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Abstract: With a great emphasis on both social and environmental responsibilities, sustainable supply
chain management has gradually been adopted and promoted as an innovative business model.
In sustainable supply chain practice, the choice of sustainable suppliers relates to the long-term
development of a company. While the environmental performance of suppliers has been commonly
considered, the social dimension has not yet received enough attention. This paper first proposes
a novel criteria system for evaluating sustainable suppliers from three aspects and six dimensions,
and then introduces an integrated evaluation model with a novel hybrid information aggregation.
To verify the applicability and effectiveness of the proposed method, a real case of a large supermarket
is introduced and analyzed. The research results show that (1) the indicator system based on Triple
Bottom Line theory can serve as a framework of sustainable supplier selection for manufacturing and
circulation enterprises; (2) the introduction of hybrid information aggregation can effectively handle
the uncertainties of indicator scores under the realistic fuzzy environment and objectively reflect the
intentions of the scorers; and (3) in comparison with the TOPSIS algorithm, the priority order finally
obtained is consistent, but the proposed model shows more robustness in the sensitivity test.

Keywords: sustainable supplier selection, DEMATEL; ANP; fuzzy VIKOR; IVTEN; hybrid
information aggregation; TBL theory

1. Introduction

The problems regarding violations of corporate ethics and national laws caused by the lack of
environmental and social responsibility in supply chain operations have drawn great public concern
in recent times [1,2]. On 31 August 2011, five environmental groups led by the Institute of Public and
Environmental Affairs (IPE), a nonprofit organization in Beijing, revealed a pollution map with regard
to the supply chain of the high-tech giant Apple in China after more than six months’ investigation,
which exposed dozens of labor rights violations, as well as safety and environmental offenses, made by
27 suspected suppliers of Apple. Subsequently, The Other Side of Apple II, a special report issued by
IPE in association with other green groups strongly condemned Apple for the environmental and social
irresponsibility of its business practices. Incidents included the long-term breach of environmental
regulations by the factories of some suppliers, with more than ten violations of commitments to
pollution and worker health accords, violations of international safety standards for the release of
toxic metals such as copper and nickel, a lack of attention to the physical and mental health of the
local community and public, and the disposal of hazardous wastes in a manner that violated local
governmental legislation [3]. Initially, Apple denied all the charges and argued that they were just
downstream purchasers that had no joint liability for bad behavior among other suppliers. However,
Chinese environmental organizations and consumers did not agree with this statement, and started to
boycott all Apple products. In the face of growing public pressure, Apple came to realize that they
were unable to ignore the problem, since consumers place liability on the focal company in the product
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chain more often than not. For focal companies, they should not only manage their own behavior, but
also strengthen the supervision of the operations of their suppliers. Consumers in modern society
are increasingly concerned about whether the products they buy are environmentally sound, and
whether the brands they trust maintain a responsible supply chain. In view of the public scrutiny
and social pressure, core companies cannot only concern themselves with their own transparency
and green obligations; the issue of whether upstream suppliers take sustainable initiatives is directly
linked to the reputations of focal firms and the supply chain at large. Therefore, they should pay much
more attention to sustainable supply chain management (SSCM), especially in terms of the choice
of sustainable suppliers. For purchasing managers and researchers, how to establish a practical and
pragmatic evaluation system and method focusing on sustainable suppliers has become a necessary
but challenging issue [4-7].

The sustainable supplier selection (SSS) is a focus issue that has gained attention over the past
five years [8,9]. Compared to traditional supplier selection which mainly concentrates on economic
benefit and cost optimization [10-12], and green supplier evaluation that focuses on environmental
performance [2,13,14], investigation of the sustainability of suppliers also needs to consider their social
responsibility. The indicators of responsibility to internal stakeholders around employee rights have
been put forward: occupational health and safety [4,15-17], training and practice [15,18], and other
legitimate rights [4,15]. However, few works paid attention to external stakeholders, much less did
they establish a comprehensive evaluation framework and logic that could be used to measure the
sustainability of the supplier. Therefore, the first potential contribution of this paper is to place a
stronger emphasis on suppliers’ social performance, and to propose a novel measure for SSS based
on the logic of the Triple Bottom Line (TBL) theory [19]. This measure covers economic, green
(environmental), and social factors, with a total of 24 indicators. Among them, from stakeholder
theory we point out that suppliers’ social responsibility is not only reflected in their duties to
internal stakeholders (such as employees and shareholders), but also to external stakeholders (such as
communities and the governments).

Considering the criteria of SSS, a multi-criteria decision-making (MCDM) approach provides
an effective framework to solve the screen problem with different conflicting goals [6]. Some typical
MCDM methods, such as the Analytic Network Process (ANP), have been widely used to solve supplier
selection issues, while most studies have assumed that each cluster in the ANP has equal weight in
the creation of a weighted supermatrix [20,21]. In addition, many used methods, including Artificial
Neural Networks (ANNSs), rarely consider the real existence of mutual influence and feedback among
criteria during the process of weight determination [22]. To improve upon these shortcomings, we
integrate the DEMATEL method, representing the related properties between indicators with the ANP
method to calculate the weights of the various criteria. Compared with other studies proposing the
DEMATEL-ANP method [21,23], we improve the method for remapping the ANP network structure,
which effectively reduces computation costs.

TOPSIS and VIKOR are typical compromise programming technologies which focus on ranking
and selecting a set of options [24]. Compared with the TOPSIS method, which may cause an improper
effect known as “total rank reversal” [2], the fact that the best solution obtained by VIKOR is closer
to the ideal solution makes VIKOR the most suitable method for selecting suppliers in the view of
many authors [25]. In light of the above factors, this paper also uses a hybrid VIKOR technology as
a decision-making tool to determine the optimal sustainable supplier before the weight definition
through DEMATEL-ANP method is applied.

Moreover, this paper also introduces a set of hybrid information aggregation for practical
evaluation, and combines this information set with the proposed integrated method. As qualitative
factors and quantitative indicators often coexist simultaneously in the measure of supplier selection,
accuracy and pragmatism cannot be achieved if those factors are scored by a single value type [26].
For the convenience of calculation or the limitation of the method, using mixed data as an input
was generally not considered in the past; rather, it served to unilaterally adopt quantitative scoring
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or qualitative judgment. The hybrid information aggregation we proposed can reduce the vague
and subjective impact of human judgments and preferences through mixed data forms to describe
the comprehensive performance of potential suppliers, which includes the precise number, interval
number, and fuzzy number. Note that the linguistic term, rather than the numerical form, is proposed
for decision makers (DMs) to answer the relevant questions [4], due to its simplicity and tangibility in
expressing perceptions [4], which can normally be transformed into fuzzy numbers. The use of an
interval-valued triangular fuzzy number (IVTEN) is proposed in this paper to effectively reduce the
uncertainty and ambiguity that exists in the supplier selection process [27].

A case of a retail enterprise is finally introduced to verify the applicability of the measure and
feasibility of the proposed model with regard to the SSS problem. While most related literature in
this field has focused on manufacturing companies [28-30], little attention is given to SSS of retail
enterprises. As more and more retail companies, such as Wal-Mart and Migros, have proposed goals
and plans for global sustainable procurement in recent years, the means of developing a comprehensive
measure for sustainability and an effective assessment method to choose sustainable suppliers has
become an urgent problem. We contribute theoretical supplements for the field of supplier selection
and the question of sustainability by pointing out the limitations of the existing methods and proposing
an effective model and information process approach to guide enterprises through the supply chain,
especially in the retail industry, to select sustainable suppliers and implement sustainable practices.

The remainder of this paper is organized as follows: Section 2 reviews the literature on
SSCM, SSS criteria, and evaluation methods. Section 3 introduces our methodology, including the
DEMATEL-ANP-VIKOR algorithm and hybrid information aggregation. In Section 4, an empirical
case of a retail enterprise is presented to solve the SSS problem by an integrated approach. Finally, in
Section 5, we discuss the implications and offer conclusions and future study avenues.

2. Literature Review

2.1. SSCM and Supplier Selection

The earliest study of SSCM can be traced back to the 1990s, when the concept of sustainability
mainly referred to environmental management. Drumwright [31] put forward the importance of social
responsibility for companies in terms of purchasing, production, and consumption. In the same year,
Murphy, et al. [32] suggested that priority should be placed on environmental issues over logistics
management. In the late 1990s, the principles of green supply chains were proposed to change the
traditional requirements and objective functions goals of operation management [33,34]. Elkington [19]
further proposed the concept of TBL, focusing on the balance of economic, environmental, and social
goals from a business perspective. Carter and Jennings [35] posed the dual relationship approach
to analyze each system unit so as to assess change in the case where a sustainable solution was
used. Mentzer, et al. [36] believed that sustainability in the supply chain is a systematic and strategic
coordination of business operations and decisions within a company and its supply chain to increase
the long-term comprehensive benefits. Linton, et al. [37] was the first to put forward the concept of
SSCM, while Carter and Rogers [38] and Seuring and Miiller [1] offered deeper explanations of this
term. Specifically, SSCM was described as a strategic and transparent collection that covered four
support aspects of sustainability, namely: risk management, transparency, strategy, and corporate
culture [38], coordinating the systematic business process based on the TBL principle within internal
organizations [1], to eventually get the trade-off from social, environmental, and economic objectives.
Companies should have a formal mechanism to monitor and disclose responsible and sustainable
issues in their supply chain [39] in order to gain both internal and external performance edges and
reputations, as well as continuous competitive advantages [1,40,41].

As a critical part of SSCM, helping suppliers recognize the importance of sustainability and
support them in improving their SSCM practices is a vital task for core enterprises [5]. Only by
the efforts of sustainable initiatives taken through the integration of upstream and downstream
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partners, can sustainability in the supply chain be continued. The core enterprise can actively mobilize
their suppliers to participate in environmental protection plans, doing charities, and maintaining
cooperative partnerships, and encourage them to address SSCM initiatives and adopt more proactive
environmental strategies [42]. In fact, suppliers who positively participate in the practice of SSCM
can reduce the potential risks from environmental and political uncertainty, as well as economic
volatility, through the full supply chain, and can ultimately earn the praise of downstream customers
for outstanding performance in terms of sustainability [43].

Previous literature concerning supplier selection mostly focused on economic and environmental
factors [44—49], while recent studies have begun to increase the consideration of suppliers’ social
performance when selecting sustainable suppliers [6,7,50]. Apparently, sustainable suppliers have
dramatic differences in operation goals, contract models, relationships, and evaluation standards
compared with traditional suppliers and green suppliers, as demonstrated in Table 1. To maximize
the value of the entire supply chain, focal firms need to carefully select raw material suppliers and
product distributors. As the front end, in sustainable supply chains (see in Figure 1), those raw material
suppliers are the base of value development, transmission, and even enhancement. That means that
sustainable suppliers play a crucial part in the implementation of SSCM initiatives, which can deliver
the benefits of both environmental improvements and cost reductions within the supply chain to the
downstream through material flows [29].

Table 1. The distinction between traditional suppliers, green suppliers, and sustainable suppliers.

o L Relationship in The Number Evaluation
Organizational Objectives . .

