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a b s t r a c t
E-commerce website evaluation is recognized as a complex multi-criteria decision-making (MCDM) problem involving vast amounts of imprecise and inconsistent evaluation data. Single-valued trapezoidal neutrosophic numbers (SVTNNs), which are elements in single-valued trapezoidal neutrosophic sets (SVTNSs),
have a strong capacity to model such complex evaluation information. However, only few studies simultaneously consider the imprecise and inconsistent information inherent in the evaluation data. Moreover,
much literature overlooks the different priority levels and interrelationships among criteria. To bridge
this gap, this paper outlines a novel integrated decision system consisting of the following three modules: (1) information acquisition; (2) the single-valued trapezoidal neutrosophic decision making trial and
evaluation laboratory (SVTN-DEMATEL) module; and (3) the integration module. In this study, we used
the information acquisition module to gather the SVTNN information provided by experts, applied the
SVTN-DEMATEL module to analyze the causal relationships among criteria, and proposed the integration
module for information fusion with consideration of interdependencies and different priority levels of
criteria. Furthermore, we conducted a case study to illustrate the effectiveness and feasibility of the proposal along with the sensitivity and comparison analyses to verify its stability and superiority. Finally,
conclusions and future research directions were drawn.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
The China Statistical Report on Internet Development indicated
that, in December 2016, the number of Chinese Internet users and
the scale of electronic commerce (e-commerce) websites reached
731 million and 4.82 million, respectively, which fully reﬂects that
e-commerce websites are becoming increasingly widespread and
signiﬁcant in the new era [1]. Unlike physical stores, e-commerce
incurs less taxes and rents, thereby signiﬁcantly reducing the costs
of business transactions and making businesses substantially practical and eﬃcient [2], which has revolutionized the way of the traditional business model [3,4]. According to the nature of transactions, the ﬁve major types of e-commerce are business-to-business,
business-to-consumer (B2C), consumer-to-consumer, consumer-tobusiness and business-to- government [2]. Among these types, the
B2C paradigm is the initial business model wherein consumers directly purchase products and services. This paradigm has gained
extensive development [5,6] and has been regarded as an essential, as well as inﬂuential, retailing channel for ordinary consumers
[4].
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However, the ﬂourishing development of B2C e-commerce has
raised several core issues with respect to the customers’ selecting, continued satisfaction with, and trust for websites [7]. Firstly,
it may be tedious and time-consuming for customers or companies to locate satisfactory products or services amongst the vast
B2C e-commerce websites which provide comparable functionalities and a plethora of information sources [8]. Secondly, given
the absence of personal contact and different company reputations, online customers may encounter fraud risk in e-commerce
transactions. Thirdly, considering e-commerce businesses’ different strategies with respect to personalization and privacy management, online customers may also face risks associated with information misuse [8]. Thus, conducting in-depth evaluation of B2C ecommerce websites is considerably essential for e-commerce businesses to understand the prioritized factors that inﬂuence online
customer satisfaction as well as crucial for online customers to select the satisfactory website amongst the multiple options. Nevertheless, the currently proposed approaches for e-commerce evaluation have not yet yielded satisfactory results, especially regarding the way how to quantify evaluation information, and gave
little thought to the effect of interdependencies and interactions
among the hierarchically structured criteria. Aiming at these challenges, this study proposes an integrated fuzzy-based multi-criteria
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decision-making (MCDM) approach for B2C e-commerce evaluation
to better its performance to meet customer needs and e-commerce
businesses goals.
1.1. Literature review for evaluating e-commerce websites
The evaluation of B2C e-commerce websites is a complex
MCDM process aimed at prioritizing the evaluation criteria and
selecting the most suitable alternative. This evaluation process
mainly includes deﬁning the problem, identifying the evaluation
criteria and alternatives, acquiring decision information, aggregating information by a certain approach, and ranking or selecting
alternatives. Given the huge complexity in external environments
and the inherent fuzziness in human judgments, evaluators in
practical e-commerce settings usually have diﬃculties in expressing their judgments by crisp numbers, which determines that the
evaluation of B2C e-commerce websites may rely heavily on the
fuzzy-based MCDM techniques (more details please refer to Mardani et al. [9]).
In the past decades, literatures have extended and proposed
several well-known fuzzy-based MCDM approaches, which are
highly useful for decision-making applications, such as fuzzy TOPSIS (the Technique for Order Preference by Similarity to Ideal Solution) [10], fuzzy TODIM (an acronym in Portuguese of Interactive and Multicriteria Decision Making) [11], fuzzy AHP (fuzzy analytic hierarchy process) [12], fuzzy VIKOR (VIsekriterijumska optimizacija i KOm-promisno Resenje) [13], and fuzzy DEMATEL (Decision Making Trial and Evaluation Laboratory) [14,15]. Combining
these fuzzy-based MCDM approaches, excellent studies have investigated the methodology and application of evaluation in various
application domains, including new product development evaluation [16], recommendation systems [17–19], and automated essay
evaluation [20].
In recent years, researchers have also established some fuzzybased MCDM approaches for evaluating e-commerce websites from
different perspectives [4,21]. For example, Zhu et al. [8] introduced a utility model of privacy in personalization services in ecommerce based on the multi-attribute utility theory. Acampora
et al. [5] developed an interval type-2 fuzzy logic based framework
for reputation management in peer-to-peer e-commerce websites.
In some other studies, Kang et al. [22] presented a fuzzy hierarchical TOPSIS approach to handle evaluation problems for B2C
e-commerce websites, wherein linguistic variables were transformed into triangular fuzzy numbers for ease of computation.
Their work captured the hierarchy structure among criteria in B2C
e-commerce, but failed to analyze the causal relationships among
them. To explore causal dependencies among criteria, some researchers applied the fuzzy AHP and fuzzy DEMATEL approaches
to e-commerce contexts. For instance, Chiu et al. [23] proposed
a new hybrid MCDM model by combing the DEMATEL, DEMATELbased Analytic Network Process, and VIKOR methods for evaluation
of e-store business. Furthermore, to allow for the incorporation of
indeterminate and inconsistent information, Aggarwal and Bishnoi
[24] integrated the neutrosophic logic [25] in data collection module for trust evaluation of B2C e-commerce websites. The advantage of this approach over other fuzzy-based approaches was that
it captured the respondent’s agreement, disagreement, and indecisiveness for certain aspects [24]. Nevertheless, the data collection
module may be controversial since it was based on the premise
that a user could only select one of three options (true, false, or
can’t say). This premise could not ﬁt human thinking well because
respondents’ judgments may contain active, neutral and passive information all at once [26]. In other words, these respondents may
choose two or more options among the three ones (truth, false,
and can’t say) concurrently, which may be more in line with the
nature of neutrosophic logic and can retain respondents’ original
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judgments as many as possible. Additionally, researches [22,24] assigned the weightings of the involved criteria entirely according to
the opinions of evaluators, which may be somewhat subjective and
may run counter to the actual decision situations.
The evaluation of B2C e-commerce websites is a strategic decision that usually occurs in complex and uncertain environments.
However, our review of previous studies suggests a scarcity of
existing literature and three main challenges associated with ecommerce website evaluation: 1) indeterminate and inconsistent
evaluation data; 2) multiple criteria in a hierachical structure; and
3) various interdependencies and interactions among criteria.

