustrial parks (Pan et al., 2016; Valenzuela-Venegas et al., 2016;
Zhao et al., 2017a, b). However, enterprises, which lie in fundamental positions, play an important role in the construction of CE
system (Ma et al., 2015; Zhou et al., 2013). Therefore, it is necessary
to study the CE in enterprises. At the ﬁrm level, there are several
works in the literature evaluating the performance of CE. For
example, Zhou et al. (2013) employed the support vector machines
to evaluate the performance of CE for iron and steel enterprise. Li
and Zhao (2016) picked out a performance evaluation method for
eco-industrial thermal power plants based on fuzzy GRA-VIKOR
model. Azapagic (2004) established the evaluation index system
of sustainable development for mining and minerals industry in
detail. Yet, since the conditions of different industries are various,
these approaches may not be suitable to assess the performance of
CE for every chemical ﬁrm.
On the other hand, as a rare and strategic resource (Nesme and
Withers, 2016), phosphorus is a chief chemical raw material of
making phosphate fertilizer, phosphoric acid, yellow phosphorus,
etc. (Cooper et al., 2011; Cordell and Neset, 2014). Approximately
90% of phosphorus is applied in agriculture (Brunner, 2010).
Therefore, the scarcity of phosphorus resources is directly related to
food security and social stability (Cordell et al., 2011; Cordell and
White, 2014). Recently, the situation of global phosphorus rock
supply has become more and more grim. Several researches indicated that phosphate rock reserves would be exhausted in the next
50e100 years (Cooper et al., 2011; Cordell et al., 2011; Smit et al.,
2009), and the global phosphorus scarcity is likely to be one of
the greatest challenges in the 21st century (Cordell et al., 2011). In
order to achieve the sustainable development of phosphorus resources, lots of phosphorus chemical ﬁrms (PCFs) are beginning to
develop CE. Ma et al. (2015) constructed a phosphorus chemical
optimization model under CE, and improved the resource and
economic efﬁciency of PCFs in Wengfu Group. Li et al. (2008a, b)
proposed a backﬁlling method using phosphogypsum as ﬁlling
material, and mitigate its environmental effect in Kailin Group.
Nevertheless, so far, few experts research the performance evaluation of CE in PCFs. For these reasons, it is more urgent to ﬁnd
applicable methods to evaluate the performance of CE for several
PCFs.
The performance evaluation of CE for PCFs, which contains
various aspects including economic, technological, environmental,
managerial factors, etc., is a complex system (Wu et al., 2009).
Considering that many indexes exist in evaluation process, the
qualitative ﬂexible (QUALIFLEX) approach is more suitable to deal
with such problems (Chen et al., 2013; Liu et al., 2016). The outranking method, QUALIFLEX, is a mature and feasible decision

making method. The QUALIFLEX method supposes that there are
not completely compensable relationships among indexes. It is
more suitable for dealing with group decision making problems
where there are interactions among decision makers (DMs), or the
number of alternatives is relatively small while that of indexes is
large. It has attracted many attentions and has been applied into
many areas. Zhang (2016) suggested a hierarchical QUALIFLEX
method on the basis of closeness index to get ranks. Wang et al.
(2017a, b) combined cloud model and QUALIFLEX to assess the
green suppliers. Ji et al. (2017) proposed a QUALIFLEX and Tomada
~o Interativa Multicrite
rio (TODIM) approach to choose the
de Decisa
medical treatments. Zhang (2017) selected the optimal supplier
with a likelihood-based QUALIFLEX method under hesitant fuzzy
environment. The key step of QUALIFLEX is to determine the general concordance index. However, in traditional QUALIFLEX, the
score functions are often used to deﬁne concordance index. Maybe
other suitable measures can also be regarded as concordance index
to modify or extend the QUALIFLEX method.
Accordingly, the motivations and innovations of this paper are
listed as follows:
(1) In reality, people prefer to make evaluations by means of
linguistic phrases, such as “very good”, “good”, “bad”, etc (Li
and Zhao, 2016; Zhao et al., 2017a, b). In order to fully utilize
assessment values, linguistic neutrosophic number (LNN) is
suggested to describe decision making information. Hence,
all the membership degrees related to truth, hesitance and
false can be manifested in a LNN.
(2) There are many evaluation indicators, such as phosphorus
resource output, energy consumption and management level
(Wu et al., 2009). In this case, it may be difﬁcult for DMs to
directly determine criteria weight values, because the index
weights may be uncertain for DMs, and the aggregation
process may be complex. Therefore, an entropy-based
method corresponding to LNN is presented to determine
the weight information. It is an objective weighting method,
which can do with uncertainty and avoid the inﬂuence of
subjective factors at the same time.
(3) For selecting the best enterprise with convenience and efﬁciency, the QUALIFLEX method is an appropriate choice. In
this paper, the group utility and the individual regret are
combined as concordance index to extend conventional
QUALIFLEX. These two vital factors are included in the
Vlsekriterijumska Optimizacija I Kompromisno Resenje
(VIKOR) approach (You et al., 2015; Zhao et al., 2017a, b). The
largest advantage of VIKOR method is that it considers both
the maximization of group utility and the minimization of
individual regret (Rostamzadeh et al., 2015). However, this
method is a “choice” orientation method. That is to say, it is
intended to ﬁnd a compromise solution set for further
choice, instead of a ranking result. By contrast, QUALIFLEX is
a “rank” orientation method, so that a complete rank can be
obtained. Thus, the combined method, VIKOR-QUALIFLEX,
can not only take advantages of these two approaches, but
also avoid the disadvantages of them.
(4) As China is a great agricultural country, the consumption of
phosphorus is quite huge (Ma et al., 2015). Besides, the current situation of phosphorus resources in China is not optimistic, and the phosphorus has been regarded as a strategic
mineral resource since 2016 (The State Department, 2016).
Accordingly, this paper chooses China as an illustrative
example to assess the performance of CE for PCFs.
The aim of this paper is to propose a new framework for
assessing the performance of CE for PCFs. Firstly, the evaluation
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index system of CE for PCFs is established. After that, the evaluation
model is constructed by combining VIKOR and QUALIFLEX method,
which can solve this kind of complicated and ambiguous problem
efﬁciently. Finally, the proposed decision-making framework is
applied to assess the performance of CE for PCFs in China.
The reminders of this paper are arranged as follows: In Section
2, the evaluation index system of CE for PCFs is established. Section
3 advises a study method, which combined VIKOR and QUALIFLEX.
It consists of four stages: obtain assessment values; determine index weight vector; calculate concordance index and get the optimal
option. An example of assessing performance of CE for PCFs in
China is given in Section 4. After that, the sensitivity and comparison analysis are shown in Section 5. In the end, some related
conclusions are made.
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The phosphorus chemical industry need to consume a lot of
resources, especially phosphate rock. The less the resources consumption of per unit of industrial added value, the better the
development of CE. Consequently, it reﬂects the comprehensive
utilization of resources (Wang, 2014).
(2) Comprehensive energy consumption of per unit of industrial
added value c4
Energy including coal, electricity, etc. is essential to produce
phosphorus products. If the comprehensive energy consumption of
per unit of industrial added value is less, it indicates that the ﬁrm do
better in energy saving (Wang, 2014).
2.3. Waste recycling