Supply Chain of Suppliers Standards

Traditional . . Short-term and rival Scattered Price, quality and
. Maximum benefit of economy . .
suppliers strategy suppliers delivery
Green Maximum benefits of Green cooperation and ~ Suppliers Economy and
suppliers economy and environment competition integration environment
. Maximum benefits of Partner for creatin, . S
Sustainable . & Suppliers Considering the
suppliers economy, society and new value through inteeration TBL factors
PP environment SSCM &
Sustainable Sustainable Sustainable
Procurement Production Distribution
T®
@ Inventory Inventory @
. I I
Supplier > Manufacturer »| Customer
“# Materials g Products
Matﬁnal Product End of Life Products
Reverse
Reuse/Recycle/Re-Assembly |
T A
Waste i @
Reuse/Recycle Materials Plant
Reuse/Recycle/Refurbish
Waste

Figure 1. The main activities in a typical SSCM [8].

2.2. Sustainable Supplier Selection Criteria

The evaluation system of supplier selection can be traced to the work of Dickson [51], who
earlier presented a measure coving 23 economic indicators. Weber, et al. [52] reordered the priority
of indicators most proposed by Dickson [51] based on citation frequency over the past two decades,
and further revealed the evolution trend of these classical criteria. They found that some criteria,
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like price, quality, delivery time, production equipment, and capacity, still occupied the primary
positions, whereas other indicators changed significantly as a result of shifts of focus by academia
and industry. For example, the relative importance of financial conditions was on the rise, while
the ranking of location dropped, since the geographical position was no longer a restraining factor
for suppliers due to the rapid development of the logistics industry. After the 1990s, the measure
of supplier selection received more attention when some scholars refined partial factors including
purchased price, product quality, and delivery time, and further proposed second-grade and even
third-grade indicators in order to make assessments quantifiable and comparable [10,46,48]. The cost
(or purchase unit price), for instance, was subdivided into fixed costs, design costs, supply costs,
technical expenses, after-sales service costs, and inventory costs, and so forth. Later on, with the
view of Business Process Reengineering (BPR) causing great repercussions [53], capabilities including
resource integration, supply flexibility, and information technology have received unprecedented
attention [54], and were also added to the supplier evaluation system for core enterprises to measure
their suppliers’ performance. In the face of the competitive environment that came with economic
globalization, the ability and responsibility of suppliers are expected to remain at a much higher
level, in terms of factors such as compliance with local regulations, assuming client responsibilities
proactively, identifying supply chain risks, and so forth. As global attention has turned to sustainable
development [55] and Green supply chain management (GSCM) [56], environmental performance has
gradually become a crucial factor in the selection of potential suppliers (especially green suppliers),
while social performance was hardly mentioned until corporate social responsibility (CSR) [31] and
the TBL theory [19] drew much attention to it. Some scholars have focused on this issue but have not
yet established a generally accepted measure for supplier social responsibility [7,9,17,18,57].

Based on the three dimensions in the TBL framework [19], indicators affecting supplier selection
in the last 20 years or so were classified into the economic, environmental, and societal metrics.
The research on traditional supplier evaluation generally only concerned economic performance [45,58—
61]. Table 2 summarizes a segment of the most frequent economic indicators in the previous literature.
With increasing emphasis on global environmental issues and the enhancement of ecological awareness,
it was not surprising that environmental performance has become the essential assessment indicator for
suppliers in the selection system [13,14,62-65]. Table 3 summarizes the environmental indicators that
have been widely recognized and used in the past. Although the study on CSR has been not a new topic
and has already borne fruit, research on integrating CSR (and also sustainability) with supplier selection
has emerged only in recent years [63,66,67]. In reality, the internal stakeholders (such as shareholders)
and external stakeholders (such as governments, local communities, non-governmental organizations,
and consumers) in the supply chain are constantly putting social responsibility pressure on the firm
itself [66,68]. Corporate behaviors and practices in terms of social responsibility, such as the voluntary
integration of sustainable concerns into their commercial operations, influence all levels of the supply
chain, but especially business partners [69]. Enterprises gradually recognized that their initiatives in
SSCM will eventually exert an impact on their social image, reputation, and long-term benefits [70],
and are responsible for the environmental, well-being, and security requirements of the laborers who
manufacture their products, no matter whether they are direct employees or whether they come from
the suppliers who provide them with raw materials or semi-finished products [71]. Table 4 provides
some important sustainable criteria from the existing literature. Most authors have emphasized concern
for employee responsibility, in the form of occupational health and safety [4,15-17,72], training and
practice [15,18], and other legitimate rights [4,15]. The rights of stakeholders have also been recognized
by many researchers [4,7,29,72], but the concept is more general because groups such as laborers,
shareholders, governments, and so forth are all stakeholders of the company, and it is obviously not
sufficient to describe rights using such an indicator. Information disclosure reveals the willingness of
enterprises to fulfill their social responsibilities to some degree [4,29], but it is usually hard to measure
performance by a single factor. Few papers pay attention to external stakeholders, except for their
influence on the local community [73,74]; criteria like taxation, charitable investments, and shareholder
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contracts, are rarely included in the evaluation systems of sustainable suppliers. Nevertheless, the
indicators proposed in the past three years, such as ethical and legal issues [17], discrimination and
diversity [7], sustainability risks [57], supportive activities [16], and trust and partnerships [18], have
some reference values. In general, the current social dimension for sustainable suppliers lacks the
systematic consideration of responsibilities to internal and external stakeholders, focusing rather on
only one or a few objects. This paper therefore attempts to establish a novel criteria framework of 555
for retail enterprises, especially those existing in the emerging economy whose SSCM initiatives got
off to a late start.

2.3. The Measures

Through reviewing and combing through over 300 papers published from 2000 to 2017 (on
the “topic, abstract and keywords” in regards to “sustainable supplier”) from databases such as
the Web of Science, Springer, Wiley, and Scopus, as well as in-depth consultations with experts in
various industries, based on the TBL theory and stakeholder theory, a comprehensive measure for
SSS in the retail industry was formulated. Given the trade-off between economic, environmental, and
societal objectives, this measure covers six aspects (and a total of 24 sub-criteria), namely: Corporate
Reputation (AS1), Operational Management (AS2), Product Advantage (AS3), Service Capability
(AS4), Green Impact (AS5), and Social Responsibility (AS6). One of the most innovative parts among
these aspects is the introduction of the main content of supplier social responsibility, which is not
only reflected in suppliers’ duties to internal stakeholders (such as employees and shareholders),
but also to external stakeholders (such as community and the government). Among the sub-criteria,
in addition to the reservation of some traditional, highly cited criteria such as procurement costs,
financial status, product quality, supply flexibility, responsiveness, etc., we also considered other,
new indicators according to corporate practices and expert opinion, including position in industry,
contractual capacity, strategic alliance, learning, business process management, customer satisfaction,
maintenance and compensation, governmental relations, and shareholder contracts; explanations
are presented in Table 5. The proposed measure attempts to objectively reflect the actual capabilities
and potential of alternative suppliers to maintain the long-term benefits of the supply chain through
cooperation with partners.
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Table 2. The economic supplier selection criteria.

7 of 49

Criteria Explanations Related Attributes References
Cost/price The final cost to purchase a unit of raw or semi-finished products. Product cost, lOng'thS cost, ordering cost, 1nv§ntory cost, [2,18,63,74-79]
warranty cost, maintenance cost, manufacturing cost
The performance of materials purchased to meet or exceed the . .
. - Lo . ISO quality system, product performance, warranties and
Quality requirements and expectations in service or product that were ; L7 . [12,63,75,77,80,81]
. claim policies, repair and return rate

committed to.

Technology The sum of all the knowledge of an enterprise in support of Manufacturing facilities, informatization level for the

. A . . . . [2,6,75,82,83]

capability technological innovation. enterprise, technological compatibility

Production The ability of human, financial, and material resources that is New launch of products, supply capacity, product [67,79,84]

capacity related to the product manufacturing. advantage, production facilities e

Financial The capital needed to maintain normal business activities for an  Financial position, debt ratio and current ratio, profit/sale [75,85-87]

capability enterprise during a certain period of time. trends, finance stability, interest on payment purchasing "

Delivery The caPablhty of transporting goods from a source location to a Lea.d time, on time, safety and security of components, [21,74,77,79,88,59]
predefined destination. delivery reliability
The efficiency of scheduling and ability to handle changing Standard of service, punctuality, responsiveness, service

Service orders, after-sales responsibility of suppliers, as well as capability, value added services to customers, information  [63,75,77,90,91]
motivation to share skills to solve problems. acquisition

Relationship Detgrmmmg t.he w1l!1ngness t.o estal?l{sh long-term and close Long te.rm rela'tlonshlp, coanumFatlon openness, [64,81,82,92,93]
business relations with suppliers to jointly develop the market.  reputation for integrity, relationship closeness

Flexibility Dem.and that can be profitably sustjaur}ed, and time or cost Produc.t Volur.ne chan.ges, short. set-up time, conflict [18,64,81,82,91,94-96]
required to add new products to existing production operations.  resolution, using flexible machines

Table 3. The environmental supplier selection criteria.
Criteria Explanations Related Attributes References

Green image

The identity that consumers prioritize environmental conservation
and sustainable business practices.

Ratio of green customers to total customers, green customers
market share, green materials coding and recording

[14,66,78,80,97-99]

it:;ozﬁsgttal A system that comprehensively evaluates the internal and external ~ Environmental certificates such as ISO 14000, green process [63,75,77,80,81,97,98]
systeri environmental performance of an organization. planning, regulatory compliance, environmental policies T
Environmental The capacity to balance the containment relationships between Technical transform ation .ab1hty, ability to change process and

. . . R product for reducing the impact on natural resources, carbon [14,50,66,80,97,100-102]
competencies economic and environmental performance for an enterprise.

footprint reduction

Pollution control

The control of pollutants that are released into air, water, or soil.

Remediation, end-of-pipe controls, air emissions, waste water,
pollution control capability, pollution reduction capability

[66,74,78,97,99]
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Table 3. Cont.
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Criteria Explanations Related Attributes References
Green product Env1ronmen"tally conscious products, which are pollution-free, Use of recycled anf:l nontoxic materials, green packaging, reuse, [6,13,14,81,97]
resource-saving, or renewable and recyclable. re-manufacture, disposal
Resource . The use of non-renewable, or less often, renewable resources. Consumption of resources in terms of raw material, energy, [68,75,78,97]
consumption and water
L . . . . Design for resource efficiency, design of products for reuse,
ECO-design An app.roach to deslgnlng products with spec%al co n51derat19n for recycle, and recovery of material, design for reduction or [13,77,85,89,97,98,103]
the environmental impacts of the product during its whole lifecycle. AT .
elimination of hazardous materials
GSCM Con51.der1.ng environmental issues on suPply chain; focusing the Commltmept of senior managers to support and improve green . 4 50 66,78,81,104,105]
coordination between economy and environment. supply chain management initiatives, GSCM practice
. . . . Green technology capabilities, recycling product design,
Qreen te.chnology The. ability to contmug 1.151}.’ gpdate environmental tgchnologles to renewable product design, redesign of product, green R&D [66,77,78,99,105-107]
innovation achieve the goal of minimizing the sum of product life cycle costs. .
project, green process
Table 4. The social supplier selection criteria.
Criteria Explanations Related Attributes References
The rights of A group of legal rights and claimed human rights having to do  Staff training on sustainable issues, equity labor sources,
. . : N . . [6,16,18,63,85,99]
the employee  with labor relations between workers and their employers. disciplinary and security practices, employee contracts
The rights of ~ The right or welfare belonging to the person who holds the stake = Partnership standards, share level, stakeholder empowerment, [43,63,68,99,108]
stakeholders  or some relevant interests in the private sector. stakeholder engagement, consumers education, e
Work safety . - .
and health Concerned with the safety, health, and welfare of people at work. ~ Health and safety incidents, health and safety practices [4,50,67,74,82,109]
Local . Neighboring relations between the comPany and the 10Cfﬂ Service infrastructure, social pathologies, regulatory and public
community government, the community and all residents, representing the . . . . . [68,73,74]
. .. L services, grants and donations, supporting community projects
influence public image of the organization.
Respect for . . . . . S
Enterprises comply with all laws and regulations of the country, Regulatory and public services, ethical issues and legal
the law and R . . . [17,63,77,99,110]
policy assume legal obligations, and promote good social public morals. = complain, power
Staff The process of enhancing the skills, capabilities, and knowledge  Flexible working arrangements, job opportunities, career [15,18,66,68]
Training of employees for a particular job. development T
Information ~ Providing information to stakeholders about the materials used, Transparency, information publicity, voluntary disclosure, )
. o . . . g [4,7,29,43,63]
disclosure carbon emissions, toxins released during production, and so on.  public disclosure
Child and The employment of children in any work that deprives them of

forced labor

their childhood and ability to attend regular school.