1.2. Motivations
Aiming at the aforementioned challenges in extant researches,
the main motivations of this study are discussed below.
(1) E-commerce evaluation context requires addressing hierarchical criteria containing uncertainties with indeterminate
and inconsistent information. For example, an e-commerce
website evaluated by an expert may be rated as “good” in
protecting customers’ privacy information, with truth, falsity,
and uncertainty probabilities of 80%, 20%, and 30%, respectively. In the extant studies, the involvement of fuzzy concepts, including interval numbers [8], triangular fuzzy numbers [22], type-2 fuzzy logic [5], and neutrosophic logic [24],
greatly enhanced the preciseness in evaluating e-commerce
websites. However, the scope of the adopted fuzzy set techniques commonly excludes the description of all the initial
evaluation information, especially the inconsistent and incomplete types. Therefore, a challenge here is how to quantify assessments involving indeterminate and inconsistent
types.
(2) There exist causal relationships among criteria in B2C ecommerce [22]. However, the fuzziness of the interdependencies among these criteria and their inﬂuences on B2C
e-commerce performance still remain unknown. The singlevalued trapezoidal neutrosophic set (SVTNS) is a generalized extension of the traditional fuzzy set (FS) [27] and
intuitionistic fuzzy set (IFS) [28]. Single-valued trapezoidal
neutrosophic numbers (SVTNNs), which act as elements of
the SVTNS, possess a good capability for depicting indeterminate and inconsistent information [29,30]. Moreover, the
DEMATEL technique, ﬁrst conducted by Battelle Memorial
Institute through its Geneva research center [14,15], possesses notable advantages in capturing the causal relationships between complex factors. However, despite its applications [31–34] based on crisp numbers, interval numbers,
IFSs, or type-2 fuzzy sets in other theoretical and practical
domains, it is still a new exploration to integrate the SVTNNs
with DEMATEL technique for B2C e-commerce website evaluation with a multi-level hierarchy of criteria.
(3) Aggregation of information by a certain approach is one of
the most important modules in MCDM [35]. Various interdependencies and different priority levels among criteria concurrently exist in B2C e-commerce. Speciﬁcally, the prioritized average (PA) operator is a powerful technique to solve
problems in which the criteria are in different priority levels
[36]. Meanwhile, the Bonferroni mean (BM) [37] is prominently characterized by its capacity to capture the interrelationships among input arguments. However, there is no research that considers all these factors at once, so an effective
and comprehensive aggregation tool is necessary for B2C ecommerce evaluation.
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1.3. Contributions
Motivated by the aforementioned limitations, this research developed a novel fuzzy-based MCDM approach for the evaluation of
B2C e-commerce websites. Initially, we introduced the SVTNNs to
quantify evaluation information on criteria and alternatives. Second, we combined the SVTNNs with DEMATEL technique to analyze the causal relationships among criteria. Subsequently, this
study proposed the single-valued trapezoidal neutrosophic normalized prioritized weighted Bonferroni mean (SVTN-normalized prioritized weighted Bonferroni mean) operator to aggregate criteria
by considering their interactions and different priority levels. Finally, this integrated approach created a ranked list of satisfactory
B2C e-commerce websites.
The contributions of this work are as follows.
(1) In this study, a novel fuzzy-based MCDM framework for
the evaluation of B2C e-commerce websites is designed
and established. This framework is developed for addressing
MCDM problems with multi-level hierarchy of criteria with
indeterminate and inconsistent evaluation data. At the same
time, it can quantitatively manage uncertainties to identify
interrelationships and prioritized orders among criteria via
the combination of SVTNNs and DEMATEL technique.
(2) This work initially combined the PA operator with the normalized weighted BM operator and proposed the SVTNnormalized prioritized weighted Bonferroni mean operator
for information fusion, where the merits of both operators
can be attained. Moreover, the identiﬁed prioritized orders
among criteria were incorporated into the integration module by the SVTN-normalized prioritized weighted Bonferroni
mean operator. As such, the criteria weightings can be extracted objectively, and the subjectivity in decision-making
can be maximally reduced, thereby ensuring a reliable evaluation result.
1.4. The organization of this paper
The rest of the paper is organized as follows. Section 2 reviews several inﬂuential factors in evaluating e-commerce websites
and revisits some fundamental concepts used in the proposed approach. Section 3 deﬁnes the problem. Section 4 constructs the
integrated approach that seeks to provide a signiﬁcantly practical evaluation approach for the said websites. Section 5 utilizes a
case study to verify the effectiveness and practicality of our proposed approach and conducts sensitivity and comparison analyses.
Finally, Section 6 presents the main conclusions of this research
and further research directions.

vice quality, SERVQUAL, involved the required dimensions of reliability, responsiveness, assurance, empathy, and tangibles [38].
Nevertheless, the SERVQUAL method is suitable only for measuring the quality of all non-Internet-based customer interactions and
experiences with companies [39]. Consequently, utilizing only the
evaluation dimensions in SERVQUAL is insuﬃcient. To measure
the service quality in the e-commerce context, Barnes and Vidgen [40] developed a new version of WebQual (called WebQual
4.0) to evaluate internet bookstores; dimensions included in their
work were usage of website usability, information quality, and service interaction. However, this scale focused merely on the quality of the website itself while ignoring the quality of the service provided. To offer a comprehensive assessment method for ecommerce websites, Parasuraman [39] developed an e-core service
quality scale (E-S-QUAL) method for the evaluation of electronic
service quality, consisting of 22 items on four dimensions, designated as eﬃciency, system availability, fulﬁllment, and privacy.
The E-S-QUAL method can serve as an appropriate framework
for multi-criteria evaluation problems. In addition, the E-S-QUAL
method received attention from practitioners and researchers, who
contended that such a method remains reliable and useful for academics despite the fact that the e-commerce has evolved dramatically [41]. Hence, we also apply the E-S-QUAL method for our
study. Table 1 presents the details on the evaluation system and
its sources within each dimension.
As shown in Fig. 1, the evaluation system of e-commerce websites forms a hierarchy. The top level contains the aim of this research; the second level reveals the dimensions, which act as a
summary of relevant sub-criteria; and the third level includes the
sub-criteria, on which evaluation information is provided.
2.2. Single-valued trapezoidal neutrosophic numbers
Deﬁnition
1
[42]. Let
Ta˜ ,Ia˜ ,Fa˜ ∈ [0, 1];
a
SVTNN
a˜ =
[a1 , a2 , a3 , a4 ], (Ta˜ ,Ia˜ , Fa˜ ) is a special neutrosophic set on
the real number set R, whose truth-membership function μa˜ ,
indeterminacy-membership function νa˜ , and falsity-membership
function λa˜ are given as follows:

μa˜ (x ) =

2.1. Impact factors in e-commerce website evaluation
Evaluation of e-commerce websites can generally be approached from the perspective of service quality [22]. With the increasingly ﬁerce competition and complexity in the e-commerce
context, B2C e-commerce businesses have to consider more than
one dimension or criterion and satisfy customer needs as much
as possible to enhance their core competitiveness. Therefore, the
impact factors of evaluating e-commerce websites have been discussed extensively in the past decades. For example, the wellestablished multiple-item instrument to evaluate a company’s ser-

Ta˜
a4 − x )Ta˜ /(a4 − a3 )
(
⎪
⎩
0

a1 ≤ x ≤ a2 ,
a2 ≤ x ≤ a3 ,
a3 ≤ x ≤ a4 ,
otherwise.

⎧
⎪
⎨(a2 − x + Ia˜ (x − a1 ))/(a2 − a1 )

Ia˜
νa˜ (x ) =
x − a3 + Ia˜ (a4 − x ) )/(a4 − a3 )
(
⎪
⎩
1

2. Preliminaries
Prior to describing the integrated approach, we ﬁrst present
brief reviews on the following: impact factors in the evaluation of
e-commerce websites, SVTNNs, and related aggregation operators.

⎧
⎪
⎨(x − a1 )Ta˜ /(a2 − a1 )

λa˜ (x ) =

⎧
⎪
⎨(a2 − x + Fa˜ (x − a1 ))/(a2 − a1 )
Fa˜
x − a3 + Fa˜ (a4 − x ) )/(a4 − a3 )
(
⎪
⎩
1

a1 ≤ x ≤ a2 ,
a2 ≤ x ≤ a3 ,
a3 ≤ x ≤ a4 ,
otherwise.
a1 ≤ x ≤ a2 ,
a2 ≤ x ≤ a3 ,
a3 ≤ x ≤ a4 ,
otherwise.

The SVTNN a˜ = [a1 , a2 , a3 , a4 ], (Ta˜ , Ia˜ , Fa˜ ), which is an extension of traditional neutrosophic set [25], is composed of two correlative parts: the trapezoidal fuzzy number (TFN) [a1 , a2 , a3 , a4 ]
and the neutrosophic part (Ta˜ , Ia˜ , Fa˜ ) of a˜. By adding the neutrosophic part to a TFN, the SVTNN extends the discrete set
to a continuous one. More speciﬁcally, the truth-membership,
indeterminacy-membership, and falsity-membership degrees denote the extent to which the decision makers think that the element belongs to, not sure, and does not belong to a TFN [a1 , a2 ,
a3 , a4 ], respectively. As such, it makes the neutrosophic part of a˜
no longer relative to a fuzzy concept “good” or “poor”, but relative to the continuous TFN, so the assessments of decision makers
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Table 1
Description of the four dimensions of E-S-QUAL [22,39].
Dimension

Description (number of sub-criteria)

Eﬃciency
Fulﬁllment
System availability
Privacy

Ease and speed of accessing and using the site (8)
Extent to which the promises of the site regarding order delivery and item availability are fulﬁlled (4)
Proper technical functioning of the site (7)
Degree to which the site is safe and protects customer information (3)

Fig. 1. Evaluation dimensions and sub-criteria of e-commerce websites [22,39].