2. Evaluation index system of CE for PCFs
Evaluation indexes are essential for the performance assessment of CE for PCFs (Wu et al., 2009; Zhou et al., 2013). However,
the standard evaluation index system has not been formed up to
now. According to the rules of “3R” (reducing, reusing, recycling)
and the characteristics of CE for PCFs, the evaluation index system
should not only reﬂect the speciﬁc technical features of a circular
system, but also highlight its capability in energy conservation and
emission reduction. Therefore, in order to comprehensively evaluate the performance of CE for PCFs, ﬁve main criteria, namely
phosphorus resource output, resources and energy consumption,
waste recycling, environmental protection and management level,
are chosen. The evaluation index system of CE for PCFs is shown in
Fig. 1.

A lot of wastes including solid waste, liquid waste, gas waste, etc.
are produced in phosphorus chemical industry. As they are also
resources with great value, it is worth developing and recycling.
The sub-criteria of waste recycling criteria are summarized as
follows:
(1) Solid waste recycling rate c5
Considering large amount of solid waste are produced, such as
tailings, waste stone, phosphogypsum, yellow phosphorus slag,
etc., solid waste recycling rate is an important indicator for performance evaluation of CE (Chen et al., 2017a, b; Zhou et al., 2012).
This criterion reﬂects the recycle capacity of solid waste in PCFs.
(2) Waste water recycling rate c6

2.1. Phosphorus resource output
The development of phosphate rock is located in upstream of
the industrial chain of phosphorus chemical. Advanced technology
should be adopted to reduce the loss rate and the dilution rate of
phosphate ore in the process of phosphate rock mining. The subcriteria of phosphorus resource output criteria are summarized as
follows:
(1) Loss rate of phosphate ore c1
This criterion indicates the percentage of the lost ore accounts
for reserves. The phosphate resources cannot be fully utilized due
to the loss of ore. As a result, the loss rate of phosphate ore is chosen
as an indicator (Wu et al., 2009).
(2) Dilution rate of phosphate ore c2
This criterion depicts the degree of ore grade reduced due to the
incorporation of waste rock in the mining. It makes the quality of
the ore lowered and increases handling costs. For this reason, the
indicator of dilution rate of phosphate ore is selected (Wu et al.,
2009).
2.2. Resources and energy consumption
Reduction is one of the basic principal of CE. Hence, it requires
us to achieve production goals with less resources and energy.
Thus, the resources and energy are saved during the production
process. The sub-criteria of resources and energy consumption
criteria are listed as follows:
(1) Resource consumption of per unit of industrial added value
c3

In consideration of plenty of water resources consumed in the
production process, it is necessary to choose waste water recycling
rate as an indicator (Tran et al., 2014). This criterion reﬂects the
recycle capacity of waste water in PCFs.
(3) Exhaust cycling rate c7
Since lots of exhaust gases are produced, it is needed to select
exhaust cycling rate as an indicator (Hou et al., 2012). This criterion
reﬂects the recycle capacity of exhaust in PCFs.
(4) Comprehensive utilization ratio of associated resources c8
There are a number of associated resources existing in phosphate rock, and it is regrettable to handle it as a waste. Accordingly,
selecting comprehensive utilization ratio of associated resources as
an indicator is necessary (Li et al., 2008a, b).
2.4. Environmental protection
Numerous of wastes are released in some PCFs, which would
lead to environmental pollution. Among them, solid waste, waste
water and exhaust emissions play important roles. Simultaneously,
the investment of environmental governance should be under
consideration. The sub-criteria of environmental protection criteria
are listed as follows:
(1) The solid wastes emissions of per unit of industrial added
value c9
These solid wastes not only take up a lot of land, but also cause
serious pollution to the surrounding environment (Elloumi et al.,
2017). This criterion indicates the emissions of solid wastes
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Loss rate of phosphate ore c1
Resource output
Dilution rate of phosphate ore c2
Resource consumption of per unit of
industrial added value c3

Resources and energy
consumption

Comprehensive energy consumption of
per unit of industrial added value c4
Waste water recycling rate c5
Solid wasting recycle rate c6

Waste recycling
Exhaust cycling rate c7

Performance of circular
economy for phosphorus
chemical firms

Comprehensive utilization rate of
associated resources c8
The waste water emissions of per unit
of industrial added value c9

Environmental protection

The solid waste emissions of per unit of
industrial added value c10
The exhaust emissions of per unit of
industrial added value c11
The investment of environmental
governance c12

Management level

Establishment of regulations for
Circular economy c13
Implementation of regulations for
circular economy c14

Fig. 1. The evaluation index system of CE for PCFs.

during the production for per unit of industrial added value.
(2) The waste water emissions of per unit of industrial added
value c10
The waste water contains a lot of toxic and hazardous substances, including phosphorus, ﬂuorine, sulfur, chlorine, arsenic,
alkali, uranium, etc., which are harmful to the environment (Kodera
et al., 2013). This criterion reﬂects the emissions of waste water
during the production for per unit of industrial added value.
(3) The exhaust emissions of per unit of industrial added value
c11
The exhaust during the production process of phosphorus
chemical mainly consists of CO, SO2, CO2, HF, SiF4, H3P, H2S, etc.,
which have a great damage on the environment (Jia, 2012). This

criterion reﬂects the emissions of exhaust during the production for
per unit of industrial added value.
(4) The investment of environmental governance c12
Since the importance of environmental protection has been
realized, large amount of excellent enterprises are committed to
environmental governance. Consequently, the investment of environmental governance should be considered (Wu et al., 2009).