Child labor avoidance

(7]
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Table 5. The measures of SSS.
Primary Criteria Second Grade Criteria Explanations Reference/Basis
Position in industry * The market appeal, voice and dominant ability. [111]
Corporate Financial status Fur}ds—collectllon and application Wlthm a certain [75,85]
Reputation (CR) period, reflecting whether the capital flow is smooth.
Contractual capacity * The actual ability to perform economic contracts. [112]
Strategic alliance * The compatibility of long-term strategies and plans. [113]
Business process The ability to coordinate logistics, business, and
manage n{)e ot information flow, and to discover, analyze, optimize, [114,115]
& and automate business processes.
Operational Technical support The ability t(,) use computer and network technology [75,82]
Management (OM) to make decisions.
Quality management Through quality planning, control, assurance and [12,99]
improvement to ensure product consistency.
Through learning to enable firms to make
Learning * and Innovation continuous innovations, and improve their ability to [18,75]
adapt to the change.
Constituted by the purchase price and the costs o
Procurement cost incurred for the purchase of goods. (91,991
The embodiment of the use value of products,
Product Advantage Product quality including the intrinsic quality and appearance [90]
(PA) quality.
- The ability to quickly respond to different product
Supply flexibility demands. [101]
The proportion of a company’s sales volume (or ;
Product market share - [112,116]
sales profit) in the market.
Responsiveness The ability to quickly identify, react to, and recover [99]
P from the changes.
Timely delivery The ability to de.hver gOO(;ls on time, usually [88,99]
Service Capability expressed on a timely delivery rate.
SC i i
(SC) Customer satisfaction * How the products and services supplied by a [110,116]
company meet or surpass customer expectation.
Maintenance and The after-sales service ability for defective products [16,18]
Compensation * or equipment, including recall. !
Pollution production Environmental pollution caused by the production [104,117]
of products.
Pollution control Control and reduce the pollution caused by the [99]
production process.
Green Impact (GI) T a ; duced i
. e consumption of energy or power produced in
Energy consumption the production. [75,118]
Ecologic desien Consideration of the environmental impact of the [85]
& & entire product life cycle at the design stage.
Labor relations record Historic records revealing the relationship between [99]
labor and enterprise.
Governmental relations * The ability of an enterprise to be trusted, supported, [110]
Social Responsibility and cooperated with the government
SR i
(SR) ;?]r:;:;l;lltty welfare Charity and welfare services to local communities. [74]

Shareholder contract *

Safeguarding the interests of shareholders and
bringing value to the shareholders.

[119]

The symbol * represents the new indicator.

2.4. Supplier Selection Methods

Approaches to supplier selection have gone through three main stages of evolution [120]. Early
studies on supplier selection normally adopted qualitative methods such as the Heuristics of Judgment,
Bidding, and Consultation Choice [121]. However, due to the overdependence on the subjective



Sustainability 2018, 10, 2543 10 of 49

judgment of DMs, this type of method was less accepted by subsequent procurement managers. They
instead tried to use quantitative methods, such as the Entropy method, to get easy access to the relative
weights of the criteria for ranking their suppliers [122]. Nonetheless, authors later found that many
criteria, like “strategic alliance” and “innovation intention”, could not be directly quantified. Though
some of their sub-criteria may be quantifiable, they could not entirely represent or replace the concepts
of the original criteria. Combination methods (quantitative and qualitative) have, therefore, appeared
and become the mainstream in field of supplier selection. Currently, models and methods that were
applied generally include the following four categories: (a) MCDM methods (for example, AHP, ANP,
TOPSIS, VIKOR, and so forth); (b) Mathematical Programming (MP) models (for example, DEA, Linear
Programming (LP), Nonlinear Programming (NLP), Multi-objective Programming (MOP), and so
forth); (c) Artificial Intelligence Technology (AIT) (for example, Grey Relation Analysis (GRA), ANN,
Case-based Reasoning (CBR), Decision Support Systems (DSS), and so forth); and (d) Other Hybrid
Models which are basically an integration of the above methods that assembled unique advantages
of each technique and provided more sophisticated structures to assess supplier performance [7,123].
Moreover, from fuzzy set theory, introducing fuzzy numbers with various forms to characterize the
uncertainty of information is also quite commonly adopted in this field [124]. Table 6 shows the diverse
extended forms of typical portfolio models used in the supplier selection area.

Table 6. The typical extended methods for supplier selection.

Methods Extension Forms References
Fuzzy AHP Fuzzy AHP [77,125,126]
AHP and ANN [127]
AHP and GA! [128]
AHP and DEA [129]
AHP Integrated AHP AHP and GRA [150]
& AHP and MP [126]
AHP and Fuzzy TOPSIS [16,131,132]
AHP and VIKOR [29]
AHP and Entropy and TOPSIS [49]
Fuzzy ANP Fuzzy ANP [6,133]
ANP and DEA [134]
ANP and QFD 2 [17]
ANP and IPA 3 [135]
ANP ANP and RST * [104]
Integrated ANP ANP and PROMETHEE [136]
ANP and VIKOR [137]
ANP and LP [138]
DEMATEL [139,140]
TOPSIS [141]
Fuzzy ANP and SWOT ° [142]
Fuzzy DEA [100,143]
DEA and ANN [144]
DEA, ANP and ANN [63]
F DEA ’
DEA uzzy DEA and MOLP © [100]
DEA and RST [5]
DEA and DE 7 and MODE 8 [30]
Fuzzy GRA Fuzzy GRA [103]
GRA GRA and AHP [145]
GRA and ANP [2,146]
Integrated GRA GS® and RST [50]
GRA and DEMATEL [147,148]
Fuzzy TOPSIS Fuzzy TOPSIS [65,66,68,149]
TOPSIS
Integrated TOPSIS DEMATEL-ANP-TOPSIS [76]

TOPSIS and ANN [72]
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Table 6. Cont.

Methods Extension Forms References
Fuzzy VIKOR Fuzzy VIKOR [25]
VIKOR VIKOR and AHP [29]
Integrated VIKOR VIKOR and NGT 1° [109]
VIKOR and fuzzy ELECTRE [150]

1 GA: Genetic Algorithm; 2 QFD: Quality Function Deployment; 3IPA: Importance Performance Analysis; 4 RST:
Rough Set Theory; > SWOT: Superiority Weakness Opportunity Threats; ® MOLP: Multiple Objective Linear
Programming; 7 DE: Differential Evolution; 8 MODE: Multi-objective Differential Evolution; 9 GS: Grey System; 10
NGT: Nominal Group Technique.

MCDM, a centralized decision-making method for ranking and choosing the optimal
alternative in limited (infinite) programs under a conflicting and non-commensurable situation,
has wide applications in many fields, including engineering, military, economy, technology, and
management [5,6,72]. In the multiple criteria framework for supplier selection, single-goal methods
would hardly solve the problem, as cost indicators and benefit indicators are often contradictory.
MCDM methods such as the TOPSIS and VIKOR techniques, relying on consolidation function
measuring the “closeness to the ideal solution”, are proved to be typical compromise programming
technologies [24,151] which can logically and effectively address SSS issues with multiple objectives.
Compared with a large number of the extensions of the TOPSIS method in the past decade, the
improved forms of the VIKOR algorithm have just appeared in recent years. However, VIKOR is
technically superior to TOPSIS, mainly because the final optimal solution obtained by VIKOR is closer
to the ideal solution than that of TOPSIS [24].

Before using the VIKOR algorithm to acquire priority ranking, criteria weights need to be
determined first. Expert experience and the weighted average method are universally used in
reality [28], but such methods barely consider possible judgment biases that DMs may make, and
rarely inspect any potential inconsistencies within the model [12]. The AHP, ANP, and ANN methods
have been applied to address such limitations; however, these methods assume that indicators are
internally independent, and therefore, ignore the possible interdependencies among them [49,63],
which may yield erroneous weights. As the relationships between calculated weights can deviate
from the actual phenomenon, scholars for this concern have considered combining the DEMATEL
method with the ANP to calculate weights [28,76,152]. DEMATEL can analyze the interplay among
the evaluation indexes and obtain a more intuitive index network structure which may help to redefine
the relationship between the first-and second-level indexes under ANP, so as to acquire more accurate
and objective criteria weights. This weight acquisition approach has seldom been applied in SSS, and
existing studies almost always stop at the combination of the DEMATEL, ANP and VIKOR methods,
rarely expanding further.

On the other hand, as the input of VIKOR, the value of indicators is not always easy to
observe directly due to the complexity and uncertainty of the SSS problem. Fuzzy number is
therefore introduced to be an effective extension to characterize the vagueness and uncertainty in
the data process [81]. Interval number [152,153], triangular fuzzy number [25,154], trapezoidal fuzzy
number [12], intuitionistic fuzzy number [155], two-tuple linguistic information [156], generalized
interval trapezoidal fuzzy number [157], and other different forms of fuzzy number have been
widely applied to be information aggregation under the VIKOR method, but there are hardly any
applications introducing IVTFN into the VIKOR method, and this fuzzy number is seldom used to
describe the characteristics of indicators for sustainable suppliers. As Kuo and Liang [27] and Lin and
Tseng [26] have verified the applicability and effectiveness of the IVTEN in performance evaluation,
we thereby consider introducing this data type into the SSS problem as the semantic expression of
qualitative indicators.
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3. Methodology

An improved integrated MCDM model with hybrid information aggregation for SSS has been
proposed; it includes four phases. The first phase involves identification of the criteria used to
evaluate the social performance of suppliers. In this study, the measure is determined from both
literature reviews and discussions with the experts in the industry, especially retailing. After that,
it integrates the DEMATEL method to examine the interrelationships between the indicators with the
ANP method to calculate the criteria weights. In the third stage, hybrid data type is introduced to
describe quantitative and qualitative criteria of candidate suppliers to the aggregate hybrid information
set for subsequent decision. In the final phase, the VIKOR method is adopted to rank and determine
the optimal sustainable supplier according to the mixed information set, while a sensitivity analysis is
conducted to test the robustness of the proposed model. The technical route of the integrated method
is shown in Figure 2.