Fig. 2. Truth, indeterminacy, and falsity membership functions of SVTNNs.

can be captured and expressed in diverse dimensions [29]. In addition, the truth, indeterminacy, and falsity membership degrees of
SVTNNs can be generated automatically in the following way:
As depicted in Fig. 2, μa˜ (x ) is a continuous monotone increasing function when a1 ≤ x ≤ a2 , and is a continuous monotone decreasing function when a3 ≤ x ≤ a4 . Conversely, νa˜ (x ) and λa˜ (x ) are
continuous monotone decreasing functions when a1 ≤ x ≤ a2 , and
are continuous monotone increasing functions when a3 ≤ x ≤ a4 .
Therefore, the values of Ta˜ , Ia˜ , and Fa˜ are the maximum degree of truth-membership function and the minimum degrees of
indeterminacy-membership and falsity-membership functions, respectively, and they are independent one another. Finally, all the
membership functions in Deﬁnition 1 can be calculated according
to the piecewise linear equations in Fig. 2.

When a1 > 0, a˜ = [a1 , a2 , a3 , a4 ], (Ta˜ , Ia˜ , Fa˜ )is described as a
positive SVTNN, denoted by a˜ > 0; conversely, when a4 ≤ 0, a˜ =
[a1 , a2 , a3 , a4 ], (Ta˜ ,Ia˜ , Fa˜ ) becomes a negative SVTNN, denoted by
a˜ < 0; and when 0 ≤ a1 ≤ a2 ≤ a3 ≤ a4 ≤ 1 and Ta˜ ,Ia˜ , Fa˜ ∈ [0, 1], a˜ is
identiﬁed as a normalized positive SVTNN. The SVTNNs discussed
in the subsequent sections are all normalized positive SVTNNs.
When Ia˜ = 1 − Ta˜ − Fa˜ , the SVTNN a˜ = [a1 , a2 , a3 , a4 ], (Ta˜ ,Ia˜ , Fa˜ )
is reduced to a trapezoidal intuitionistic fuzzy number; when a2 =
a3 , a˜ is revealed to be a single-valued triangular neutrosophic
number; and when Ia˜ = 0 and Fa˜ = 0, a˜ is reduced to a generalized
TFN, described as a˜ = [a1 , a2 , a3 , a4 ], Ta˜ . Therefore, the SVTNS,
acting as a collection of multiple SVTNNs, is an extended form
of classical set theory that can cover considerable uncertainties in
practical issues.

48

R. Liang et al. / Knowledge-Based Systems 135 (2017) 44–59

For the modiﬁed operations of SVTNNs, readers can refer to
Liang et al. [29]. Furthermore, Liang et al. [29] deﬁned a new score
function to compare any two SVTNNs after examining deﬁciencies
in previous studies.
Deﬁnition 2 [29]. Let a˜ = [a1 , a2 , a3 , a4 ], (Ta˜ , Ia˜ , Fa˜ ) be a SVTNN.
The score, accuracy, and certainty functions sc, l, and c of SVTNN a˜
are deﬁned, respectively, as follows:

sc (a˜ ) = (a1 + 2a2 + 2a3 + a4 )(2 + Ta˜ − Ia˜ − Fa˜ )/18,

(1)

l (a˜ )=(a1 + 2a2 + 2a3 + a4 )(Ta˜ − Fa˜ )/6,

(2)

c (a˜ ) = (a1 + 2a2 + 2a3 + a4 )Ta˜ /6.

(3)

Let  and ∼ be two binary relations on SVTNNs, denoted as
a˜  b˜ , if a˜ is preferred over b˜ and as a˜ ∼ b˜ if a˜ is equal to b˜ . Assume
that a˜ and b˜ are two SVTNNs, then, they can be compared using
the following rules.
Deﬁnition
3
[29]. Let
a˜ = [a1 , a2 , a3 , a4 ], (Ta˜ , Ia˜ , Fa˜ )
and
b˜ = [b1 , b2 , b3 , b4 ], (Tb˜ , Ib˜ , Fb˜ ) be two SVTNNs. The comparison
method for a˜ and b˜ can be deﬁned as follows.
(1) When sc (a˜ ) > sc (b˜ ), a˜  b˜ , indicating that a˜ is superior to b˜ .
(2) When sc (a˜ ) = sc (b˜ ) and l (a˜ ) > l (b˜ ), a˜  b˜ , meaning a˜ is superior to b˜ .
(3) When sc (a˜ ) = sc (b˜ ) and l (a˜ ) < l (b˜ ), b˜  a˜, suggesting that b˜
is superior to a˜.
(4) When sc (a˜ ) = sc (b˜ ), l (a˜ ) = l (b˜ ), and c (a˜ ) > c (b˜ ), a˜  b˜ , signifying that a˜ is superior to b˜ . Moreover, b˜  a˜ when c (a˜ ) <
c (b˜ ), denoting that b˜ is superior to a˜. Finally, a˜ ∼ b˜ when
c (a˜ )=c (b˜ ), indicating that a˜ is equal to b˜ .
2.3. The normalized weighted Bonferroni mean and prioritized
average operator
Deﬁnition 4 [43]. Let p, q ≥ 0; and ai (i = 1, 2, . . . , n) be a collection of non-negative numbers with the weight vector w =

(w1 , w2 , . . . , wn )T such that wi ∈ [0, 1] and ni=1 wi = 1. The normalized weighted BM operator is deﬁned as follows:

normalized weighted BMwp,q (a1 , a2 , . . . , an )

⎛

⎞ p+1 q

n

= ⎝  wi w j aip  aqj /(1 − wi )⎠
i, j=1
i= j

.

experts from e-commerce ﬁeld to assist in decision-making, involving a website designer, a software engineer, a professor, and an information technology (IT) analyst. Several factors were taken into
consideration when selecting these appropriate experts, such as
work experience, academic background, and familiarity with B2C
e-commerce evaluation problem and so on. For example, the assigned website designer has the following advantages: 1) he/she is
a graduate with at least a bachelor degree and ten years of experience in the B2C e-commerce industry, such that he/she has sufﬁcient experience and knowledge about the B2C e-commerce evaluation problem; 2) he/she specializes in web design and creating
website prototypes before the websites are deployed in the Internet; and 3) he/she is also an active user of B2C e-commerce so that
he/she can give considerable feedback on B2C e-commerce websites. Likewise, the other selected experts also have these features.
After preliminary elimination, six widely used B2C e-commerce
websites with similar features and providing similar services were
selected as the alternatives, designated as B2C e-commerce 1–6
(A1 –A6 ). Besides, the identiﬁed evaluation criteria were presented
in Fig. 1, which were supported by the four experts after a careful
review. Moreover, all the original evaluation information on criteria
and alternatives must ﬁrst be gathered by consulting the group of
experts and then processed into SVTNN matrices. For more details
on the information acquisition module, refer to Section 4.1.1.
To give a formal description of this problem, we assume that
there is a list of m candidates of B2C e-commerce websites, denoted as {A1 , A2 , . . . , Am }, to be evaluated. Let MC and SC be
the sets of dimensions and sub-criteria identiﬁed in the B2C ecommerce website evaluation model in Fig. 1, respectively. The dimension set MC contains a total number of n dimensions MC =
{MC1, MC2, . . . , MCn} and the sub-criteria set SC includes a number of r sub-criteria SC = {SC1, SC2, . . . SCr} acting as evaluation
criteria. Each dimension MCj is described by rj ( j = 1, 2, . . . , n)

sub-criteria such that r = nj=1 r j . For information acquisition (see
Section 4.1.1), four experts were invited to provide their assessments on these B2C e-commerce websites with respect to each
j
sub-criterion. Subsequently, the evaluation matrix D j = [dik ]m×r j
were established with SVTNNs through two sessions among exj
j
j
j
j
perts, and dik = [aik1 , aik2 , aik3 , aik4 ], (T j , I j , F j ) (i = 1, 2, . . . , m,
d
d
d
ik
ik
ik
n
k = 1, 2, . . . , r j and
j=1 r j = r ) stands for the evaluation value for
alternative Ai (i = 1, 2, . . . , m) with respect to sub-criteria SCk under
dimension MCj that contains rj ( j = 1, 2, . . . , n) sub-criteria; thus,
k = 1, 2, . . . , r j .