2.5. Management level
The performance of CE for PCFs should be reﬂected in terms of
management, including establishment and implementation of
regulations for CE. The sub-criteria of management level criteria are
summarized as follows:
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(1) Establishment of regulations for CE c13
In order to maintain the progress of CE, some regulations ought
to be established and improved. Therefore, the establishment of
regulations for CE should be as an indicator (Wu et al., 2009).
(2) Implementation of regulations for CE c14
Once the regulations for CE are established, the implementation
of them is necessary. Thus, the implementation of regulations for
CE should be also as an indicator (Wu et al., 2009).
3. Research approach
A decision making method combined VIKOR and QUALIFLEX is
presented in this section. The framework is depicted in Fig. 2. More
details of each stage can be seen in subsections 3.1e3.4, respectively. (In order to facilitate readers to better understand, Table 9 in
Appendix is added to explain some nomenclatures.)
3.1. Stage 1: obtaining evaluation information
With respect to a group assessment problem, s DMs
fg1 ; g2 ; :::; gs g try to make evaluation of m options fz1 ; z2 ; :::; zm g;
and then pick out the optimal one. In the process of evaluation,
people may be accustomed to using linguistic phrases, like “very
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good” (Luo et al., 2017). For convenience, these phrases can be
contained in a linguistic term set (Xu, 2005). Besides, the linguistic
term set can be expressed as p ¼ fpb jb ¼ 0; 1; :::; 2vg; such as: P ¼
fp0 ¼ very bad; p1 ¼ bad; p2 ¼ slightly bad; p3 ¼ medium; p4 ¼
slightly good; p5 ¼ good; p6 ¼ very goodg. After Xu (2005) deﬁned
the operations and comparison methods related to linguistic variables, many linguistic extensions are developed (Khishtandar et al.,
2017; Liao et al., 2017; Wang et al., 2017a, b).
The evaluation information is obtained with the following steps:
Step 1: Assessing alternatives with linguistic neutrosophic
numbers (LNNs).
Lately, a new extension, called LNNs, is put forward by Fang and
Ye (2017). A linguistic neutrosophic number (LNN) can be denoted
as B ¼ ðbT ; bI ; bF Þ; where bT ; bI and bF are three independent linguistic phrases to express the linguistic truth-membership degree
bT ; linguistic indeterminacy-membership degree bI and linguistic
falsity-membership degree bF ; respectively. For example, the descriptions of three membership degrees with linguistic phrases
“bad”, “good” and “very good” can be replaced by.B ¼ ðp1 ; p5 ; p6 Þ:
Suppose B1 ¼ ðbT1 ; bI1 ; bF1 Þ and B2 ¼ ðbT2 ; bI2 ; bF2 Þ are two LNNs,
then the operational rules are


 

B1 4B2 ¼ bT1 ; bI1 ; bF1 4 bT2 ; bI2 ; bF2 ¼


bT

T1 T2
1 þT2  2v


; bI1 I2 ; bF1 F2 ;

Stage 2:
Determine index weight vector

Assess alternatives with LNNs

Calculate the score functions

Construct LNNs-based matrix

Calculate the entropy

Normalize decision making matrix

Obtain the weight values

Stage 3:
Calculate concordance index based on VIKOR

Determine the negative
ideal solution

Calculate the
Hamming distance

Obatin the group utility
value
Obtain the individual
regret value

Calculate the
concordance index

Stage 4:
Get ranking result based on QUALIFLEX
Itemize possible permutations

2v

(1)

Stage 1:
Obtain evaluation information

Determine the positive
ideal solution

2v

Calculate the general concordance index

Fig. 2. The framework of the VIKOR-QUALIFLEX method.

Obtain the rank
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B1 5B2 ¼ bT1 ; bI1 ; bF1 4 bT2 ; bI2 ; bF2


¼ bT1 T2 ; bI þI I1 I2 ; bF þF F1 F2 ;
2v

1

2

1

2v

2


g
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B1 ¼ bT1 ; bI1 ; bF1

¼ b T1 g ; b
2v

2v

2v2v

2v



2v
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 ;b

g
I
12v1
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Kij ¼ K Bij

/
/
/
/
/
/
/
/

ðg > 0Þ;

(3)


g ðg > 0Þ:

(4)

2v



2v2v

F
1 2v1

3
B1m
B2m 7
7
« 5
Bnm

3
bT1m ; bI1m ; bF1m 
bT2m ; bI2m ; bF2m 7
7:
5
«


bTnm ; bInm ; bFnm

Step 3: Normalizing decision making matrix.
On account of several cost indexes, some conversions need to be
used by following formula (Liang et al., 2017):

9
bcTij ¼ bT2vij >
=
bcIij ¼ bI2vij
:
>
bcFij ¼ bF2vij ;

(5)

Thus, the normalized decision making matrix is denoted as.
H c ¼ ðBcij Þnm ¼ ðbcTij ; bcIij ; bcFij Þnm :
3.2. Stage 2: determining index weight vector
To make assessment of an option, many indexes may be taken
into account. In most cases, the importance or weight of each index
is not equal. Therefore, an algorithm to determine index weight
vector on the basis of entropy is proposed.
Entropy theory presented by Shannon is used to measure the
amount of information (Shannon, 1948). If the entropy of an evaluation index is smaller, it indicates that this index carries more
information, and has a greater impact on ﬁnal results. Entropybased method is an objective method through calculating index
weight, which can avoid the inﬂuence of subjective factors (Zhao
et al., 2017a, b). The calculation steps are as follows:
Step 1: Calculating the score functions.
Calculate the score function KðBij Þ (Fang and Ye, 2017) ði ¼ 1; 2;
:::; n; j ¼ 1; 2; :::; mÞ of each LNN in the comprehensive decision
matrix with the following formula:

  

K Bij ¼ 4v þ Tij  Iij  Fij ð6vÞ;

(7)



,

m
X
 
K Bij :

(8)

j¼1

LNNs have a good feature of retaining original information as
much as possible (Liang et al., 2018). Hence, the total evaluation
information of all professionals under n indexes fc1 ; c2 ; :::; cn g is
described by means of LNNs in this study.
Step 2: Constructing LNNs-based matrix.
Then, all of the evaluation information with LNNs is contained in
a general decision making matrix as follows:

2
B11
6 B21
 
6
H ¼ Bij nm ¼ 4
«
Bnm

2
bT11 ; bI11 ; bF11 
6 bT ; bI ; bF
21
21
21
¼6
4
«


bTn1 ; bIn1 ; bFn1

m
1 X
K ln Kij ;
ln m j¼1 ij

2v



gB1 ¼ g bT1 ; bI1 ; bF1


 T g ; b I g ; b F g
¼ b
1
1
1
2v2v 1 2v

Yi ¼ 

(6)

Step 2: Calculating the entropy.
Calculate the entropy Yi ði ¼ 1; 2; :::; nÞ of each row with the
following formulas:

Step 3: Obtaining the weight values.
Calculate the weight values of each index ci ði ¼ 1; 2; :::; nÞ with
the following formula:

,

ui ¼ ð1  Yi Þ

n
X

ð1  Yi Þ:

(9)

i¼1

3.3. Stage 3: calculating concordance index based on VIKOR
Opricovic and Tzeng (2004) ﬁrstly presented the VIKOR method.
The basic idea of VIKOR method is to pursue the maximization of
group beneﬁt and the minimization of individual regret. The rank is
obtained through identifying the ideal solutions, and then calculating the group utility value, the individual regret value and the
compromise solution. It is applicable for DMs who prefer to
maximize proﬁt.
The algorithm of calculating concordance index is shown as
follows:
Step 1: Determining the positive and negative ideal solutions.
Determine the positive ideal solution Bþ
¼ ðbT þ ; bIþ ; bF þ Þ and
i
i
i
i



negative ideal solution B
i ¼ ðbTi ; bIi ; bFi Þ of each row.
The size of two LNNs is determined by the score function KðBij Þ
(Equation (2)) and the accuracy function FðBij Þ (Equation (6)) (Fang
and Ye, 2017). Suppose B1 ¼ ðbT1 ; bI1 ; bF1 Þ and B2 ¼ ðbT2 ; bI2 ; bF2 Þ are
two random LNNs, if KðB1 Þ < KðB2 Þ, then B1 3B2 ; if KðB1 Þ ¼ KðB2 Þ
and FðB1 Þ < FðB2 Þ; then B1 3B2 ; if KðB1 Þ ¼ KðB2 Þ and FðB1 Þ ¼ FðB2 Þ,
then B1  B2 :

  

F Bij ¼ Tij  Fij ð2vÞ;

(10)

Step 2: Calculating the Hamming distance.
Calculate the Hamming distance between each LNN (Liang et al.,
2017) and the corresponding positive ideal solution in same line
with the following formula:




1
Tij  Tiþ þ Iij  Iiþ þ Fij  Fiþ ;
¼
d Bij ; Bþ
i
6v

(11)

Step 3: Obtaining the group utility and individual regret
values.
Calculate the group utility value Uj and individual regret value
Rj ðj ¼ 1; 2; :::; mÞ of each option with the following formulas:



n ui d Bþ ; Bij
X
i
 ;

Uj ¼
þ 
i¼1 d Bi ; Bi

(12)

9

8
<ui d Bþ ; Bij =
i
 ;

Rj ¼ max
i : d Bþ ; B ;
i
i

(13)

Step 4: Calculating the concordance index.
Calculate the concordance index of option zj ðj ¼ 1; 2; :::; mÞ over
option zk ðk ¼ 1; 2; :::; mÞ with the following formula:
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CIjk ¼ l

Uk  Uj
Rk  Rj
þ ð1  lÞ þ
;
þ

Uj  Uj
Rj  R
j

(14)

where Ujþ ¼ maxðUj Þ; Uj ¼ minðUj Þ; Rþ
¼ maxðRj Þ; R
ðRj Þ;
j ¼ min
j
j
j
j
j
and l2½0; 1 is a decision making mechanism coefﬁcient.
3.4. Stage4: Getting ranking result based on QUALIFLEX
Utilizing the concordance index, a ranking order can be obtained
based on QUALIFLEX. It is especially applicable and effective when
the number of indexes distinctly exceeds the number of alternatives in a decision making problem.
The detailed steps are displayed as follows (Ji et al., 2017):
Step 1: Itemizing possible permutations.
Itemize m! possible permutations, denoted as rp ¼ ð:::; zj ; :::; zk ;
:::Þ, where option zk is no better than option zj ; and p ¼ 1; 2; :::; m!.
Step 2: Calculating the general concordance index.
Calculate the general concordance index in each permutation
with the following formula:

CIp ¼

m!1
X

m!
X

CIjk ðp ¼ 1; 2; :::; m!Þ:

(15)

j¼1 k¼jþ1

Step 3: Obtaining the rank.
Obtain the rank in line with the values of CIp ðp ¼ 1; 2;:::;m!Þ. The
bigger the values of CIp ; the better the permutation. rp :
4. Case study
In this section, the proposed VIKOR-QUALIFLEX method is
applied to assess the performance of CE for PCFs in China. First, the
current situation of China’s phosphorus chemical industry is
analyzed. Then, an illustrative example is presented to demonstrate
the applicability of this approach.
4.1. The current situation of China’s phosphorus chemical industry
(1) Characteristic of phosphate rock
The development of phosphate rock is the basis of phosphorus
chemical industry. According to statistics from the United States
Geologic Survey (USGS) in 2013 (Van Kauwenbergh et al., 2013), the
phosphate rock mainly distributes over four countries, namely
Morocco and Western Sahara, China, Algeria and Syria, which is up
to 87% of global reserves. After Morocco, China has the secondhighest reserves of phosphate rock all over the world.
The phosphate rock reserves from 2006 to 2015 in China are
demonstrated in Fig. 3 (NBSPRC, 2016). Even though the large
consumption of phosphorus resources lead to its decrease with
time, phosphate rock reserves is rising slightly with numerous new
phosphorus orebody explored. Fig. 3 also describes the per capita
availability of phosphate rock. Since China has a large population,
the per capita availability of phosphate rock is still low.
The distribution of phosphate rock is unbalanced (see Fig. 4),
and mainly occurs in Guizhou, Hubei, Sichuan and Yunnan province
(NBSPRC, 2016). Speciﬁcally, they are concentrated in Wengfu and
Kaiyang in Guizhou province, Yichang, Huji and Baokang in Hubei
province, Jinhe - Qingping and Mabian in Sichuan province, and
Dianchi in Yunnan province (Jia, 2012).
In addition, lots of orebody are inclined and thin or medium
heavy. These deposit conditions have greatly increased the
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difﬁculty of mining. It is likely to bring a lot of problems, such as
high dilution rate, great loss rate, expensive production costs.
Therefore, the situation of phosphorus resources in China is not
optimistic.
(2) Resource recovery of phosphate rock
Phosphate rock can be processed into many products. Most of
phosphate rock in China is used to produce phosphate fertilizer (Jia,
2012). However, a large amount of phosphorus has not been utilized adequately as well. Besides, the phosphorus over standard
may have great negative effect on the ecological environment, such
as water eutrophication.
Wastes produced from mining and processing of phosphate
rock, including waste stone, phosphogypsum, yellow phosphorus
slag, waste water, exhaust gas, etc., are also useful resource. However, owing to the factors of technique or cost, they are not fully
utilized in China. On the contrary, some of them are discharged
directly, which bring a great threat to the ecological environment
and public safety. In addition, some associated resources, such as
iodine, ﬂuorine, magnesium, molybdenum, etc., are also included in
phosphate rock. At present, most of PCFs in China mainly focus on
the development of phosphorus, the comprehensive utilization
ratio of associated resources is still low, which leads to a great
waste.
In order to improve the resource recovery rate of phosphate
rock, it is necessary to develop a CE for PCFs in China. The utilization
model of phosphorus resources has been greatly changed, as shown
in Fig. 5 (Li and Jia, 2006). Some measures have been conducted,
such as the improvements of production technology, comprehensive utilization of waste, recycling of resources, management of the
environment, etc. On account of the differences in the development
pattern of CE for different enterprises, it is needed to establish a CE
evaluation system for PCFs in China.