Identify influence

matrix
Alternatives: Influence relations
Ay Ay - A between indicators
Criteria
framework
Pairwise comparison
Relative importance
Experts’ opinions

between indicators
Integrated the weights to obtain
the group evaluation information
Computing the PIS and NIS
Evaluating and ranking the
alternatives

Suggest the compromise
optimal ) solution

TILVINAA

Raw assessment
data collection

Subjective

Hybrid information
aggregation

sadfy eyep prqiy

{ The sensitivity testand |
{ comparison with TOPSIS

Figure 2. The proposed integrated hybrid-valued MCDM model for a sustainable supplier.

3.1. DEMATEL-ANP-VIKOR

3.1.1. Combining the DEMATEL and ANP to Obtain Criteria Weights

The ANP is the general form of AHP proposed by Saaty [158], which considers the
inter-dependency and relationship between the factors group in a super-matrix way, and can calculate
the criteria weights in the network structure through a systematic decision process which reflects the
logical relationship of the factors. However, Ou Yang, Shieh, Leu and Tzeng [20] pointed out that the
weight of each cluster should not be equal in obtaining a weighted super-matrix, because this method
ignores the prior consideration of the interrelationship between factors. Then, the DEMATEL, a method
that is increasingly being applied to identify the potential interrelationships among factors and to
analyze strong or weak correlations based on the graph theory and matrix tools [159], is considered in
combintation with ANP in weight determination. An empirical study indicates the effectiveness of
this integrated method [20,76,160], which employs the DEMATEL method to calculate the degree of
impact between the indicators before determining the relative importance among the criteria in ANP.
Based on this logic, we further improve the DEMATEL-ANP method by simplifying the process of
obtaining a network relationships map of influence, which not only does not change the results, but
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can effectively reduce the amount of calculation. The process of the DEMATEL-ANP algorithm is as
follows [161,162]:

e Step 1: Calculating the initial average matrix through expert marks. Given the integer scale
from 0 to 4 (“No impact (0)”, “Low impact (1)”, “Moderate impact (2)”, “High impact (3)”,
and “Super-high impact (4)”, respectively), inviting experts to answer the direct effects that they
think criterion i imposed on another criterion j, as indicated by a;;. We can obtain an average
matrix A = [a;] by any direct matrix set, of which factors in matrix A are the mean values
integrated from the initial experts’ judgments.

e  Step 2: Deriving the full direct/indirect impact matrix and normalizing the direct impact matrix
D, as shown in Equation (1).

D =k x A, where
k = min( 1 1 ) @

maxy<i<, 1 [ai| " maxi<jcn T [ai]

e  Step 3: Obtaining the total impact matrix T through Equation (2); I represents the identity matrix.
T=D'+D*+D%*+...=Y "“'D'=D-(1-D)" )

e  Step 4: Defining the sum of rows and sums of columns, respectively, as vectors R and C in the

total impact matrix T via Equations (3)—(5), of which element (i, j) can be denoted as tij, and
T = (tij) ] € {1,2,-++ ,m} ®)
R=Y 1t (4)
=%t ®

Notably, (c; + ;) is donated as the center degree which represents the relative importance of
factor i while (c; — r;) is denoted as the cause degree, indicating the relationship between factor i and
the others. If (¢; — ;) is positive, then factor i affects the other factors. Otherwise, it is corrupted by
other effects [163-165].

e  Step 5: Generating a causal diagram of the primary index to identify the relationship between
the primary indicators and their importance according to the value of center degree (¢; + r;) and
cause degree (c; — ;).

e  Step 6: Identifying the relationship between the primary indicators according to the DEMATEL
method, setting the thresholds [162], and removing the indicators with a weaker impact,
re-determining the incidence relation between the indicators, and drawing the influence relation
diagram while combining it with the actual situation of the secondary indicators to map the ANP
network structure.

e Step 7: Constructing judgment matrix W, assuming that in the network structure of ANP the
indicators for the goal G in the control layer are indicated as Sy, Sy, S3, - - - , Si while the element
set in the network layer is indicated as C1, C, C3, - - - , Cp,, where elements ¢;1,¢ip, ¢j3, - -+, Cin (i =
1,2,---n) are in C;. Regarding S; in the control layer as the indicator, and cjr in C; as the
sub-criteria, and comparing the degree of impact cj; influenced by the other elements in C;,
allows for the construction of the judgment matrix under the indicator S;. On this basis, the

normalized feature vector Wi(ljk), W.(j K.

5 W(] ¥) can be calculated as the ordering vector of the
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network element. By repeating the above steps fork = 1,2, - - - , n;, the following matrix can be
obtained by Equation (6).
(j1) (jn;)
W e WY j
Wi = : : (6)

. -
Wi(rﬁ) T Wi(r]zlj)
e  Step 8: Contributing to pairwise comparisons. According to the structure of the judgment matrix

W, the relative importance of the clusters and factors forming the ANP decision network is
obtained through expert pairwise comparisons. The relative importance of the calculated factors
is attained by comparing the results of the individual indicators [146].

e Step 9: Solving the unweighted super-matrix, the weighted super-matrix, and the limit
super-matrix. By combining with the interactional ordering vector of all network layer elements
to form a super-matrix W under the control element S; and normalizing each column, we can then
obtain the weight matrix E, which is composed of the ordering vectors. As is shown in Equation
(7), eij represents the influence weight of element group i on group j under the criterion S; in
the control layer. If these two factors have no impact on each other, then ¢;; = 0. The resulting
weighted super-matrix, as shown in Equation (8), is the sum of the elements of each column equal
to 1. Then, we make a stability process for the weighted super-matrix to calculate the limit relative

ordering vector . lim W". If this limit is convergent and unique, then the column i is the ranking
—r 00

of the element 7 relative to the other elements in the network layer under the criterion, namely, the
weight value of each element relative to the highest target.

el - 61
E= )
eini T eini
W =ExW=(Wy) = (e x W) (8)

3.1.2. Ranking Candidate Suppliers Using the VIKOR Technique

The Algorithm Principle of VIKOR and Comparison with TOPSIS

The VIKOR technique is a MCDM method proposed by Opricovic in 1998, which both considers
maximizing the group benefit and minimizing the individual regret of the opposition [151] to solve
the optimal compromise solution. Compared with another typical MCDM method, TOPSIS, which
defines that the optimal solution should be the shortest distance from the positive ideal solution (PIS)
and the longest distance from the negative ideal solution (NIS) [65], VIKOR uses the group-decision
consolidation function Q to measure the distance between the potential and the ideal solutions. TOPSIS
determines the final rankings through the calculation of the aggregate functione; = d~/(d~ +d™),
while d~ and d* represent the distance from the NIS and PIS, respectively. However, this function has
a theoretical limitation that the final scheme obtained is not always the closest to the ideal solution.
We illustrate this further in Figure 3. Assuming that the distance between Ay and the NIS is the same
as that of PIS (that is, d* = d™), for any alternative A;, it will always prevail over Ay, as long as it
satisfies the requirement that the distance to the NIS be longer than to the PIS (that is, d~ > d™) for
¢; = 727 > 0.5 = ¢. Even though the scheme is closer to the PIS (that is, d; > d;"), the priority
position will not change under the TOPSIS method.
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Figure 3. The distance measurement of TOPSIS.

In addition, the location of PIS and NIS are of importance to the actual decision, but the TOPSIS

method cannot observe the relative importance between the alternatives and these two points [24].
In short, the TOPSIS method is more suitable for solving the risk decision problem, while the VIKOR
scheme is applicable to those DMs that tend to maximize team effectiveness. Since the choice of
sustainable suppliers needs to consider the comprehensive benefits from the economic, environmental,
and societal aspects, the VIKOR algorithm is better-suited.

The Computational Procedure of VIKOR

Step 1: Assembling and transforming the original quantitative data based on transaction records,
market performances, and the qualitative information judged by the scorers, integrating the
weights obtained through the DEMATEL-ANP method to get the group evaluation information,
and further build a streamlined fuzzy evaluation matrix, as shown in Equations (9) and (10) for
the weight.

X1 o X

X=| b = Bl ©)
T o T

w = [Wq,Wy, -+, Wy, W; >0 (10)

where 5?,-]- represents the performance of ¢j under alternative A;,i =1,2,--- ,m,j=1,2,--- ,n. wj
represents the weight of ¢; as determined by the DEMATEL-ANP method.

Considering the different importance level of each criterion c;, and constructing the weighted interval
(':lecision fuzzy matrix, V' = [7;j], where 7;; = Xj;(")0; = [(aij,a’ij),bij, (cij, c’l-]-)], i=12---,m
j= 1,2,---,n

Step 2: After determining the decision matrix, the PISs (A*! and A*?) and NIS (A~!) can be
attained, as shown in Equations (11)—(13), where B represents the beneficial criteria and C
represents the cost criteria.

A= {x,%5, -, %} = {(max; x,]\] € B)or(min;X;|j € C)} . (11)
j=L12- ,n= {[(1* 17),ms, (75, 15, 15),ms, (3, r3)), - (G 1), me, (7, )]}

A2 = {55,750 ={ max,vl]\] € B)or(mmlv,]|] G*C)} (12)
j:1/2/"'/n7 { alr ) bT/(C 1/C1)} [(azfuz) b;/(CZ/ ;)]/”'/[(u;’kl/a, ) b;;/( ns 19;)}}
A*l = {fl_,fz_, .. ,f;} = {(mm,f,]\] S B)or(maxifij|j S C)} (13)

=12 = {[0 ) my, (D) L7 D) m, (7)) [ 1), ()]}
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e  Step 3: Following Equations (14)—(17) to obtain the gi and ﬁi values of the potential supplier,

respectively:
U 4 =L
= noSij 1Si
Si= ijl (T) (14)
e
Ri:maxj(T),z:1,2,~~-,m (15)
Yoy, \/%[(a;fujz)u(bj*fbj)zj(c;fcj)z]z Y \/%[(ajfal)u(bjfb;)zj(cjfc;)2]2 a6
\/%[(z;-z;) (s —my ) (=) \/%[Uj’—l;) F(my —m?) "+ (r; —r7)7]
. @) —a')*+(br b))+ (' =¢'))’] 3=} (0= b1+ (' ='})?)
) = Eyen L Iy IO )
\/g[ﬂ’j—l’j ) (' —m! D) (= )] \/g[(’ V) (m' = P) (=)
e  Step 4: Acquiring the corresponding Q; basis of S; and R; through Equation (18):
Qj=0(5;=5/(5 =5)+(1~-0)(R;—R")/(R™ —R*) (18)

where §* = minjgj; [ max]-glj;ﬁ* = min]ﬁ]-;ﬁ_ = maxjﬁ]-.

In equation (18), v represents the decision mechanism coefficient. When (1) v is greater than 0.5,
the final decision is made by most people; (2) when v is approximately equal to 0.5, the final decision
is made with actual approval; and (3) when v is smaller than 0.5, the final decision is made by fewer
people. Generally, it is assumed that v equals 0.5 for pursuing the maximization of group utility and
minimizing the individual regrets in the VIKOR method.

e  Step 5: Obtaining the ranks of the alternatives according to the value of ij, §] and ﬁj respectively.
Notably, the smaller the Qj value is, the better the scheme may be.
e  Step 6: After determining the sorting scheme, checking whether the compromise can be accepted.

If the following two conditions are met, the compromise solution according to the ij value will
be the best alternative.