(4)
4. Research methodology

Deﬁnition 5 [36]. Let C = {C1 , C2 , ..., Cn } be a collection of criteria,
and let there be a prioritization among the criteria such that Cp
has a higher priority than Cq if p < q. Cj (x) is the evaluation value
of any alternative x under criteria Cj and satisﬁes Cj (x) ∈ [0, 1]. The
PA operator is deﬁned as follows:
n

PA C j (x ) =

w jC j (x ),

(5)

j=1

where w j = T j /

n
j=1

j−1

T j , T1 = 1 and T j = k=1 Ck (x )( j = 2, 3, . . . , n).

3. Problem statement
To make the B2C e-commerce evaluation process as eﬃcient
and effective as possible and ensure the evaluator validity, this
study strategically selected several experts to operate the ﬁnal
evaluation. In general, the expert refers to people with high level
of competence and expertise, who are well-trained professional in
a certain ﬁeld [44,45]. With this in mind, this study invited four

4.1. Overall framework
To make up the deﬁciencies existed in prior research, this
study establishes a novel integrated fuzzy-based MCDM approach
to evaluate B2C e-commerce websites. The motivation of this approach lies in not only handling the indeterminate and inconsistent evaluation data but also capturing the interrelationships and
different priority levels of criteria in a hierarchical structure.
The evaluation results consist of two parts: one is the ranking order of alternatives obtained by aggregating assessments from
bottom (sub-criteria) to top (dimensions) step by step along the
multi-level hierarchy of criteria and comparing the score values
of each alternative; the other is the causal relationships and prioritized orders among criteria generated by the SVTN-DEMATEL
module. Based on these ﬁndings, two purposes can be realized:
one is to compare different B2C e-commerce websites with similar
functionalities to select the one which best suits online customer
needs; the other is to guide e-commerce businesses to better al-
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Fig. 3. Framework of the proposed approach for the evaluation of B2C e-commerce websites.

Table 2
Transformation between linguistic variables and
TFNs for prioritized order of dimensions and subcriteria.
Linguistic variables (h)

TFNs

Very high inﬂuence h4
High inﬂuence h3
Low inﬂuence h2
Very low inﬂuence h1
No inﬂuence h0

[0.8, 0.9, 0.9, 1.0]
[0.6, 0.7, 0.7, 0.8]
[0.4, 0.5, 0.5, 0.6]
[0.2, 0.3, 0.3, 0.4]
[0, 0.1, 0.1, 0.1]

locate resources in designing websites according to the prioritized
orders of evaluation criteria.
For clarity, Fig. 3 depicts the following three main modules in
our study: 1) information acquisition; 2) SVTN-DEMATEL module;
and 3) the integration module. Further details of this integrated
approach are explained throughout the subsequent sections.
4.1.1. Information acquisition
The information acquisition module was conducted by consulting experts to gather information on both criteria and alternatives.
For collecting information on criteria, evaluators were asked to establish the initial direct-relation matrices by providing their assessments on each pair of dimensions and sub-criteria. Two sessions were needed. First, experts were required to assess each pair
of dimensions and sub-criteria aimed at classifying the level of
strength of their interdependencies into different categories (e.g.,
“no inﬂuence” or “very high inﬂuence”). In this work, we adopted
the ﬁve-point linguistic rating scale shown in Table 2 to indicate
the causal relationships of dimensions and sub-criteria on one another. Second, experts were asked to anonymously evaluate the obtained preference degrees through voting (in favor, against, or by
abstaining) on each evaluation index. Therefore, the initial directrelation matrices characterized by simpliﬁed neutrosophic linguistic sets (SNLSs) were established (refer to Tian et al. [46–48] and
Wang et al. [49]). Particularly, when the experts provided their
judgments on the obtained linguistic term, they could assess the
linguistic term with probabilities of truth, falsity, and indeterminacy all at once, and the three degrees of truth, falsity, and indeterminacy were independent one another. Subsequently, the gathered
linguistic variables in SNLSs were translated into their corresponding TFNs, as shown in Table 2, to ensure that the preference degrees were relative to the continuous TFN. Finally, the initial directrelation matrices on criteria were established as characterized by
SVTNNs.
For collecting information on alternatives, two sessions similar
to those processes on criteria were carried out. First, experts were
required to assess the given evaluative objects with respect to each
sub-criterion by eliciting linguistic terms to sort these candidates
into different classes (e.g., “poor” or “good”). Second, experts were
asked to anonymously evaluate the obtained preference degrees
through voting (in favor, against, or by abstaining) on each evaluation index. Therefore, the initial decision matrices characterized

Table 3
Transformation between linguistic variables
and TFNs for ranking alternatives.
Linguistic variables

TFNs

Very good (VG)
Good (G)
Fair (F)
Poor (P)
Very poor (VP)

[0.8, 0.9, 0.9, 1.0]
[0.6, 0.7, 0.7, 0.9]
[0.3, 0.5, 0.5, 0.7]
[0.1, 0.3, 0.3, 0.5]
[0, 0.1, 0.1, 0.2]

by SNLSs were established. Subsequently, the gathered linguistic
variables in SNLSs were translated into corresponding TFNs (see
Table 3 [22]) to ensure that the preference degrees can be obtained
in a continuous manner [50]. Finally, the SVTNN evaluation matrices were identiﬁed.
4.1.2. The SVTN-DEMATEL module
In the second module, the SVTN-DEMATEL approach was applied to analyze the causal relationships among dimensions and
sub-criteria, aiming at obtaining the prioritized orders of both; accordingly, the direct-relation matrices obtained from the ﬁrst module were defuzziﬁed into score value matrices using Eq. (1). Subsequently, the direct-relation matrices were normalized, and the
total-inﬂuence matrices were identiﬁed. Finally, we analyzed the
results and obtained the prioritized orders for dimensions and subcriteria.
4.1.3. The integration module
Due to the multi-level hierarchy of evaluation criteria, the integration module was conducted in two stages (see Fig. 4). In the
ﬁrst stage, since the initial decision information was collected under each sub-criterion, the overall evaluation information on dimension level was obtained by integrating initial evaluation information on sub-criterion level. Subsequently, in the second stage,
the same aggregation process was performed on the dimension
level to generate the overall assessment on each alternative. Finally, the ranking order of alternatives was obtained by Eq. (1).
In particular, the integration module was conducted by the
SVTN-normalized prioritized weighted Bonferroni mean operator.
For ease of understanding, the formula of the SVTN-normalized
prioritized weighted Bonferroni mean operator was provided in
Appendix A, and the procedures of the integration module were
illustrated in Fig. 4.
4.2. Detailed procedure
To interpret our approach in great detail, we provide the algorithm of the proposed model in Appendix B, additionally, we
present Fig. 5 to illustrate the framework of the proposed approach
that includes 11 sub-steps.
The proposed approach involves the following 11 steps:
Step 1: Collect and transform data into SVTNNs.
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Fig. 4. The integration module for SVTNNs.

Fig. 5. The framework for evaluation of B2C e-commerce websites.
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Section 4.1.1 explains that the initial direct-relation matrices among dimensions MC = {MC1, MC2, . . . , MCn} and sub-criteria
SC = {SC1, SC2, . . . SCr} with SVTNN information were established
j
as TMC and TSC ( j = 1, 2, . . . , n), respectively. Given that the calculations between the dimensions and sub-criteria are categorically
similar, we present only the calculation procedures for the dimension level for simplicity.
Step 2: Calculate the initial direct-relation matrix by score function.
Using the score function in Eq. (1), the score value matrices for
dimension level SMC can be calculated.
Step 3: Normalize the score value matrix SMC .
The normalized matrix S̄MC is acquired by the following equation.

S̄ =

SMC

ν

where

,

(6)

ν = max{ max

n

1≤i≤n

ij
j=1 SMC , max
1≤ j≤n

n

ij
i=1 SMC },

i, j = 1, 2, . . . , n,

indicating that the score value matrix (SMC ) should be divided
by the bigger value between the sum of each row and the sum
of each column of matrix SMC . The sums of each row and each
column can be interpreted respectively as the total direct effects
the criterion i exerts on the other criteria and the total direct
effects received by criterion i from other criteria.
Step 4: Identify the total-inﬂuence matrix G.
The total-inﬂuence matrix G can be obtained using the normalized matrix S̄ and the identity matrix I:

G = S̄ I − S̄

−1

.