4.2. An illustrative example
In this subsection, the performance of CE for four PCFs (denoted
as z1 ; z2 ; z3 and z4 ) in China is assessed by using proposed VIKORQUALIFLEX method. These four PCFs demonstrate a favorable performance of CE. The developmental pattern of them can enhance
the resource recovery rate of phosphate rock and reduce environmental problems. Accordingly, the mutual beneﬁts of economy and
environment can be obtained, which indicate typical characteristics
of CE for PCFs. The speciﬁc calculation steps to select the best one
from these four enterprises are presented below.
In stage 1: A group of professionals were invited to evaluate the
performance of CE for four companies with LNN. After in-depth
investigations and heated discussions, the initial assessment matrix was indicated in Table 10 (See Appendix). Then, the normalized
assessment matrix was calculated by Equation (1), which was listed
in Table 1.
In stage 2: At ﬁrst, the values of score function KðBij Þ were
calculated based on Equation (2), as depicted in Table 11 (See
Appendix). Then, the entropy values Yi and the weight values wi of
each index ci were calculated by using Equations (3)e(5), as shown
in Table 2.
þ þ
In stage 3: Firstly, the positive ideal solution Bþ
¼ ðbþ
Ti ; bIi ; bFi Þ
i
 ; b ; b Þ of each row were
¼
ðb
and the negative ideal solution B
Ti
Ii
Fi
i
determined, as shown in Table 12 (See Appendix). Then, the distance between each LNN and the corresponding positive ideal solution in same row were obtained using Equation (7), as listed in
Table 13 (See Appendix). After that, the group utility value Uj and
individual regret value Rj were calculated on the basis of Equations
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(8) and (9), as presented in Table 3. Finally, suppose l ¼ 0:5; the
concordance index was derived with Equation (10), as shown in
Table 4.
In stage 4: All 24 possible permutations were itemized:
r1 ¼ ðz1 ; z2 ; z3 ; z4 Þ;
r2 ¼ ðz1 ; z2 ; z4 ; z3 Þ;
r3 ¼ ðz1 ; z3 ; z2 ; z4 Þ;
r4 ¼ ðz1 ; z3 ; z4 ; z2 Þ;
r5 ¼ ðz1 ; z4 ; z2 ; z3 Þ;
r6 ¼ ðz1 ; z4 ; z3 ; z2 Þ;
r7 ¼ ðz2 ; z1 ; z3 ; z4 Þ; r8 ¼ ðz2 ; z1 ; z4 ; z3 Þ; r9 ¼ ðz2 ; z3 ; z1 ; z4 Þ; r10 ¼ ðz2 ;
z3 ; z4 ; z1 Þ;
r11 ¼ ðz2 ; z4 ; z1 ; z3 Þ;
r12 ¼ ðz2 ; z4 ; z3 ; z1 Þ;
r13 ¼ ðz3 ; z1 ; z2 ; z4 Þ;
r14 ¼ ðz3 ; z1 ; z4 ; z2 Þ;
r15 ¼ ðz3 ; z2 ; z1 ; z4 Þ;
r16 ¼ ðz3 ; z2 ; z4 ; z1 Þ;
r17 ¼ ðz3 ; z4 ; z1 ; z2 Þ;
r18 ¼ ðz3 ; z4 ; z2 ; z1 Þ;
r19 ¼ ðz4 ; z1 ; z2 ; z3 Þ;
r20 ¼ ðz4 ; z1 ; z3 ; z2 Þ;
r21 ¼ ðz4 ; z2 ; z1 ; z3 Þ;
r22 ¼ ðz4 ; z2 ; z3 ; z1 Þ; r23 ¼ ðz4 ; z3 ; z1 ; z2 Þ; r24 ¼ ðz4 ; z3 ; z2 ; z1 Þ: Then,
the general concordance index of each permutation was calculated
with Equation (11), as shown in Table 5. Since CI8 ¼ 3:6316 is the
largest value, then the rank is z2 _z1 _z4 _z3 ; and the optimal option is. z2 :
5. Sensitivity and comparison analysis
In this section, sensitivity and comparison analysis are provided

to reveal the robustness, effectiveness and highlights of the presented approach.
5.1. Sensitivity analysis
In stage 4 of the research approach, a parameter l is introduced
to coordinate the group utility and the individual regret (see
Equation (10)). Generally, a consensus decision making mechanism
is adapted, and l ¼ 0:5 is made from an equilibrium point of view.
However, the value of l may be various for different experts or
groups. When DMs highlight the maximization of group utility, the
value of this parameter will become larger, and 0:5  l  1: On the
contrary, a small l will be given when DMs has emphasize on the
minimization of individual regret, and 0  l  0:5: The value of l
affects the value of concordance index, and the concordance index
has a decisive role in obtaining rank. Consequently, it is necessary
to analyze the effects of this parameter l on ranking orders. Fig. 6
describes the results of the proposed method using different l
values when 0  l  0:5: Fig. 7 illustrates the results of the proposed method with different l values when 0:5  l  1:
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Table 1
Normalized assessment matrix.Hc

Table 4
The concordance index.CIjk

Hc

z1

z2

z3

z4

CIjk

z1

z2

z3

z4

c1
c2
c3
c4
c5
c6
c7
c8
c9
c10
c11
c12
c13
c14

ðp4 ; p3 ; p2 Þ
ðp3 ; p2 ; p3 Þ
ðp2 ; p3 ; p1 Þ
ðp4 ; p1 ; p1 Þ
ðp5 ; p3 ; p2 Þ
ðp5 ; p1 ; p4 Þ
ðp3 ; p1 ; p2 Þ
ðp3 ; p1 ; p3 Þ
ðp4 ; p2 ; p3 Þ
ðp3 ; p1 ; p2 Þ
ðp5 ; p1 ; p2 Þ
ðp4 ; p2 ; p5 Þ
ðp3 ; p2 ; p1 Þ
ðp4 ; p3 ; p1 Þ

ðp5 ; p4 ; p2 Þ
ðp5 ; p1 ; p1 Þ
ðp4 ; p3 ; p1 Þ
ðp4 ; p2 ; p1 Þ
ðp4 ; p3 ; p4 Þ
ðp3 ; p2 ; p4 Þ
ðp5 ; p1 ; p2 Þ
ðp5 ; p2 ; p1 Þ
ðp4 ; p2 ; p4 Þ
ðp4 ; p3 ; p1 Þ
ðp4 ; p2 ; p2 Þ
ðp5 ; p1 ; p1 Þ
ðp4 ; p3 ; p2 Þ
ðp2 ; p2 ; p1 Þ