Condition 1. If Q(A® — AM) > DQ, where DQ = 1/(] — 1), ] represents the quantity of candidate
suppliers and A" and A®?) are the ranking first and second alternatives in ascending order according to the Q
value, that is, Q(A?)) is expressed as the second minimum Q and Q(AW)) is expressed as the first minimum
Q, then the corresponding option for Q(AMW) (with a minimum Q value) will be the optimal solution or the
compromise.

Condition 2. Alternatives Q(A")) must both satisfy the optimal order by S and/or R values in ascending
order.

If one of the above conditions is not satisfied, then only a set of compromise schemes can be
obtained, namely,

1. If Condition 2 is not met, the final set contains A(}) and A2) ;

2. If Condition 1 is not met, the final set contains A(l), A(z), -+, AL) where the maximum value of
Lin AV is decided by Q(A(M) — A) < DQ.

3.2. Hybrid Data Type and Information Aggregation

Since qualitative factors and quantitative indicators often coexist simultaneously in the measure
of supplier selection, it cannot be accurate and in line with reality if those factors are scored by a
single value type. This paper proposes hybrid information aggregation which can reduce the vague
and subjective impact of human judgments and preferences through mixed data forms to describe
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the comprehensive performance of potential suppliers, which includes the precise number, interval
number, and fuzzy number.

3.2.1. Precise Number

The economic assessment criteria of a sustainable supplier like cost, price, and order response
rate can be characterized as precise numbers in line with market performance and transaction records.
For the numeric data h;j, we use Equation (19) to eliminate the effects of the dimension through a
normalization procedure, and then donated r;; after the processing in which B and C are express as the
beneficial indicator and cost indicator, separately.

hl] . .
o thﬁ,lgzgm,lg]gn,hijEB
7'1] - min]'hi/‘
h

(19)

A<i<m1<j<nh;eC
g

3.2.2. Interval Number

The interval number is able to depict the uncertainty of the quantitative data in the
decision-making process. Through setting the interval, some quantitative indicators that do not
have an accurate value can be measured. The distance measure for any two intervals can be defined
as follows:

Definition 1. For any two interval numbers Y, = [Y;!,Y1%] and Yo = [Y2!, Yo"], the distance can be calculated
using Equation (20).

(Y1, Ys) = ?\/(fﬁl — 1721)2 + (Yq# — You) (20)

The interval number [y! ir ym can be donated as [} i rf;] after standardized processing while

1 u
1Y 1Y . . !
rij - maxjx;;’rij - maxjxl?‘j’l <isml<j<mn, [yz]’yz} €B 1
W T MW g e < < [yl gt € C D
=ty = o 1 <i<m 1 <j<nly il e
g yr]

3.2.3. Interval-Valued Triangular Fuzzy Number

Definition and Graphic Demonstration

Consider an MCDM problem, let A = {A1, Ay, - - -, Ay } be a finite set of feasible alternatives and
C ={Cy,Cy,---,Cy} be afinite set of criteria. The vector of the criteria weights w = {wy, wy, - -, w, }
is unknown, but it satisfies wj > 0,j=12---,n, 7:1 w; = 1.

Definition 2. Assuming that the performance of alternative A; regarding any item of evaluation criteria C; is

defined as )N(ij, and }~(,»j = [Xijlmxn is a fuzzy matrix that contains the major evaluating qualitative factors, we
define X;; as an interval-valued triangular fuzzy number (IVTFN) [166], as shown in Figure 4.
X= (x,l'xZ' x3,) 0 <x <X <xp <3< (22)
(x 1,X2, %X 3)

Then X;; can be also demonstrated as X = [(x1,x'1); x2; (x'3, x3)].
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L

f
X X o8 s S <

Figure 4. The diagram form of IVTFNs [166].

Arithmetic Operations

According to Definition 2, we can define two IVTENs as ¥ = [(x1,x'1);x2; (¥'3,x3)] and
¥ =[(y1,¥'1);y2 (v'3,y3)], separately. Then the arithmetic rules for these two IVTFNs are represented
as follows [166]:

(1) Addition:

X4+ = [(x1,x"1); 00 (x'3,3)] + [(y1, 1) y2 (V5 v3)] = [(x1 +y1, X1 + 1) %2 +y2; (Y3 + /5,03 +y3)] (23)

(2) Subtraction:

X =7 = [0, x"1); 22 (x3,33)] = [(y1,¥'1)5 w2 ('3, 93)] = (1 =y, X1 =y )ixe — y2i ('3 — /3,03 — y3)] (24)
(3) Multiplication:

@7 = [(x1,x"1); 22 (x'3,23)] @ [(y1,¥'1)iy2; (V'3 ¥3)] = [(xay1, ¥'1y'1)5 x2y2; (¥'3Y'3, x3y3)] (25)
(4) Multiplication figure with IVTENs:
kx X = [(kxy, kx'y); kxo; (kx's, kx3) ], (26)

where k is an arbitrary positive real number.

e R @7)
X x3  x'3 )7 x" \ x'1" xq

(5) Reciprocal value:

Distance Measure

Definition 3. Suppose X = [XE, XU] and Y = YL, YY) are two arbitrary IVTFNs, the normalized Euclidean
distance can be calculated as follows [27]:

?)

(% D) = 1T, R (R o9

TEA RN SN e @)

ax 0" = A2, (e -y 60)
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Definition 4. Let O = [(0,0);0; (0,0)] be an initial solution. Considering any two IVTFNSs, XandY, If
d(X,0) < d(Y,O), then X is closer to the initial solution than Y [27,167].

Date Processing of Linguistic Variables

Linguistic terms are expressed in the form of natural language phrases; such simple and
understandable terms can be used by DMs who have the subjective intentions to make qualitative
judgments for the alternatives. Semantic variable types are normally transformed into triangular
fuzzy numbers or intuitionistic fuzzy numbers, and the transformation standards are unified [166].
This paper transforms the partial semantic variables into IVTFNs, while the evaluation scale and the
corresponding value of IVTFNs are shown in Table 7.

Table 7. The linguistic terms for rating the alternatives.

Linguistic Preference Abbreviation IVTENs
Very poor VP (0,0,0,1,1.5)

Poor P (0,05,1,25,3.5)
Moderately poor MP (0,1.5,3,45,5.5)
Fair F (2.5,3.5,5,6.5,7.5)
Moderately good MG (4.5,5.5,7,8,9.5)
Good G (5.5,75,9,9.5,10)
Very good VG (8.5,9.5,10, 10, 10)

4. The Empirical Case of a Retail Enterprise

An empirical case study of SSS for a retail company is discussed in this section to illustrate the
applicability and feasibility of the proposed measure and methodology. In the following chapter, we
will discuss the background, data collection, and the evaluation processes respectively.

4.1. Background and Problem Descriptions

Sustainability in the supply chain is viewed by many as essential to delivering long-term
profitability; this is particularly true for retail sector. Before 2016, some international retail giants
such as Wal-Mart, Migros, and Hy-Vee successively called for the full procurement of sustainable
marine food products. The Chinese government suggested that the large-scale retail supermarkets
in China begin with a pilot implementation of sustainable seafood procurement plans; the FX
Supermarket chain was among them. Founded in 2000, FX Supermarket is one of the first circulation
enterprises and agricultural industrialization enterprises in China that introduced fresh products into
modern supermarkets, focusing on agro-food, daily necessities, clothing, and so forth. After years of
entrepreneurship and rapid development, FX has grown into one of largest commercial enterprises,
with more than 300 large and medium-sized supermarket branches, an annual turnover of almost
$10 billion, and 60,000 employees. FX has mastered the advantages of the upstream supply chain, of
which fresh food is its biggest feature; the fresh produce area of each store has reached over 40 percent,
and fresh agricultural and sideline products account for more than 50 percent of the total sales in
the group.

For FX Supermarket, as they did not pre-determine the measure and corresponding method for
sustainable suppliers of seafood (in fact, their previous procurement standards only focus on several
traditional indicators such as cost, logistics, certification, and so forth, and some assessment methods
they used were mainly experience-based judgment or weighted average), they finally contacted us to
help them study this issue. Due to the different types of seafood, we chose “cuttlefish” as the initial
research object. In accordance with the previous transaction records of FX’s cuttlefish suppliers, we
were eventually told that there were four main alternative suppliers (Al, A2, A3, and A4) after a
preliminary screening. Since these alternatives have different advantages in social performance, as



Sustainability 2018, 10, 2543 20 of 49

shown in Table 8, the optimal sustainable supplier cannot be directly chosen, and needs to determine
through a comprehensive and systematic examination.

Table 8. The differentiated characteristics of the four potential suppliers.

Al A2 A3 A4
Feature Newly-built Competitive Longer established  Second largest
Strengths Lower price Substitutable Good reputation Quality assurance
8 Higher delivery Moderate in price Quality assurance  Strategic alliance
Weaknesses Weaker voice in the Substitute product Weaker delivery Smallier cc')mmumty
supply chain and response contributions

As most of the previous literature focused on supplier selection of manufacturing companies, but
less on retail companies, we were inspired to develop a general measure for SSS and explore a feasible
evaluation method. The integrated method of DEMATEL-ANP-VIKOR with hybrid information
aggregation is finally proposed to help FX Supermarket select the suitable sustainable supplier from
the above four alternative suppliers.

4.2. Data Collection

The data were collected within three phases. The first phase of our research investigates the
interrelations of the dimension and criteria according to performance measure for sustainable suppliers
from May to June 2017. In this stage, we originally issued 15 invitations to experts in the industry, 40
invitations to retail companies, and 5 to research institutions. Finally, a total of 20 experts, including 5
from industry associations, 4 from research institutes, and 11 (purchasing managers) from different
retail enterprises were invited to fill the questionnaire for influence relationships of sustainable supplier
evaluation criteria. The scale of pairwise comparison of the influence relationship using a score from
04 is shown in Appendix A. We sent a paper questionnaire and electronic questionnaire to each
expert; experts had the choice of returning it by e-mail or post. Each questionnaire took about 5-10
min to compete. The data from the questionnaire were used in DEMATEL. In the second phase, after
a month, we invited those 20 experts to help rate relative importance of the dimension and criteria
in performance measure for sustainable supplier based on the pairwise comparison. The scale using
scores from 0-9 is presented in Appendix B. Each questionnaire took about 10-15 min to compete.
The data from the questionnaire were used in ANP. In the last phase, we invited 4 senior managers
from the financial sector, the procurement sector, and the market sector in FX Supermarket to rate
the social performance of four cuttlefish suppliers according to the history transaction record and
market performance, as well as their experience and knowledge. The questionnaire for quantitative
and qualitative criteria ratings is shown in Appendix C. Each questionnaire took about 10-20 min to
compete. The data from the questionnaire were used in VIKOR. The entire process of data collection
lasted three months, from May to July 2017.

4.3. Identifying the Relationships between Dimensions and Criteria

As described, through the data mining of a large quantity of pertinent literature, and through
consultations with some executives from FX Supermarket and experts in the industry, this paper
establishes an evaluation index system for SSS, as shown in Table 9 (more introduction and references
can be found in Section 2.3). This measure consists of 6 primary indicators (AS1-AS6) and 24 secondary
indicators (C1-C24). We adopt the hybrid raw data (precise value, interval numbers, and fuzzy
numbers) to obtain information aggregation to represent the actual performance of each indicator.
In Table 9, B is expressed as the benefit-type indicator (the bigger the better), while C is expressed as
the cost-type indicator (the smaller the better).
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Table 9. The criteria evaluation system for sustainable supplier.