(7)

Step 5: Analyze the results.
In this step, the causal diagram can be constructed by calculating the sums of the row and the column in the total-inﬂuence ma
trix G, respectively denoted as r = [ nj=1 Gi j ] = (r1 , r2 , . . . , rn ) and
n
s = [ i=1 Gi j ] = (s1 , s2 , . . . , sn ). Subsequently, the horizontal axis
vector (r +s ), designated as “Prominence”, represents the degree of
importance that criterion i plays in the system, and the vertical
axis (r − s ), labeled “Relation”, shows the net effect that criterion i
plays in the system. Generally, the sub-criterion or dimension i belongs to the cause group when r − s ≥ 0 and belongs to the effect
group when r − s < 0.
After performing the above steps for the dimension level, the
same calculations are conducted on the sub-criteria level. Finally,
the prioritized orders for dimensions and sub-criteria can be obtained by comprehensively considering their prominence and relation vectors.
Step 6: Establish the decision matrices Dj .
Section 4.1.1 illuminates that the evaluation information with
respect to all the sub-criteria SC = {SC1, SC2, . . . , SCr}, which are
assigned by SVTNNs, is gathered and transformed from the opinion of the group of experts. Consequently, a number of j decision
j
matrices D j = [dik ]m×r j are constructed as follows:

⎡

j
d11

⎢dj
⎢ 21
Dj = ⎢ .
⎣ ..
dmj 1

j
d12

···

j
d22
..
.
dmj 2

···
..
.
···

d1j r

⎤

j

d2j r ⎥
j ⎥
.. ⎥
. ⎦
j
dmr j

,

( j = 1, 2, . . . , n),

(8)

m×r j

Step 7: Determine the normalized decision matrices D̄ j .
The following are the two types of sub-criteria present in the
evaluation of B2C e-commerce websites: beneﬁt and cost types.
The sub-criteria should be made uniform in type for comparison. Therefore, no operations are required for beneﬁt sub-criteria;
as for the cost sub-criteria, all the evaluation values under these
cost sub-criteria would be modiﬁed by the negative operation as

51

follows:

neg(a˜ ) = [1 − a4 , 1 − a3 , 1 − a2 , 1 − a1 ], (Fa˜ , 1 − Ia˜ , Ta˜ )

(9)

Step 8: Obtain the aggregated decision matrix A.
In the ﬁrst stage, the aggregated value of each alternative Ai
with respect to each dimension is obtained by integrating the initial evaluation information on the sub-criteria level. The results are
constructed asfollows:

MC1
A11
⎢ A12
A=⎢ .
⎣ ..
A1m
where

···

MC2

⎡

···
···
..
.
···

A21
A22
..
.
A2m

MCn

⎤

An1
An2 ⎥
.. ⎥
⎦
.
Anm m×n

(10)

Ai = [ai1 , ai2 , ai3 , ai4 ], (T j , I j , F j )
j

j

j

j

j

Ai

Ai

Ai

(i = 1, 2, . . . , m, j =

1, 2, . . . , n) represents the aggregated evaluation value for alternative Ai (i = 1, 2, . . . , m) under dimension MC j ( j = 1, 2, . . . , n).
Step 9: Calculate the overall value of Ai .
In the second stage, the overall assessment on each alternative
Ai is obtained by integrating information on the dimension level.
Step 10: Identify the score value of Ai .
The score value of each alternative Ai can be obtained by
Eq. (1).
Step 11: Rank all the alternatives.
Based on the score values obtained in Step 10, the ranking order
for all the alternatives can be identiﬁed. The bigger the score value
is, the better the option will be.
5. Case study
As illustrated in Section 3, this section aims to carry out the
evaluation of six B2C e-commerce websites to verify the performance of the proposed integrated approach. Moreover, a sensitivity analysis was conducted to test its validity, and the comparison
and discussion were carried out to demonstrate its advantages over
comparative approaches.
5.1. Evaluation process and results
The main evaluation procedures are shown as follows.
Step 1: Collect and transform data into SVTNNs.
Section 4.1.1 explains that the experts were asked to determine the relative inﬂuence and direction of one criterion over another through pair-wise comparison. For example, the comparison result between MC1 and MC2 dimensions is denoted as s12
MC =
[0, 0.1, 0.1, 0.1], (0.8, 0, 1), this result was obtained by two sessions among experts. In the ﬁrst round, the linguistic term h0 was
obtained by experts meaning that MC1 dimension generates no inﬂuence on MC2 dimension. Given that the linguistic term h0 was
still a kind of subjective information with uncertainty [51], different experts might hold different supporting degrees on the linguistic term h0 and be reluctant to modify their opinions. Subsequently, the second round of consultation within the experts
was held to improve the group consensus, where the experts were
asked to anonymously evaluate the linguistic term h0 by voting
(in favor, against, or by abstaining); accordingly, the preference degrees of the truth, falsity, and indeterminacy degrees toward the
linguistic term h0 were obtained as 0.8, 0.1, and 0, respectively. Finally, the linguistic term h0 was transformed into the corresponding TFN [0, 0.1, 0.1, 0.1] according to Table 2, and the SVTNN
s12
MC = [0, 0.1, 0.1, 0.1], (0.8, 0, 1) was obtained. Similarly, the pairwise comparison results for dimensions were listed in Table 4 as
below.
Step 2: Calculate the initial direct-relation matrix by score function.
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Table 4
Pair-wise comparison for the dimensions.
Dimension
MC1

MC1

MC2

MC3

MC4

0

[0, 0.1, 0.1, 0.1]
, (0.8, 0, 0.1)

[0.6, 0.7, 0.7, 0.8]
, (1, 0, 0)
[0.6, 0.7, 0.7, 0.8]
, (1, 0, 0)

[0, 0.1, 0.1, 0.1]
, (0.7, 0, 0)
[0.2, 0.3, 0.3, 0.4]
, (1, 0, 0)
[0.6, 0.7, 0.7, 0.8]
, (1, 0, 0)

[0.2, 0.3, 0.3, 0.4]
, (0.9, 0, 0)
[0.8, 0.9, 0.9, 1]
, (1, 0, 0.2)
[0.4, 0.5, 0.5, 0.6]
, (1, 0, 0)

MC2
MC3
MC4

0

[0.8, 0.9, 0.9, 1]
, (1, 0, 0)
[0.2, 0.3, 0.3, 0.4]
, (0.9, 0, 0)

Table 5
Crisp values of dimensions.
Dimension

(r + s )

(r − s )

MC1
MC2
MC3
MC4

3.0623
3.1579
4.7289
3.0871

−0.7275
0.0406
0.2622
0.4272

With the employment of the score function in Eq. (1), the score
value matrix can be calculated as follows:

⎡

0
⎢0.29
T =⎣
0.84
0.5

0.075
0
0.9
0.29

0.7
0.7
0
0.7

⎤

0.075
0.3 ⎥
.
0.7 ⎦
0

Step 3: Normalize the score value matrix S.
Utilizing Eq. (6):

⎡

0
⎢0.3443
S̄ = ⎣
0.3443
0.2049

0.0307
0
0.3689
0.1189

0.287
0.3869
0
0.2869

⎤

0.0307
0.123 ⎥
.
0.2869⎦
0

Step 4: Identify the total-inﬂuence matrix G.
Using Eq. (7):

⎡

0.2372
⎢ 0.4186
G=⎣
0.7272
0.5119

0.2408
0.2664
0.6618
0.3897

0.4832
0.5795
0.5563
0.6144

⎤

0.2062
0.3348⎥
.
0.55 ⎦
0.2399

Step 5: Analyze the results.