ðp5 ; p1 ; p1 Þ
ðp4 ; p1 ; p3 Þ
ðp3 ; p3 ; p2 Þ
ðp5 ; p2 ; p4 Þ
ðp3 ; p5 ; p2 Þ
ðp4 ; p4 ; p3 Þ
ðp5 ; p3 ; p5 Þ
ðp5 ; p3 ; p2 Þ
ðp4 ; p3 ; p5 Þ
ðp5 ; p1 ; p1 Þ
ðp5 ; p1 ; p2 Þ
ðp3 ; p4 ; p4 Þ
ðp5 ; p2 ; p1 Þ
ðp4 ; p1 ; p3 Þ

ðp4 ; p2 ; p4 Þ
ðp5 ; p3 ; p1 Þ
ðp5 ; p4 ; p3 Þ
ðp3 ; p1 ; p2 Þ
ðp2 ; p4 ; p1 Þ
ðp4 ; p1 ; p1 Þ
ðp3 ; p3 ; p2 Þ
ðp4 ; p2 ; p4 Þ
ðp4 ; p3 ; p3 Þ
ðp5 ; p4 ; p4 Þ
ðp3 ; p2 ; p4 Þ
ðp2 ; p4 ; p1 Þ
ðp5 ; p1 ; p1 Þ
ðp4 ; p3 ; p2 Þ

z1
z2
z3
z4

e
0.1860
0.8140
0.6316

0.1860
e
1
0.8176

0.8140
1
e
0.1824

0.6316
0.8176
0.1824
e

Table 2
The entropy values Yi and weight values.ui

Yi

ui

Yi

ui

c1

c2

c3

c4

c5

c6

c7

1.2503
0.0713

1.2523
0.0719

1.2589
0.0737

1.2582
0.0735

1.2509
0.0715

1.2451
0.0698

1.2487
0.0708

c8

c9

c10

c11

c12

c13

c14

1.2547
0.0726

1.2560
0.0729

1.2475
0.0705

1.2485
0.0708

1.2234
0.0636

1.2551
0.0727

1.2610
0.0743

Table 3
Group utility Uj and individual regret.Rj

Uj
Rj

That is to say, the ranking result is insensitive to the l values when
using the decision making method combined VIKOR and QUALIFLEX in this case. The sensitivity analysis validated the robustness
of the proposed method in a certain degree.
5.2. Comparison analysis
Several existing related decision making methods, i.e. aggregation operators (Fang and Ye, 2017), VIKOR and QUALIFLEX, are
compared with the combined VIKOR-QUALIFLEX method in this
subsection.
Firstly, the linguistic neutrosophic weighted arithmetic averaging
(LNWAA) operator and the linguistic neutrosophic weighted geometric averaging (LNWGA) operator are used to get the ranking
order through resolving the same problem, respectively. Used the
LNWAA operator, the total assessments of CE performance in four
wa
enterprises are TAwa
1 ¼ ðs3:72 ; s1:76 ; s2:26 Þ; TA2 ¼ ðs4:25 ; s2:22 ; s1:87 Þ;
wa
wa
TA3 ¼ ðs4:33 ; s2:35 ; s2:49 Þ and TA4 ¼ ðs3:87 ; s2:47 ; s2:20 Þ: Because
wa
wa
wa
KðTAwa
2 Þ > KðTA1 Þ > KðTA3 Þ > KðTA4 Þ; the rank z2 _z1 _z3 _z4 is
wg

z1

z2

z3

z4

0.5293
0.0908

0.4557
0.0743

0.7884
0.1838

0.7776
0.1474

As shown in Figs. 6 and 7, the ultimate ranking results are
consistent. The trends of the general concordance index for each
permutation in both ﬁgures are also similar. The optimal permutation is always r8 for different l values, and the rank is
z2 _z1 _z4 _z3 in two ﬁgures. It means that although DMs
considered different degrees of group utility and individual regret,
they all regarded r8 as the best result, and z2 as the optimal option.

obtained. However, if the LNWGA operator is used, then TA1 ¼ ðs3:71 ;
s1:74 ; s2:45 Þ;
wg

wg
TA2

¼ ðs4:37 ; s2:22 ; s2:09 Þ;

wg
TA3

¼ ðs4:34 ; s2:66 ; s2:91 Þ and

TA4 ¼ ðs3:74 ; s2:65 ; s2:49 Þ: And the ranking order is z2 _z1 _z4 _z3
wg

wg

wg

wg

with. KðTA2 Þ > KðTA1 Þ > KðTA4 Þ > KðTA3 Þ:
Secondly, only the VIKOR method based on LNN is used to get
the rank directly. Since U2 ð0:4557Þ < U1 ð0:5293Þ < U4 ð0:7776Þ
< U3 ð0:7884Þ0z2 _z1 _z4 _z3 ; since R2 ð0:0743Þ < R1 ð0:0908Þ
< R4 ð0:1474Þ < R3 ð0:1838Þ0z2 _z1 _z4 _z3 ; Furthermore, the
compromise

values

of

each

option

are

U1 U 

CV1 ¼ l U þ Uj þ
j

ð1 

R R
lÞ Rþ1 Rj
j
j

¼ 0:1860;

CV2 ¼ 0;

CV3 ¼ 1

and

j

CV4 ¼ 0:8176
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Table 5
The general concordance index of each permutation.
CI1

CI2

CI3

CI4

CI5

CI6

CI7

CI8

CI9

CI10

CI11

CI12

2.8948

3.2596

0.8948

0.7404

1.6244

0.3756

3.2668

3.6316

1.6388

0.3756

2.3684

0.7404

CI13

CI14

CI15

CI16

CI17

CI18

CI19

CI20

CI21

CI22

CI23

CI24

0.7332

2.3684

0.3612

1.6244

3.6316

3.2596

0.3612

1.6388

0.7332

0.8948

3.2668

2.8948
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Fig. 6. Concordance index when 0  l  0:5

(suppose l ¼ 0:5). As CV2 ð0Þ < CV1 ð0:1860Þ < CV4 ð0:8176Þ
< CV3 ð1Þ; the rank is. z2 _z1 _z4 _z3 :
Finally, only the QUALIFLEX method based on LNN is used to
obtain the ranking order. The concordance index is redeﬁned as
P
CNjk ¼ ni¼1 ðKðBij Þ  KðBik ÞÞui . Then, the concordance index was
calculated as shown in Table 6.
The total concordance index of each permutation can be summarized in Table 7. Since CN7 ¼ 0:2396 is the largest, then the rank
is z2 _z1 _z3 _z4 ; and the optimal option is z2 .
The ranks of different approaches with the same example are
shown in Table 8.
From Table 8, it is clear that the difference between various
methods is subtle. Among all approaches, the best and second
option are always z2 and z1 ; respectively. That is to say, only the
order of option z3 and z4 is different in all methods. It demonstrated
the availability of the proposed method in some extents. In addition, the reasons for this difference are analyzed as follows:
(1) Same rank order is obtained in both of our approach and
method based on LNWGA operator, which is different from
the rank of method based on LNWAA operator. It is likely
because some original information is distorted in the aggregation process. Then, the rank may be changed with
diverse aggregation operators. Hence, methods based on
aggregation operators may lack robustness.