Primary

Criteria Second Grade Criteria Criteria Type Data Type Classification
Position in industry (c1) Qualitative Linguistic variable ! B
CR (AS1) Financial status (c2) Qualitative Linguistic variable B
Contractual capacity (c3) Qualitative Linguistic variable B
Strategic alliance (c4) Qualitative Linguistic variable B
Business process management (c5) Qualitative Linguistic variable B
OM (AS2) Technical support (c6) Qualitative Linguistic variable B
Quality management (c7) Qualitative Linguistic variable B
Learning & Innovation (c8) Qualitative Linguistic variable B
Procurement cost (c9) Quantitative Interval number C
PA(AS3) Product quality (c10) Qualitative Linguistic variable B
Supply flexibility (c11) Quantitative Precise number B
Product market share (c12) Quantitative Precise number B
Responsiveness (c13) Quantitative Precise number B
SC (AS4) Timely delivery (c14) Quantitative Precise number B
Customer satisfaction (c15) Qualitative Linguistic variable B
Maintenance & Compensation (c16) Qualitative Linguistic variable B
Pollution production (c17) Qualitative Linguistic variable C
GI (AS5) Pollution control (c18) Qualitative Linguistic variable B
Energy consumption (c19) Qualitative Linguistic variable C
Ecologic design (c20) Qualitative Linguistic variable B
Labor relations record (c21) Qualitative Linguistic variable B
SR (AS6) Governmental relations (c22) Qualitative Linguistic variable B
Community welfare investment (c23) Qualitative Linguistic variable B
Shareholder contract (c24) Qualitative Linguistic variable B

! Linguistic variable will be transformed into the IVTFN in group information aggregate.

4.4. Determining the Weights Using DEMATEL-ANP

Within the measure of SSS, the target layer includes six decision aspects which are not independent
of each other. For example, OM, PA, and SC clearly interact with each other, while there may be a
mutual impact among CR, SR, and GI. Hence, the relationship among the elements in the target layer
should be determined before solving this model.

e Step 1: Lining up a panel of 20 experts from the associations, enterprises, and researchers in
the academy to judge and score the direct influence among the primary criteria applying the
Delphi law, of which the indicator values were scored in accordance with the 0—4 scores. The
20 expert-scoring tables are gathered to calculate the arithmetic mean and are listed asa 7 x 7
direct-relation matrix A, as shown in Table 10.

Table 10. The direct-relation matrix A.

AS1 AS2 AS3 AS4 AS5 AS6
AS1 0 2.95 3.15 3.25 3.05 3.25

AS2 2.8 0 2.8 3 22 2.25
AS3 3 25 0 2 2.25 2
AS4 3.1 1.95 22 0 1.65 2
AS5 2.25 2 2.7 2.05 0 2.3
AS6 3 2.1 23 2.15 225 0

e  Step 2: Obtaining the normalized direct-relation matrix D through Equation (1), and then acquiring
the comprehensive influence matrix T by Equation (2), as shown in Table 11.
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Table 11. The comprehensive impact matrix T of the objective hierarchical elements.

AS1 AS2 AS3 AS4 AS5 AS6

AS1 1727 0770 0.851 0.825 0.769 0.797
AS2 0778 1526 0740 0724 0.644 0.663
AS3 0738 0.624 1544 0.634 0.608 0.611
AS4 0709 0569 0.634 1489 0.550 0.581
AS5 0676 0577 0.665 0.610 1.459 0.601
AS6 0739 0.605 0.672 0.641 0.608 1.498

e Step 3: Constructing the causal map according to expert advice and repeated tests to get the
threshold, which is equal to 0.55. If the value in the composite impact matrix is less than 0.55,
it means that there is a clear correlation between the indicators, so the criteria with negligible
relationships should be removed. Then, the influencing degree C, influenced degree R, the center
degree C + R, and the cause degree C — R are calculated, as shown in Table 12. Finally, the causal
map is drawn according to C 4+ R and C — R, as shown in Figure 5, where the pointing arrow
represents the degree of the impact exerted by other factors.

Table 12. The adjusted composite effect matrix.

AS1 AS2 AS3 AS4 AS5 ASé6 C C+R C-R

AS1 0727 0770 0851 0.825 0.769 0.797 4.738 9.105 0.372

AS2 0778 0.000 0.740 0.724 0.644 0.663 3.550 6.694 0.405

AS3 0738 0.624 0.000 0.634 0.608 0.611 3.214 6.776 (0.348)

AS4 0709 0569 0.634 0.000 0.000 0.581 2492 5925 (0.942)

AS5 0676 0577 0.665 0.610 0.000 0.601 3.129 5.758 0.499

AS6 0739 0.605 0.672 0.641 0.608 0.000 3.265 6.517 0.013
R 0.727 0.770 0.851 0.825 0.769 0.797 - - -

ASL (9.105,

776, -0.348)

Figure 5. The cause-and-effect diagram of the primary criteria.

e  Step 4: After determining the relationship between indicators through the DEMATEL, the ANP
network of the sustainable suppliers” decision would be constructed, as shown in Figure 6, where
the arrow pointing represents the mutual interdependence and feedback among the criteria, as
shown in Appendix D.
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Figure 6. The map of the ANP network structure.

e  Step 5: According to the causal relationship between the indicators, the judgment matrix of scale
1-9 is established, and then the unweighted super-matrix, weighted super-matrix, and limit
super-matrix are obtained in succession. This paper considers the importance of the interplay of
the 6 primary indicators and the 24 secondary indicators. Through the Super Decision software,
the judgment matrix of the pairwise comparison in the manner of a questionnaire is inputted to
compute and then perform the consistency test. Thereafter, choosing the factors to be judged in
turn, the construction of the judgment matrix is repeated and its weight is determined. Finally,
the unweighted super-matrix, weighted super-matrix, and limit super-matrix are established, as
shown in the Appendixs E-G.

e  Step 6: Achieving the weight of the indicator. On the basis of the results of the limit super-matrix,
the weight of the indicators of the alternatives can be obtained, as shown in Table 13.

Table 13. The weights of the factors affecting the sustainable suppliers.

AS1(0.112) AS2(0.132)

C1 (&) C3 Cq C5 C6 c7 s

Local weight 0237 0319 0241 0203 0203 0.15% 0271 0.370
Global weight 0.033 0.044 0.033 0.028 0.029 0.022 0.038 0.052

AS3(0.229) AS4(0.150)

€9 €10 C11 C12 €13 C14 C15 C16

Local weight 0311 0268 0230 0.191 0419 0.144 0.297 0.140
Global weight 0.068 0.059 0.050 0.042 0.063 0.022 0.045 0.021

AS5(0.147) AS6(0.230)

€17 €18 €19 €20 €21 €22 €23 €24

Local weight 0120 0302 0207 0371 0318 0264 0145 0.273
Global weight 0.016 0.039 0.027 0.048 0.071 0.059 0.032 0.061
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4.5. Evaluating the Social Performance of Suppliers Using VIKOR

After obtaining the weight of the primary and secondary indicators of the sustainable supplier
through the DEMATEL-ANP method, this paper then carries out the numerical operation of the
sustainable supplier model according to the fuzzy VIKOR method. In the data collection, the
quantitative evaluation criteria are gained through the real data of the procurement and operation of
FX Supermarket in 2016-2017, as shown in Table 14; the qualitative evaluation criteria are acquired by
the score of the semantic value of the qualitative indicators of the four potential sustainable suppliers,
as shown in Table 15.

Table 14. The quantitative evaluation values of the potential sustainable suppliers of FX.

C9 (USD/box) C11 (%) C12 (%) C13 (%) C14 (%)

Al [9,13] 30 8 80 96
A2 [11,15] 18 14 78 92
DT a3 [12,16] 10 40 92 83
A4 [13,17] 15 32 81 86
Al [11,15] 13 9 82 95
D2 A2 [13,17] 16 17 80 90
A3 [15,19] 12 37 90 86
A4 [14,18] 7 30 82 93
Al [8,12] 9 7 81 94
A2 [10,14] 14 18 82 88
D3 a3 [16,20] 1 36 87 83
A4 [10,14] 8 29 83 90
Al [12,16] 10 8 81 95
D1 A2 [10,14] 14 15 80 90
A3 [17,21] 13 39 91 88
A4 [11,15] 7 29 92 91
Table 15. The subjective evaluation value scored by DMs from enterprise FX.
D1 D2 D3 D4
Criteria
Al A2 A3 A4 Al A2 A3 A4 Al A2 A3 A4 Al A2 A3 A4
C1 F MG VG VG F MG VG VG F MG VG VG F MG VG VG
C2 F F G G MG P VG G F F MG G MP MG G G
C3 VG MG MG MG VG F G MG VG G F F VG MG MG G
C4 F G F G MG MG MG VG F VG MP MG F G F G
C5 P F MG VG VP MP F VG MP MG MG VG P F G VG
C6 F F F VG MP F F VG MG MG F VG F MP F VG
Cc7 P MP G G MP P G VG MP MP MG MG MP MP VG G

Cc8 VG MG MP
C10 MG F G

VG G MP MG VG F P MP G MG MP F
G MG VG G F F MG G MG MP G G

F

G
C15 MG MP MP G G MP MP VG F MP P MG MG P MP G
C16 VG MG MG G VG G F G VG F MG G VG MG G MG
C17 VG MG F G VG G MG VG G F MP G VG MG F MG
C18 MG MG MG G G MG F G G F MG G F G G G
C19 MG F MG F G MG G F F MP F MG MG F MG MP
C20 vpP F G MG VP MP VG G VP MG G F VP F MG G
C21 G MG G VG VG F G VG MG MG VG VG G G MG VG
C22 MG MP MG MG G P G MG MG MP F F F MP F G
C23 MG F MG VP MG MP G MP F MG MG P G F F VP
C24 VG MG F MG VG G F MG VG MG MP F VG F MG G

e  Step 1: Normalizing the objective evaluation data. The numerical and interval data in Table 14 are
normalized to eliminate the influence of the index dimension through Equations (18)—(20).

e  Step 2: The semantic variables of the subjective evaluation information given by the scorers in
Table 15 are transformed into the form of IVTFNSs to construct the decision matrix. The evaluation
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information of the subjective and objective indicators is then aggregated to obtain a comprehensive
evaluation matrix, as shown in Table 16.

e  Step 3: According to the weight obtained by the DEMATEL-ANP method, the weighted interval
triangular fuzzy matrix is constructed. Based on the above comprehensive evaluation matrix, the
VIKOR method is used to choose the optimal alternative before the PISs (A*2 and A*1) and NIS
(A~1) are obtained through Equations (11)~(13).

e Step 4: The §f}l and S lL] of the potential sustainable suppliers are calculated through Equations

(14)~(17), and then S; and R; are obtained. Further, we can acquire the cases of v by taking different
parameters according to Equation (18), as shown in Table 17.

e Step 5: Ranked by gi, ﬁi, and éi,‘ the smaller the Q,« value is, the better the corresponding
alternative. Then, the appropriate target supplier is selected after the validity test. The priority
order of the alternative sustainable suppliers is Ay = A; = Az = Ay, given by the Q; values,
while the sustainable supplier A4 has the smallest Q value. In order to determine whether the
selected scheme satisfies Condition 1 and Condition 2 of the evaluation criteria, we can calculate
Q(A1) — Q(As) = 0.372 > 1/3, which is proved to meet the Condition 1, coupled with Condition
2 (that Ay is also the optimal scheme ordered by S; and R;). Furthermore, suppose the v value
equates to 0, 0.5, and 1, respectively, the Qi values corresponding to A4 are still the smallest
and, therefore, the supplier A4 can be considered as the optimally sustainable supplier of the FX
Supermarket based on the decision making process.