By calculating r = [ nj=1 Gi j ] = (r1 , r2 , . . . , rn )T
and s =
n
[ i=1 Gi j ] = (s1 , s2 , . . . , sn ) in the total-inﬂuence matrix G, the
crisp values and causal diagram of the dimensions are shown in
Table 5 and Fig. 6, respectively.
Fig. 6 depicts that MC1 dimension can be classiﬁed into the effect group of criteria and the others into the cause group. Considerable control and attention should be directed toward the cause
group factors rather than to its counterpart because such cause
group factors can generate considerable impact on the other group
of factors, thereby contributing to decision-making. In other words,
the cause group of criteria implies the inﬂuencing factors, whereas
the effect group denotes the inﬂuenced factors [34]. More speciﬁcally, MC3 has the highest prominence value (4.7289), suggesting
that the importance degree of MC3 should be given the greatest value. Moreover, the prominence values of MC4 and MC2 are
3.0871 and 3.1579, respectively, indicating a lower ranking order
than MC3. From the perspective of relation value, only the MC1 dimension has a negative value; hence, this dimension is the only
effect element in the effect group of criteria. This outcome means
that MC1 can be easily inﬂuenced by other factors. By considering
the prominence and relation vectors comprehensively, the prioritized order of dimensions was identiﬁed as MC3MC4MC2MC1.
Similarly, for the sub-criteria level, we can gather the pair-wise
comparison information from the team of experts. Here, we took

0

[0.6, 0.7, 0.7, 0.8]
, (1, 0, 0)

0

only the sub-criteria in the MC2 dimension as an example, and the
comparative results are exhibited in Table 6.
After repeating Steps 2–5, we quantitatively extracted the interrelationships among sub-criteria in the MC2 dimension as follows.
Fig. 7 and Table 7 illustrate that SC23 is the most important sub-criterion in the MC2 dimension because this sub-criterion
has the highest prominence value (3.5367) and the highest relation value (1.328). Therefore, SC23 is one of the most inﬂuencing sub-criteria in MC2. Moreover, SC23 can be classiﬁed into the
cause group, which can generate a remarkable effect on the members of the effect group. Similarly, SC24 also has a relatively high
prominence value (3.3907). Meanwhile, the relation value of SC24
(0.4096) is also positive, indicating that this sub-criterion is not
easily inﬂuenced by the other factors. Therefore, SC24 also belongs
to the cause group. Conversely, SC21 and SC22 belong to the effect group because their relation values (− 1.1353 and − 0.6023)
are both negative. This ﬁnding implies that the SC21 and SC22
are easily affected by the other factors in the cause group. In
summary, we suggest that e-commerce businesses pay considerable attention to SC23 followed by SC24, SC21, and SC22. Subsequently, the sub-criteria in the MC2 dimension can be prioritized
as SC23SC24SC21SC22.
The similar calculations and analyses were performed for all
the sub-criteria with respect to each dimension and the results are
shown in Fig. 8.
Step 6: Establish the decision matrices Dj .
Section 4.1.3 elucidates that the evaluation information on alternatives is collected in the same way as Step 1. Thus, the details
are omitted here due to space limitation.
Step 7: Determine the normalized decision matrices D̄ j .
Given that all the sub-criteria are beneﬁcial, normalization is
not required.
Step 8: Obtain the aggregated decision matrix A.
We incorporate the prioritized orders of sub-criteria into the integration module to aggregate information on sub-criteria to obtain
the overall assessment on each dimension.
Step 9: Calculate the overall value of Ai .
As the prioritized order of dimensions has been identiﬁed as
MC3MC4MC2MC1, we incorporate it into the integration module to aggregate information on dimension to generate the overall
assessment on each alternative Ai . The results are shown as follows
(here we assume that p = q = 1).


A1 =
A3 =
A5 =










[0.3166, 0.508, 0.508, 0.686]
[0.419, 0.58, 0.58, 0.782]
; A2 =
;
, (0.441, 0.167, 0.149)
, (0.544, 0.058, 0.121)



[0.489, 0.63, 0.63, 0.83]
;
, (0.579, 0.15, 0.09)





A4 =

[0.3336, 0.521, 0.521, 0.69]
;
, (0.66, 0.09, 0.146)



[0.498, 0.633, 0.633, 0.83]
;
, (0.419, 0.323, 0.169)

and A6 =

Step 10: Identify the score value of Ai .





[0.4, 0.572, 0.572, 0.77]
.
, (0.68, 0.01, 0.218)
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Fig. 6. Causal diagram of the dimensions.
Table 6
Pair-wise comparison for sub-criteria in the MC2 dimension.
Sub-criterion

SC21

SC22

SC23

SC24

SC21

0

[0.4, 0.5, 0.5, 0.6]
, (1, 0.5, 0)

[0.2, 0.3, 0.3, 0.4]
, (1, 0, 0)
[0, 0.1, 0.1, 0.1]
, (1, 0, 0)

[0.2, 0.3, 0.3, 0.4]
, (1, 0.2, 0)
[0.2, 0.3, 0.3, 0.4]
, (1, 0, 0)
[0.8, 0.9, 0.9, 1]
, (0.8, 0.3, 0)

SC22
SC23
SC24

[0.6, 0.7, 0.7, 0.8]
, (0.9, 0, 0)
[0.8, 0.9, 0.9, 1]
, (1, 0, 0)
[0.8, 0.9, 0.9, 1]
, (1, 0, 0)

0

[0.8, 0.9, 0.9, 1]
, (1, 0, 0)
[0.2, 0.3, 0.3, 0.4]
, (0.9, 0, 0)

0

[0.4, 0.5, 0.5, 0.6]
, (1, 0, 0)

0

Fig. 7. Causal diagram of sub-criteria in the MC2 dimension.

The score values of each alternative can be obtained by
Eq. (1):

sc (A1 ) = 0.3583; sc (A2 ) = 0.4629; sc (A3 ) = 0.4982;
sc (A4 ) = 0.4134; sc (A5 ) = 0.4174; sc (A6 ) = 0.4722.
Step 11: Rank all the alternatives.
According to the score values obtained in Step 10, the ranking
order for all the alternatives is A3 A6 A2 A5 A4 A1 ; thus, the alternative A3 is the best option.

5.2. Sensitivity analysis
For the exploration of the effects of different parameters (p and
q) in the SVTN-normalized prioritized weighted Bonferroni mean
operator, the ranking results are listed in Table 8 with different
values of p and q. (The ranking order “Ai Aj Ak Al Am An ” is denoted by “Ai Aj Ak Al Am An ” to save space.)
Table 8 exhibits that dissimilar ranking results were obtained
when different values were assigned to the parameters p and q.
B2C e-commerce A3 had the best ranking among all the alterna-
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Fig. 8. Causal diagrams of sub-criteria in the MC1-4 dimensions.

Table 7
Crisp values of sub-criteria in the MC2
dimension.
Sub-criterion

( ri + si )

( ri − si )

SC21
SC22
SC23
SC24

3.5806
2.9668
3.5367
3.3907

−1.1353
−0.6023
1.328
0.4096

Table 8
Ranking orders with different values of p and q.
p and q

Ranking

p and q

Ranking

p = 1, q = 0
p = 0.5, q = 0.5
p=q=1
p = 1, q = 2
p = 2, q = 1
p=q=2
p=q=3

A6 A3 A2 A5 A4 A1
A2 A6 A3 A5 A4 A1
A3 A6 A2 A4 A5 A1
A3 A6 A2 A4 A5 A1
A3 A6 A2 A4 A5 A1
A3 A6 A2 A4 A5 A1
A3 A6 A4 A2 A5 A1

p=q=4
p=q=5
p=q=6
p=q=7
p=q=8
p=q=9
p = q = 20

A3 A6 A4 A2 A5 A1
A3 A6 A4 A2 A5 A1
A3 A6 A4 A2 A5 A1
A3 A4 A6 A2 A5 A1
A3 A2 A4 A6 A5 A1
A3 A2 A4 A6 A5 A1
A3 A2 A4 A6 A5 A1

tives, except for two situations: when p = 1, q = 0 and p = 0.5, q =
0.5. Additionally, alternative A1 was consistently identiﬁed as the
worst choice regardless of how the parameters changed. The subtle differences in ranking results may be caused by two reasons.
(1) The interrelationships among criteria cannot be captured when
one or more parameters between p and q equal zero. (2) When
the value of parameters p and q are smaller than one, the aggregated value may be ampliﬁed by the SVTN-normalized prioritized
weighted Bonferroni mean operator, whereas the same effect will
not occur in other occasions.
Furthermore, to visually exhibit the global effects of different
attitudinal characters p and q on the integration module and conveniently determine the best promising alternative, we investi-