(2) The ranking results in VIKOR method and the proposed
method are the same. However, the rank only with VIKOR is
difﬁcult to get in some cases. Especially when values of the
group utility and the individual regret of all options are not
the same sequences, some conditions are not met at the
same time, then only the compromise solutions are obtained.
(3) QUALIFLEX and our method yield different ranks mainly
because of the difference of concordance index deﬁned in
two methods. The deﬁnition of concordance index in
QUALIFLEX only considers the affections of score function
between two LNNs. However, the group utility and the individual regret are contained in the presented approach.
Based on the analyses above, the strengths of the proposed
method are displayed as follows:
(1) The basic element in decision making matrix is LNN, which
has a good characteristic of reserving initial decision making
information. All the truth-membership degree, the
hesitance-membership degree and the false-membership
degree can be described with linguistic variables in a LNN.
(2) The idea of entropy is used as a reference, an algorithm with
respect to linguistic neutrosophic environment is constructed to obtain the index weight values.
(3) The VIKOR and QUALIFLEX methods are combined to get the
ranking order. On the one hand, the group utility and the
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developing CE is effective to resolve the dilemma between economic
growth and resource shortages or environmental degradation. This
paper focused on ﬁnding a reasonable method to evaluate the performance of CE for PCFs. The evaluation index system of CE for PCFs
was established with 5 criteria and 14 sub-criteria for convenience
of making assessments by experts. LNNs were utilized to express
evaluation values so that original information can be retained as
much as possible. Then, the VIKOR-QUALIFLEX method was proposed to obtain the ranking results. The reason is two-fold. On the
one hand, considering that many indexes should be taken into account, the computation of aggregation operators are large and
complex. On the other hand, as an extremely crucial index, the value
of general concordance index can directly affect the ranks. For the
sake of reasonable results, a concordance index based on VIKOR,
which contained the group utility and the individual regret, was
deﬁned. Besides, the formula of entropy in line with LNN was
afforded so that the index weight values can be calculated. Finally,
the developed method was applied to evaluate the performance of

Table 6
The concordance index.CNjk
CNjk

z1

z2

z3

z4

z1
z2
z3
z4

e
0.0216
0.0231
0.0437

0.0216
e
0.0653
0.00653

0.0231
0.0653
e
0.0206

0.0437
0.0653
0.0206
e

individual regret are considered simultaneously in the proposed method. The sensitivity analysis proved it has a good
robustness. On the other hand, listing all possible permutations is a simple and operative way when many indexes
should be taken into account.

6. Conclusions
Currently, CE has become a basic national policy in many countries. With the acceleration of the modernization process,
Table 7
The total concordance index of each permutation.
CN1

CN2

CN3

CN4

CN5

CN6

CN7

CN8

CN9

CN10

CN11

CN12

0.1964

0.1552

0.0658

0.0648

0.0246

0.1060

0.2396

0.1984

1.934

0.1060

0.1110

0.0648

CN13

CN14

CN15

CN16

CN17

CN18

CN19

CN20

CN21

CN22

CN23

CN24

0.0196

0.1110

0.0628

0.0246

0.1984

0.1552

0.0628

0.1934

0.0196

0.0658

0.8273

0.7841

Table 8
Ranks with various methods.
Methods

Ranks

Best company

Worst company

Method based on the LNWAA operator (Fang and Ye, 2017)
Method based on the LNWGA operator (Fang and Ye, 2017)
Method with VIKOR based on LNN
Method with QUALIFLEX based on LNN
The presented method

z2 _z1 _z3 _z4
z2 _z1 _z4 _z3
z2 _z1 _z4 _z3
z2 _z1 _z3 _z4
z2 _z1 _z4 _z3

z2
z2
z2
z2
z2

z4
z3
z3
z4
z3
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CE for PCFs in China. The sensitivity analysis demonstrated that the
proposed method had strong robustness, and the comparison
analysis showed that the evaluation results were effective. Hence,
the proposed VIKOR-QUALIFLEX method can be employed to assess
the CE for PCFs, which can be utilized to obtain reliable and stable
ranking results.
In the future study, a standard evaluation index system for
performance evaluation of CE for PCFs can be built based on the
prior research and the proposed method. In addition, more decision
making methods can be developed to deal with complex decision
making problems in PCFs, or the proposed VIKOR-QUALIFLEX
method can be applied in other ﬁelds.
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Appendix

Table 9
Nomenclatures.
Terms

Explanations

VIKOR
Concordance index
QUALIFLEX
Linguistic phrases
Linguistic term set

A decision making method based on concordance index to select the optimal option.
A index combined group utility and individual regret.
A decision making method used to obtain a ranking order through itemizing all possible permutations.
Some phrases like “bad”, “good”, “very good” and so on, which can be denoted as p1 ¼ bad; p5 ¼ good; p6 ¼ very good:and so on.
A set of lingusitic phrases, which can be expressed as P ¼ fpb jb ¼ 0; 1; :::; 2vg: For example, a linguistic term set P ¼ fp0 ¼
very bad; p1 ¼ bad; p2 ¼ slightly bad; p3 ¼ medium; p4 ¼ slightly good; p5 ¼ good; p6 ¼ very goodg.
Linguistic neutrosophic number (LNN) A number contain three linguistic phrases, which can be denoted as B ¼ ðbT ; bI ; bF Þ: For example, the descriptions of three
linguistic phrases “bad”, “good” and “very good” can be replace by a LNNB ¼ ðp1 ; p5 ; p6 Þ:
Truth-membership degree
The ﬁrst linguistic phrase in a LNN. For example, given a LNN B ¼ ðp1 ; p5 ; p6 Þ; then p1 is the truth-membership degree.
Indeterminacy-membership degree The second linguistic phrase in a LNN. For example, given a LNN B ¼ ðp1 ; p5 ; p6 Þ; then p5 is the indeterminacy-membership
degree.
Falsity-membership degree
The third linguistic phrase in a LNN. For example, given a LNN B ¼ ðp1 ; p5 ; p6 Þ; then p6 is the falsity-membership degree.
Entropy
A value presented by Shannon to measure the amount of information.
score function
A function used to compare two fuzzy numbers.
Hamming distance
A formula used to measure the distance/difference between two values.