4.6. The Sensitivity Analysis

Through the sensitivity analysis, it can be determined whether the potential changes of the weights
will cause deviations from the initial results [146]. This paper will adopt the perturbation method
to test the sensitivity of the criteria weights to evaluate the robustness of the model. As previously
defined, w; represents the initial weight of any criterion c; in the measures, and we let w'; = yw;
after a disturbance, where 0 < w'; < 1. Then, the variation range of parameter -y can be expressed
as 0 < v < 1/w;. Owing to the normalization of the weight vector, the rest of the weights will also
change because of the variation of wj, and are denoted as w'y = ywy, k # j, k =1,2,---,m, and
w'i + Z,’C”#kzl w'y = 1. This is equivalent to yw; + 7722”#,,(:1 wy = 1, then 7 = (1 —qw;) /(1 — wj).
For each criteria weight w;, when setting a different parameter -y, the corresponding potential supplier
priority can be obtained under the VIKOR method. In the proposed model, 7 is set to 4, 2, %5, and Y%,
respectively, and the experiment is repeated 40 times. As shown in Figure 7, the results show that the
Q; value of supplier Ay is still the smallest during 40 experiments, and supplier A; has 37 experiments
in which it was generally consistent in second place (only in the 11th, 19th, and 26th experiments
did it rank third), which means that the proposed model is relatively insensitive to the change of the
criteria weights. Thus, we conclude that the robustness of the overall model is evident, and A4 is the
optimal sustainable supplier, while there is a small probability (7.5%) of it changing the order of the
remaining suppliers.
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Table 16. The matrix of intervals triangular fuzzy numbers of individual information aggregations.

26 of 49

c1 c2 C3 ca c5 C6
Al [(25,35),5,(6.5,7.5)] [(2.38,3.5), 5, (6.38, 7.5)] [(8.5,9.5), 10, (10.0, 10)] [(3.0,4.0), 5.5, (6.88,8.0)]  [(0,0.63), 1.25, (2.65,3.5)]  [(2.38,3.5), 5, (6.38, 7.5)]
A2 [(45,55),7,(8.0,95)]  [(2.38,3.25),4.5, (5.88,7)] [(4.25,5.5),7, (8.0,9.13)] [(6,7.5),8.75, (9.25,9.88)]  [(2.38,3.5),5,(6.38,7.5)]  [(2.38,3.5),5, (6.38,7.5)]
A3 [(85,95),10,(10,10)]  [(6,7.5), 8.75, (9.25, 9.88)] [(4.25,5.5), 7, (8.0, 9.13)] [(2.38,3.5),5, (6.38,7.5)]  [(4.25,5.5),7.0,(8,9.13)] [(2.5,3.5),5, (6.5, 7.5)]
A4 [(85,9.5),10, (10, 10)] [(5.5,7.5),9, (9.0, 10.0)] [(4.25,5.5), 7, (8.0, 9.13)] [(6,7.5),8.75, (9.25,9.88)]  [(8.5,9.5), 10, (10.0,10.0)]  [(8.5,9.5), 10, (10.0, 10)]
c7 cs C9 C10 c11 c12
Al [(1.25,25),4,(55,65)]  [(7.75,9),9.75,(9.88,10)]  [(7.14,7.69),8.33,(9.09,10.0)]  [(4.25,5.5),7, (8.0,9.13)] [(10, 10), 10, (10, 10)] [(2.1,2.1),2.11, (2.1, 2.1)]
A2 [(0.0,125),25,(4,50)]  [(4.2555),7,(80,9.13)] [(6.67,7.14),7.69,(8.33,9.09]  [(2.38,3.5), 5, (6.38, 7.5)] [(6.0, 6.0), 6, (6.0, 6.0)] [(4.2,42),4.21, (4.2,4.2)]
A3 [(6,7.5),875,(9.25,9.88)]  [(0.0,1.25),2.5, (4.0,50)] [(5.26, 5.56), 5.88, (6.25,6.67)]  [(6,7.5),8.75,(9.25,9.88)]  [(3.3,3.3),3.3,(3.3,33)]  [(10,10), 10, (10.0, 10.0)]
A4 [(6,7.5),875,(9.25,9.88)]  [(2.38,3.5),5,(6.38,7.5)] [(6.25,6.67),7.14,(7.69,8.33)]  [(5.5,7.5),9, (9.5,10.0)] [(5.0,5.0),5.0, (5.0,5.0)]  [(7.9,7.9),7.89, (7.9, 7.9)]
C13 Cl14 C15 C16 c17 C18
Al [(9.0,9.0),9,(9.0,9.0)] [(10, 10.0), 10, (10, 10.0)] [(4.25,5.5), 7, (8.0, 9.13)] [(8.5,9.5), 10, (10.0,10.0)]  [(7.75,9),9.75, (9.88,10)]  [(4.5, 6.0), 7.5, (8.38, 9.25)]
A2 [(89,89),889 (89,89)] [(9.59.5),947, (9.5, 95)] [(0.0, 1.25), 2, 5, (4.0, 5.0)] [(4.25,55),7,(8.0,9.13)]  [(4.25,55),7,(8.0,9,13)]  [(4.25,55),7, (8.0,9.13)]
A3 [(10,10.0), 10, (10,10.0)]  [(8.9,8.9), 8.95, (8.9, 8.9)] [(0.0, 1.25), 2.5, (4.0, 5.0)] [4.25,55),7,(80,9.13)]  [(2.38,3.5),5,(6.38,7.5)]  [(4.25,55),7, (8.0,9.13)]
A4 [9.1,9.1),9.11,(9.1,9.1)]  [(9.5,9.5),9.47, (9.5,9.5)] [(6,7.5),8.75,(9.25,9.88)]  [(5.25,7),8.5,(9.13,9.88)]  [(6,7.5),8.75,(9.25,9.88)]  [(5.5,7.5),9,(9.5,10.0)]
C19 C20 c21 c22 c23 Cc24
Al [(4.25,55),7,(8.0,9.13)] [(0.0, 0.0), 0, (1.0, 1.5)] [(6,7.5), 8.75, (9.25, 9.88)] [@,25,55),7,(80,913)]  [(4.25,55),7,(8.0,9,13)] [(8.5,9.5), 10, (10, 10)]
A2 [(2.38,35),5,(638,75)]  [(2.38,3.5),5, (6.38,7.5)] [(4.25,5.5), 7, (8.0,9.13)] [(0.0,1.25), 2.5, (4.0,5.0)]  [(2.38,3.5),5,(6.38,7.5)]  [(4.25,5.5),7, (8.0,9.13)]
A3 [(4.25,55),7,(8,0,9.13)]  [(6,7.5),8.75,(9.25,9.88)]  [(6,7.5),8.75,(9.25,9.88)] [(4.25,55),7,(8.0,9.13)]  [(4.25,55),7,(8.0,9.13)]  [(2.38,3.5),5, (6.38,7.5)]
A4 [(2.38,35),5,(638,75)]  [(45,6),7.5, (838, 9.25)] [(8.5,9.5), 10, (10.0, 10.0)] [(4.25,5.5),7, (8.0,9.13)] [0, 0.5), 1, (2.25, 3.0)] [(4.25,5.5),7, (8,9.13)]
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Table 17. The values of S, R, and Q for the alternative sustainable suppliers.

S R Q (v=0) Ranking Q (v=05) Ranking Q (v=1) Ranking
Al 0499 0.057 0.306 2 0.372 2 0.437 2
A2 0728 0.071 1.000 4 1.000 4 1.000 4
A3 0518 0.070 0.962 3 0.723 3 0.484 3
A4 0.321 0.050 0.000 1 0.000 1 0.000 1
1
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Figure 7. The sensitivity analysis under the VIKOR method.

4.7. Comparative Study

We also use the TOPSIS method to make the decision of the normalized decision matrix in
the case analysis and to make a comparison of the results under these two integrated methods
(DEMATEL-ANP-TOPSIS and DEMATEL-ANP-VIKOR). Ordered by the consolidation function
¢i = D; /(D; + D;) for the alternatives, where D" represents the weighted distance from supplier 4;
to the PIS and D;” represents the weighted distance from supplier A; to the NIS; based on the PIS (f*)
and the NIS (f ™) calculated by the previous decision matrix, the weighted relative closeness coefficient
of the four potential suppliers to PIS can be obtained as:

(ef,€5,¢4,ef) = (0.691,0.596,0.685,0.756)

Then we can get the priority, which is A4 =~ A; = Az = Aj. Thus, the optimally sustainable
supplier is A4, the same as the result obtained by the VIKOR method. This paper has discussed the
superiority of the VIKOR method to the TOPSIS method in the above chapters. Here we will verify the
drawbacks of the TOPSIS method from the perspective of the simulation data. The sensitivity analysis
is conducted to check the decision results obtained from TOPSIS. Similarly, for each criteria weight wj,
when taking different y values, using the TOPSIS method can get the corresponding potential supplier
priority. In the proposed hybrid TOSIS algorithm, the weights of the 24 criteria are perturbed while
assigning -y to be 4, 2, %4, and %, respectively, and repeating the experiment 40 times.

As shown in Figure 8, the @i value of supplier Ay is also the smallest during the 40 experiments,
but the orders involved with other suppliers changed a lot. The supplier A; has 6 occurrences of order
changes in the 40 experiments, which means that the percentage of instability comes to 15%. It can
be seen that the TOPSIS decision method is relatively sensitive to the change of the weights of the
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evaluation value compared with the VIKOR method (the VIKOR method is 7.5% and the TOPSIS
method is 15%).

In conclusion, the DEMATEL-ANP-VIKOR method shows more advantages than the
DEMATEL-ANP-TOPSIS method in terms of theoretical analysis, numerical experiment, and the
sensitivity analysis. In this paper, the model of DEMATEL-ANP-VIKOR is more robust to deal with
the hybrid data with incomparable information under an uncertain environment than the traditional
TOPSIS method, and this result basically confirms and supports the argument of Opricovic and
Tzeng [24].

1

40 2
39 1 =3
38 4

=== Sustainable supplier A1
==o-Sustainable supplier A2
Sustainable supplier A3

=== Sustainable supplier A4

Figure 8. The sensitivity analysis under the TOPSIS method.