gated the distribution characteristics of the score values for each
alternative Ai when the values of parameters p and q varied from
0 to 20 using 0.5 increments, and we calculated a total number of
10,086 score values for all the alternatives. Fig. 9 depicts the results.
Fig. 9 illustrates that different score values for each alternative
were obtained when parameters p and q had distinct values between 0 and 20. Moreover, the score value of each alternative increased with the increase in the values of parameters p and q. Using Fig. 9(a) as an example, the blue portion of the mapping surface indicates very high score values for alternative A1 for the corresponding high values of parameters p and q. In addition, a large
blue area will lead to considerably stable alternative A1 . Conversely,
if one of the parameters (p or q) is ﬁxed, then the score value of
alternative A1 continues to increase with increases in values of the
other parameter. The extreme values are shown in the two purple
parts of the mapping surface.
Comparing Fig. 9(a–f), we readily identify the ranking order of
alternatives. For example, comparing Fig. 9(a,b), we ﬁnd that the
biggest blue area of the mapping surface in Fig. 9(b) represents
the score value of alternative A2 as around 0.55, whereas the corresponding area in Fig. 9(a) suggests that the score value of alternative A1 is around 0.45. Therefore, alternative A2 is better than
A1 when parameters p and q take values between 0 and 20. Moreover, we can ﬁnd that most score values of alternatives A4 and A6
lie in the purple portions representing values higher than 0.5 and
that their score values appear to intersect at a certain point. This
outcome also explains why the orders of alternatives A4 and A6
exchanged as depicted in Table 8. Similarly, in Fig. 9(c), the most
widely distributed blue and green areas indicate that the score values of alternative A3 lie nearest to 0.6, which is steadily bigger
than the others. Therefore, alternative A3 can be regarded as the
benchmarking B2C e-commerce website providing directions for
others to improve their service quality.
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Fig. 9. Scores for alternatives A1 − A6 by the integration module. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this
article.)
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Table 9
Comparison with other approaches.
Approach

Ranking order

Fuzzy TOPSIS approach [52].
Fuzzy hierarchical TOPSIS approach [22]
Aggregation operator-based approaches
TNWAA operator [42]
TNWGA operator [42]
SVTN-normalized weighted
Bonferroni mean operator [29] ( p = q = 1)
Proposed integrated approach ( p = q = 1)

A6 A2 A3 A5 A4 A1
A3 A5 A4 A6 A2 A1
A3 A2 A1 A6 A5 A4
A3 A6 A4 A1 A2 A5
A3 A2 A6 A1 A4 A5
A3 A6 A2 A5 A4 A1

5.3. Comparison and discussion of the results
To observe the changes of the evaluation results generated by
applying different MCDM approaches, we compared this proposed
model with four other approaches based on the same problem in
this study and explored the reasons for differences. Accordingly,
we summarized the advancements of the proposed model over the
exiting studies. Below are the brief descriptions about the comparative approaches.
(1) Fuzzy TOPSIS approach [52]: A traditional fuzzy-based MCDM
approach based on the idea that the evaluated alternative
should have the shortest distance from the positive ideal solution and the longest distance from the negative ideal solution.
(2) Fuzzy hierarchical TOPSIS approach [22]: An extended version
of the traditional fuzzy TOPSIS approach. It improves the traditional fuzzy TOPSIS approach by taking the hierarchical structure among criteria into consideration.
(3) Aggregation operator-based approaches [29,42]: Aggregation
operators including the trapezoidal neutrosophic weighted
arithmetic averaging (TNWAA), trapezoidal neutrosophic
weighted geometric averaging (TNWGA), and the single-valued
trapezoidal neutrosophic normalized weighted Bonferroni
mean (SVTN-normalized weighted Bonferroni mean) operators
are proposed for information fusion, then, ranking results are
obtained by the score functions of SVTNNs. More aggregation
operators with SVTNNs can be tested in the future.
Given that the decision information in comparison approaches
[52] and [22] are not totally consistent with this study, we performed certain modiﬁcations and applied only the basic ideas of
these approaches to solve our problem. Table 9 exhibits the comparative results.
Table 9 shows that, although the detailed ranking results of
alternatives differ in each comparative method, A3 remains the
highest ranked alternative, despite the condition in the fuzzy TOPSIS approach [52]. These differences may be explained by various
reasons. First, the fuzzy TOPSIS approach [52] overlooked the hierarchical structure between criteria inherent in the e-commerce
settings. Second, although the fuzzy hierarchical TOPSIS approach
[22] considered the hierarchical structure of criteria, it ignored
the causal relationships among them. In case of the aggregation
operator-based approaches ([29, 42]), the TNWAA and TNWGA operators in Ref. [42] were developed respectively using the arithmetic mean and geometric mean, which determined that the former TNWAA operator emphasized a group’s comprehensive evaluation, whereas the latter TNWGA operator gave more importance
to individual opinions [33]. In addition, they were both based on
the assumption that inputs were independent one another. Conversely, the SVTN-normalized weighted Bonferroni mean operator
in Ref. [29] considered the interrelationships among input arguments, and the SVTN-normalized prioritized weighted Bonferroni
mean operator in this work was proposed aiming at capturing both
the interrelationships among criteria and different prioritized levels of them. The inherent characteristics of these aggregation tools

are remarkably different thus yielding distinct rankings of alternatives. These differences in evaluation results also indicated the importance for evaluators to carefully select the most suitable aggregation tool based on the natures of decision-making problem and
criteria [51].
In summary, the advancements of this proposed approach over
existing works are as follows.
(1) Approaches [29,42,52] assigned weightings of criteria in advance, which may lead to subjective randomness. In this research, the DEMATEL technique was extended to the SVTNN
environment, and the SVTN-DEMATEL module was proposed
to determine the prioritized orders of involved criteria. Consequently, this study identiﬁed the prioritized orders of criteria in a quantitative way and incorporated them into the
proposed integration module rather than assigning them totally by experts’ opinions, thereby generating a substantially
objective and rational ranking order of alternatives.
(2) Approach [52] failed to capture the hierarchical structure
among criteria, and approach [22] considered the hierarchical criteria but overlooked their causal relationships, which
commonly existed in evaluation criteria involved in B2C ecommerce. By contrast, we considered both by utilizing the
SVTN-DEMATEL module.
(3) For information fusion, neither the approach in Ref. [42] nor
Ref. [29] took the interrelationships and priority levels
among criteria into account simultaneously. However, it has
been proven that the sub-criteria and dimensions in ecommerce context were correlative one another [53]. To address this issue, this research proposed the SVTN-normalized
prioritized weighted Bonferroni mean operator to take these
characteristics into consideration. Overall, when evaluated
against the aforementioned comparative approaches, the
proposed model could yield considerably accurate and reliable ranking results.
6. Conclusions and future research
Evaluation of B2C e-commerce websites has become an interesting topic in the e-era, and such evaluation involves various correlative dimensions and sub-criteria. This research aimed at combining the SVTN-DEMATEL technique with the SVTN-normalized
prioritized weighted Bonferroni mean operator for recommending
an appropriate B2C e-commerce website for customers accurately
and eﬃciently. The SVTN-DEMATEL technique captured the causal
relationships among criteria and identiﬁed their prioritized orders,
whereas the proposed SVTN-normalized prioritized weighted Bonferroni mean operator incorporated the identiﬁed prioritized orders and interrelationships when integrating criteria. Subsequently,
the ranking order of alternatives was obtained by the score function of SVTNNs. In addition, the proposed model was tested by
a B2C e-commerce website evaluation problem, and further validated by sensitivity and comparative analyses.
Summary of the novelties of our research is threefold. (1) We
introduced the SVTNNs to quantify the evaluation information in
the e-commerce context. (2) We proposed a novel theoretical approach for solving fuzzy-based MCDM problems by combining information acquisition, the SVTN-DEMATEL module, and the integration module, where the inputs of the latter module were entirely generated by the former module. (3) We proposed the SVTNnormalized prioritized weighted Bonferroni mean operator for information fusion, which could conform to highly practical decisionmaking situations.
The practical implications of our research may lie in several aspects. On the one hand, this research indicated that there were
different priority levels and interrelationships among the impact
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factors affecting the e-commerce service quality. This ﬁnding can
serve as suggestion in two directions: 1) gave the e-commerce
website managers a clue for identifying and distributing the prioritized orders for impact factors; and 2) help e-commerce businesses allocate resources reasonably to increase customer satisfaction according to the identiﬁed prioritized criteria. On the other
hand, this research introduced the SVTNNs to quantify evaluation
information in the e-commerce context, which provided a rich and
comprehensive context of how managers perceive and respond to
this phenomenon. In addition, this work was a further extension
and complement to our previous works, and could suggest interesting avenues for potential applications to other related or different domains, such as sustainable service design, new product development evaluation, and risk assessment and so on.
Clearly, certain limitations are extant in this work, and they can
serve as suggestions for further research. First, the calculations of
our model were somewhat complicated because of the complex
form of SVTNNs. Explorations should be made for easy computations. Second, as an important part of online consumption, online
reviews reveal, to a large degree, the service level of e-commerce
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fuzzy-based MCDM approaches, such as the QUALIFLEX (qualitative
ﬂexible multiple criteria) method, which is very suitable to handle
MCDM problems involving numerous criteria and limited alternatives.
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Appendix A. Formula of the SVTN-normalized prioritized
weighted Bonferroni mean operator
Let p, q ≥ 0 and C = {C1 , C2 , . . . , Cn } be a collection of criteria,
such that a prioritization C1 C2 Cn exists among these criteria. Let a˜i = [ai1 , ai2 , ai3 , ai4 ], (Ta˜i , Ia˜i , Fa˜i ) (i = 1, 2, . . . , n) be a
set of SVTNNs representing the performance values of object a˜
under criterion Ci . Subsequently, the SVTN-normalized prioritized
weighted Bonferroni mean operator can be deﬁned as follows:
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where
websites. Moreover, some comprehensive text reviews, especially
those with high-quality, could be labeled as expert reviews. Therefore, these helpful reviews could be used to supplement the experts’ assessments for the future applications of evaluation. Third,
the evaluation information in this study was mainly gathered by
consulting evaluators, they are experts in this study, which was
subjective information. Motivated by studies [16,51], the objective
information collected from instruments or machines had better be
combined with the subjective information for better evaluation of
e-commerce websites. Fourth, for the extensions of our study, the
proposed SVTN-DEMATEL module can also be combined with other