Table 10
The initial assessment matrixH.
H

z1

z2

z3

z4

c1
c2
c3
c4
c5
c6
c7
c8
c9
c10
c11
c12
c13
c14

ðp2 ; p3 ; p6 Þ
ðp3 ; p4 ; p3 Þ
ðp4 ; p3 ; p5 Þ
ðp2 ; p5 ; p5 Þ
ðp5 ; p3 ; p2 Þ
ðp5 ; p1 ; p4 Þ
ðp3 ; p1 ; p2 Þ
ðp3 ; p1 ; p3 Þ
ðp2 ; p4 ; p3 Þ
ðp3 ; p5 ; p4 Þ
ðp1 ; p5 ; p4 Þ
ðp4 ; p2 ; p5 Þ
ðp3 ; p2 ; p1 Þ
ðp4 ; p3 ; p1 Þ

ðp1 ; p2 ; p4 Þ
ðp1 ; p5 ; p5 Þ
ðp2 ; p3 ; p5 Þ
ðp2 ; p4 ; p5 Þ
ðp4 ; p3 ; p4 Þ
ðp3 ; p2 ; p4 Þ
ðp5 ; p1 ; p2 Þ
ðp5 ; p2 ; p1 Þ
ðp2 ; p4 ; p2 Þ
ðp2 ; p3 ; p5 Þ
ðp2 ; p4 ; p4 Þ
ðp5 ; p1 ; p1 Þ
ðp4 ; p3 ; p2 Þ
ðp2 ; p2 ; p1 Þ

ðp1 ; p5 ; p5 Þ
ðp2 ; p5 ; p3 Þ
ðp3 ; p3 ; p4 Þ
ðp1 ; p4 ; p2 Þ
ðp3 ; p5 ; p2 Þ
ðp4 ; p4 ; p3 Þ
ðp5 ; p3 ; p5 Þ
ðp5 ; p3 ; p2 Þ
ðp2 ; p3 ; p1 Þ
ðp1 ; p5 ; p5 Þ
ðp1 ; p5 ; p4 Þ
ðp3 ; p4 ; p4 Þ
ðp5 ; p2 ; p1 Þ
ðp4 ; p1 ; p3 Þ

ðp2 ; p4 ; p2 Þ
ðp1 ; p3 ; p5 Þ
ðp1 ; p2 ; p3 Þ
ðp3 ; p5 ; p4 Þ
ðp2 ; p4 ; p1 Þ
ðp4 ; p1 ; p1 Þ
ðp3 ; p3 ; p2 Þ
ðp4 ; p2 ; p4 Þ
ðp2 ; p3 ; p3 Þ
ðp1 ; p2 ; p2 Þ
ðp3 ; p4 ; p2 Þ
ðp2 ; p4 ; p1 Þ
ðp5 ; p1 ; p1 Þ
ðp4 ; p3 ; p2 Þ

Table 11
The values of score functionKðBij Þ.

c1
c2
c3
c4
c5
c6
c7
c8
c9
c10
c11
c12
c13
c14

z1

z2

z3

z4

0.6111
0.5556
0.5556
0.7778
0.6667
0.6667
0.6667
0.6111
0.6111
0.6667
0.7778
0.5000
0.6667
0.6667

0.6111
0.8333
0.6667
0.7222
0.5000
0.5000
0.7778
0.7778
0.5556
0.6667
0.6667
0.8333
0.6111
0.6111

0.8333
0.6667
0.5556
0.6111
0.4444
0.5000
0.5000
0.6667
0.4444
0.8333
0.7778
0.3889
0.7778
0.6667

0.5556
0.7222
0.5556
0.6667
0.5000
0.7778
0.5556
0.5556
0.5556
0.5000
0.5000
0.5000
0.8333
0.6111
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Table 12
The positive ideal solution and the negative ideal solution.

Bþ
i
B
i

Bþ
i
B
i

c1

c2

c3

c4

c5

c6

c7

ðp5 ; p1 ; p1 Þ

ðp5 ; p1 ; p1 Þ

ðp4 ; p3 ; p1 Þ

ðp4 ; p1 ; p1 Þ

ðp5 ; p3 ; p2 Þ

ðp4 ; p1 ; p1 Þ

ðp5 ; p1 ; p2 Þ

ðp4 ; p2 ; p4 Þ

ðp3 ; p2 ; p3 Þ

ðp2 ; p3 ; p1 Þ

ðp5 ; p2 ; p4 Þ

ðp3 ; p5 ; p2 Þ

ðp3 ; p2 ; p4 Þ

ðp5 ; p3 ; p5 Þ

c8

c9

c10

c11

c12

c13

c14

ðp5 ; p2 ; p1 Þ

ðp4 ; p2 ; p3 Þ

ðp5 ; p1 ; p1 Þ

ðp5 ; p1 ; p2 Þ

ðp5 ; p1 ; p1 Þ

ðp5 ; p1 ; p1 Þ

ðp4 ; p3 ; p1 Þ

ðp4 ; p2 ; p4 Þ

ðp4 ; p3 ; p5 Þ

ðp5 ; p4 ; p4 Þ

ðp3 ; p2 ; p4 Þ

ðp3 ; p4 ; p4 Þ

ðp4 ; p3 ; p2 Þ

ðp2 ; p2 ; p1 Þ

Table 13
Hamming distancedðBij ; Bþ
Þ.
i

dðBi1 ; Bþ
Þ
i
dðBi2 ; Bþ
Þ
i
dðBi3 ; Bþ
Þ
i
Þ
dðBi4 ; Bþ
i

dðBi1 ; Bþ
Þ
i

Þ
dðBi2 ; Bþ
i
Þ
dðBi3 ; Bþ
i
Þ
dðBi4 ; Bþ
i

c1

c2

c3

c4

c5

c6

c7

0.2222

0.2778

0.1111

0

0

0.2222

0.1111

0.2222

0

0

0.0556

0.1667

0.2778

0

0

0.1667

0.1111

0.2778

0.2222

0.2778

0.2778

0.2778

0.1111

0.2222

0.1111

0.2778

0

0.2222

c8

c9

c10

c11

c12

c13

c14

0.2778

0

0.1667

0

0.3333

0.1667

0

0

0.0556

0.1667

0.1111

0

0.2222

0.1667

0.1111

0.1667

0

0

0.4444

0.0556

0.2222

0.2222

0.0556

0.3333

0.2778

0.3333

0

0.0556
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