j−1
k=1

T1 = 1,

Ti = ik−1
sc (a˜k )(i = 2, 3, . . . , n),
=1

Tj =

sc (a˜k )( j = 2, 3, . . . , n), and sc (a˜k ) is the score function of
SVTNN a˜k by Eq. (1). The processes proving Eq. (A.1) are omitted
here (refer to Liang et al. [29] and Ji et al. [54]).
Appendix B. The algorithm of the proposed integrated
approach
We present the algorithm of our proposed integrated approach
based on the illustration in Section 4 to explain how the model
can be implemented as follows.
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Algorithm: The integrated approach for B2C e-commerce website evaluation.
Input:
Output:
Steps:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

The initial direct-relation matrix among dimensions TMC and sub-criteria TSCj ( j = 1, 2, . . . , n), the decision matrix under each
sub-criteria D j ( j = 1, 2, . . . , n).
The score values of each alternative Ai
for each group of sub-criteria in dimension l from 1 to 4
for each SCli who rated i ranging from 1 to rl where l ranges from 1 to 4
//SCli represents “Prominence” value, indicating the degree of importance that sub-criterion i plays in the lth dimension; the rl
represents the total number of sub-criteria in the lth dimension
initialize the variable cli = 1;
for each SCl j who rated j ranging from 1 to rl where l ranges from 1 to 4//SCl j represents “Prominence” value, indicating the
degree of importance that sub-criterion j plays in the lth dimension
If SCli < SCl j
obtain cli ← cli +1;
end
end
add cli to matrix Cl ;
end
end
return Cl ;
obtain the normalized decision matrices D̄ j by Eq. (9);
obtain the aggregated decision matrix A by Eq. (A.1);
for each dimension MCq who rated q ranging from 1 to 4//MCq represents “Prominence” value, indicating the degree of
importance that the qth dimension plays in system
initialize the variable mci = 1;
for each dimension MCk who rated k ranging from 1 to 4//MCk represents “Prominence” value, indicating the degree of importance
that the kth dimension plays in system
If MCq < MCk
obtain mci ← mci +1;
end
end
add mci to matrix M;
end
return M;
obtain the overall value of Ai by Eq. (A.1);
identify the score value sc (Ai ) of Ai by Eq. (1);
return sc (Ai );

References
[1] CNNIC, The 39th China Statistical Report on Internet Development, 2017
(accessed 17.07.04). http://www.cnnic.net.cn/hlwfzyj/hlwxzbg/hlwtjbg/201701/
t20170122_66437.htm.
[2] X.B. Yu, S.S. Guo, J. Guo, X.R. Huang, Rank B2C e-commerce websites in
e-alliance based on AHP and fuzzy TOPSIS, Expert Syst. Appl. 38 (4) (2011)
3550–3557.
[3] K. Liu, X. Luo, L. Zhang, Evaluation of China’s B2C e-commerce website: an
analysis of factors that inﬂuence online buying decision, Int. J. Multimed. Ubiquitous Eng. 11 (3) (2016) 143–156.
[4] A.R. Ashraf, N. Thongpapanl, S. Spyropoulou, The connection and disconnection
between e-commerce businesses and their customers: Exploring the role of
engagement, perceived usefulness, and perceived ease-of-use, Electron. Commer. Res. Appl. 20 (2016) 69–86.
[5] G. Acampora, D. Alghazzawi, H. Hagras, A. Vitiello, An interval type-2 fuzzy
logic based framework for reputation management in peer-to-peer e-commerce, Inf. Sci. 333 (2016) 88–107.
[6] Q. Liu, S. Huang, L. Zhang, The inﬂuence of information cascades on online
purchase behaviors of search and experience products, Electron. Commer. Res.
16 (4) (2016) 553–580.
[7] C.C. Sun, G.T.R. Lin, Using fuzzy TOPSIS method for evaluating the competitive
advantages of shopping websites, Expert Syst. Appl. 36 (9) (2009) 11764–11771.
[8] H. Zhu, C.X.J. Ou, W.J.A.M. van den Heuvel, H.W. Liu, Privacy calculus and its
utility for personalization services in e-commerce: an analysis of consumer decision-making, Inf. Manag. 54 (4) (2017) 427–437.
[9] A. Mardani, A. Jusoh, E.K. Zavadskas, Fuzzy multiple criteria decision-making
techniques and applications – two decades review from 1994 to 2014, Expert
Syst. Appl. 42 (8) (2015) 4126–4148.
[10] E. Triantaphyllou, C.T. Lin, Development and evaluation of ﬁve fuzzy multiattribute decision-making methods, Int. J. Approx. Reason. 14 (4) (1996)
281–310.
[11] Z.P. Fan, X. Zhang, F.D. Chen, Y. Liu, Extended TODIM method for hybrid multiple attribute decision making problems, Knowl.-Based Syst. 42 (2013) 40–48.
[12] G.C. Fan, D.H. Zhong, F.G. Yan, P. Yue, A hybrid fuzzy evaluation method for
curtain grouting eﬃciency assessment based on an AHP method extended by
D numbers, Expert Syst. Appl. 44 (2016) 289–303.
[13] A. Sanayei, S. Farid Mousavi, A. Yazdankhah, Group decision making process
for supplier selection with VIKOR under fuzzy environment, Expert Syst. Appl.
37 (1) (2010) 24–30.
[14] A. Gabus, E. Fontela, World problems, an invitation to further thought within
the framework of DEMATEL, Battelle Geneva Research Centre, Switzerland,
Geneva, 1972.

[15] W.W. Wu, Y.T. Lee, Developing global managers’ competencies using the fuzzy
DEMATEL method, Expert Syst. Appl. 33 (2) (2007) 499–507.
[16] J. Lu, J. Ma, G. Zhang, Y. Zhu, X. Zeng, L. Koehl, Theme-based comprehensive
evaluation in new product development using fuzzy hierarchical criteria group
decision-making method, IEEE Trans. Ind. Electron. 58 (6) (2011) 2236–2246.
[17] T.T.S. Nguyen, H.Y. Lu, J. Lu, Web-page recommendation based on web usage and domain knowledge, IEEE Trans. Knowl. Data Eng. 26 (10) (2014)
2574–2587.
[18] J. Wu, F. Chiclana, H. Fujita, E. Herrera-Viedma, A visual interaction consensus model for social network group decision making with trust propagation,
Knowl.-Based Syst. 122 (2017) 39–50.
[19] M. Scholz, V. Dorner, G. Schryen, A. Benlian, A conﬁguration-based recommender system for supporting e-commerce decisions, Eur. J. Oper. Res. 259 (1)
(2017) 205–215.
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