5. Implications and Discussions

Despite the increasing amount of literature on sustainable suppliers in recent years, there is still
little research on supplier sustainability in retail enterprises. Correspondingly, the measure to evaluate
and choose sustainable suppliers is imperfect and needs improving. This paper attempts to contribute
a theoretical supplement. After extensive literature reviews and consultations with some experts in
the industry, based on the TBL theory and stakeholder theory, a measure including economic, green
(environmental), and social dimensions has been proposed. Among them, we introduce 4 primary
criteria covering CR, OM, PA, and SC to assess economic performance, and use Pollution production,
Pollution control, and Energy consumption and Ecologic design to characterize GI. Most importantly,
we require suppliers to provide evidence of their social responsibility fulfillment to internal and
external stakeholders. Among the 6 primary criteria, SR obtains the greatest weight (0.230), and PA
(0.229) is scored in second place with a very small gap, followed by SC, GI, OM, and CR. This weight
ranking is intuitively devised, as we used to think that economic performance should be the most
important, even among sustainable suppliers. Most experts in the case believe that the sustainability of
suppliers should first be reflected in their corporate ethics, which is consistent with Zimmer, Froehling
and Schultmann [7]. In spite of this, sub-criteria including cost, quality, delivery, and responsiveness
are generally perceived to be foremost priorities in the traditional selection of suppliers [149], which are
also important indicators when the retail company judges its suppliers. It is important to mention that
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Labor relations records, as transparent and measurable indicators of social responsibility, are regarded
as the most important factors within the 24 s grade criteria. This evidence is consistent with the study
of Amindoust, Ahmed, Saghafinia and Bahreininejad [4]. Moreover, the new indicators we proposed,
such as Position in industry (0.033), Strategic alliance (0.028), Business process management (0.029),
Learning (0.052), Customer satisfaction (0.045), Governmental relations (0.059), and Shareholder
contract (0.061) have been given high weights, which also confirm the applicability and relative
importance in SSS of retail enterprises. Nevertheless, in order to be more applicable and robust, the
measures we have proposed for SSS cannot be static, and need to be dynamic adjusted, increased or
reduced, according to the changes in the real environment and demand of retail enterprises.

Along with the logic of the DEMATEL-ANP-VIKOR method, we have improved the process
of weight determination under DEMATEL-ANP, which reduces the amount of calculation required
to get the same result. This evidence was reinforced through discussion with experts from the case
company, in which they indicated that the DEMATEL-ANP was easy to implement in determining the
weighting and causal relationships between multiple performance criteria [28]. The VIKOR method is
applied to select suitable sustainable suppliers and to analyze gaps in the desired level of sustainable
performance for each supplier. By conducting 40 sensitivity experiments, A4 was never changed as
the best sustainable supplier in the case, while the other sort deviated only 3 times, which shows the
robustness of the proposed method. To further verify the applicability of this method, we introduce
another typical compromise method, TOPSIS, to find a sustainable alternative based on the same case.
We obtained the same solution by TOPSIS, although the robustness of TOPSIS was weaker than the
proposed method, as multiple deviations of the prioritizations produced by TOPSIS occurred in our
sensitivity analysis. In contrast, the VIKOR algorithm showed robustness when the indicator weights
shifted, which helped the DMs to provide decision-making references to a certain extent. This result
provides realistic evidence for the comparative analysis of Opricovic and Tzeng [24].

Interestingly, the executives of FX Supermarket were particularly surprised when we told them
about the results of sustainable suppliers, because in their view, A3 is the leading company in the
market, and intuitively, it should be the most sustainable. The fact that A4 is more suitable than A3 is
largely because the former performed better in terms of social criteria, while there was no big difference
in the characteristics and distribution of the products they provide. We find it difficult to judge social
responsibility based on solely experience and knowledge of scorers, instead of by a comprehensive
measure. As for most companies, they are often more sensitive to economic performance than the
social impact of suppliers. Our results inspire a deeper understanding of sustainable suppliers and
sustainable procurement, and help managers devise strategies for effectively minimizing gaps in the
sustainable performance of potential suppliers.

The introduction and use of the hybrid information aggregation is one of the main contributions
in this paper, which can address the duality (qualitative and quantitative, precise and fuzzy) of
semantic evaluation under a more realistic environment. This mechanism was recognized through
discussion with the four managers from FX Supermarket, in which they thought the use of mixed
information values could better characterize the scorer’s judgment. We propose three types of criteria
value, namely: precise number, interval number and fuzzy number. Quantitative indicators are
characterized by precise number and interval number, while qualitative indicators are scored by
IVTFNSs. The use of IVTENs makes it easier and faster for experts to make judgments and avoid
mistakes caused by hesitation and non-intuition. Through the integration of hybrid information
aggregation and DEMATEL-ANP-VIKOR, qualitative and quantitative indicators characterized by
different data type can be measured and compared in the same dimension, which increases the
systematic and comprehensive evaluation of sustainable supplier.

This paper focuses on the SSS of retail enterprises, because these enterprises have begun to place
much attention on the sustainability of their product sources in recent years. For example, Swiss retail
giant Migros decided to sell 100% sustainable resources seafood before 2020; Wal-Mart introduced
a Supplier Scorecard on Sustainability, and has constantly increased its applicable categories since
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2012. Considering that there are few sustainable performance measures and methods that have been
widely accepted, this paper tries to promote an evaluation framework and model for the retail industry
based on the FX case. The retail industry in emerging markets shows different features from that
of developed countries, and has a slower pace of development, which means that the SSCM and
sustainable procurement have not received widespread attention. However, nobody can ignore its
importance; as we introduced in section one, due to the lack of supervision and proper selection of
suppliers in emerging economies, Apple almost ruined their brand, even though they have taken
many social initiatives within the company. For retail enterprises in emerging economies, global
sustainable procurement has begun to be deployed, and the Chinese government has also called
for more retail companies to participate in sustainable supplier programs. In the future, sustainable
supplier management of retail companies in emerging markets will become indispensable for core
firms to strengthen the sustainability of their supply chain.

6. Conclusions and Future Research

To facilitate a sustainable supply chain in the retail industry, a TBL-based conceptual measure
for SSS was presented. By identifying the economic benefits, green impact, and social performance
of alternative suppliers, a hybrid MCDM based on hybrid information aggregation was applied to a
sample retail enterprise.

Little attention has been paid to SSS in retail industry, and there is almost no systemic and
standard measure that could be used to assess the sustainability of suppliers. Based on this gap,
through an extensive literature review and by consultations with experts in the industry, this paper
proposes a sustainable performance measure in accordance with the principle of the TBL. In addition
to the reservation of some traditional highly-cited criteria, new indicators such as strategic alliance,
learning, governmental relations, and shareholder contracts have been presented and proved to be
applicable to the evaluation framework. This paper also contributes to the measurement of supplier
social responsibility by following the logic of the stakeholder theory. The measure has been approved
by practitioners in retail enterprises who are committed to sustainable procurement, such as FX
Supermarket and Wal-Mart.

On the other hand, considering the limitations of the supplier evaluation methods in previous
studies, this paper proposes an improved DEMATEL-ANP-VIKOR method to seek sustainable
suppliers. Based on the requirements of scorers in reality, we introduce the data types of precise
number and interval number to characterize quantitative indicators and IVTEN to represent subjective
judgment, which can further be integrated into a set of mixed information and become a hybrid
input for DEMATEL-ANP-VIKOR method. This model was validated in the case of FX Supermarket,
when we help them find the optimal sustainable supplier of “cuttlefish” based on the proposed
measure and method, according to the market performance and operating conditions of four potential
suppliers. Through the sensitivity analysis and comparison with TOPSIS, the proposed method shows
more robustness, and embodies its superiority in selecting appropriate suppliers, as it considers
both maximum group utility and individual regret to measure the gaps between alterative and ideal
solutions, which can strengthen the ability to conduct social performance assessments of suppliers.

As more and more retail enterprises have joined the campaign of sustainable procurement,
especially in the emerging market, the means to screen and manage sustainable suppliers will be
an urgent question. Of course, there are many industries that also need to consider the choice of
sustainable suppliers, such as construction. This paper provides a certain theoretical supplement for
the discipline of sustainability and supplier selection. Also, the sustainable performance measure and
integrated method can play an audit role for practitioners to evaluate the performance of the SSCM
practices of relative suppliers.

Considering that the SSS is a complex engineering problem, there is still room for improvement.
This paper proposed a social performance measure for supplier selection based on a retail enterprise,
but it didn’t consider some intangible factors such as supply chain relationship and binding trade
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secrets, which may affect the scorer’s judgment to some degree. More indicators from various
dimensions should be considered and chosen according to real-world applications. Considering that
suppliers may change their sustainability due to the pressure of core enterprises, in order to select the
suitable suppliers dynamically, evaluating the alternatives using the MCDM method at each stage can
solve this issue, but it may require much time and financial investment. A dynamic monitoring and
evaluation approach to quickly select suppliers could be applied in future research. The priority order
of the sustainable suppliers using the integrated MCDM method with hybrid information aggregation
in this study were only scored and determined by four related department managers. Also, the
alternatives are limited to four suppliers. Increasing the number of scorers, especially those from the
same industry and alternative suppliers, may allow us to better compare scenarios and validate the
proposed models and methods.
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Appendix A

Questionnaire for Influence Relationships of SSS Criteria
Dear Sir/Madam,

We are currently undertaking a questionnaire survey for influence relationships of each criterion
in the hierarch criteria system.

This survey is an important part of the research on the sustainable supplier evaluation and has
a direct impact to the final solution. The main purpose is to understand the mutual influence of the
indicators in the sustainable supplier evaluation system, in order to remove factors that affect the
follow-up weight judgment.

A questionnaire that requires you to assign the mutual influences for criteria is attached in the
e-mail. We hope you could look over the questionnaire and thoughtfully make the decision under your
practical experience and knowledge. The questionnaire should take you about 5-10 min to compete.

All answers are confidential and all identifying information will be kept anonymous. And there
is not any right or wrong answer in the options setting, please make the judgment according to your
own experience and real understanding.

Thanks for your support and help.

PART ONE: The Basic Information of The Evaluator

Please fill in the appropriate options in the space.
1. The following identity description is suitable for you
A. Government B. Academy  C.Industry

PART TWO: Evaluation of Mutual Influence of Indicators

1. Measurement scale for pair-wise comparisons
In this questionnaire, the degree of interaction between the criteria in the sustainable supplier
evaluation system is scored from 0—4. The meaning of each score is shown below:

Score 0 1 2 3 4

Impact No Impact Lower Impact Moderate Impact Higher Impact  Very higher Impact
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2. Mlustrated example

The following table shows that: (1) AS1 has no impact on AS2, so AS1/AS2 = 0; (2) AS2 has lower
impact on AS3, so AS2/AS3 = 1; (3) AS3 has moderate impact on AS4, so AS3/AS4 = 2; (4) AS4 has
higher impact on AS5, so AS4/AS5 = 3; (5) AS5 has very higher impact on AS6, so AS5/AS6 = 4.

AS1 AS2 AS3 AS4 AS5 AS6

AS1 0 0

AS2 0 1

AS3 0 2

AS4 0 3

AS5 0

AS6 0

Please rate the correlation between indicators according to your experience and understanding
below (see the indicator from the measures proposed in Section 2.3. We provide a detailed explanation
of the index, which is omitted here for shortening the length of this paper, similarly hereinafter).

AS1 AS2 AS3 AS4 AS5 AS6

AS1 0

AS2 0

AS3 0

AS4 0

AS5 0

AS6 0

This is the end of the questionnaire, thanks again for your participation and support!

Appendix B

Questionnaire for Assigning the Importance of SSS Criteria
Dear Sir/Madam,

We are currently undertaking a questionnaire survey for assigning the relative importance of
each criterion in the hierarch index system. The weights assignment plays a significant role in our
study and has a direct impact to the final results. We are very glad to invite you to participate in this
research project.

A questionnaire that requires you to assign the relative importance for criteria is attached in the
e-mail. We hope you could look over the questionnaire and thoughtfully make the decision under
your practical experience and knowledge. The questionnaire should take you about 10-15 min to
compete and you may be required to make the comparison again if inconsistency happens in the
evaluation process.

We guarantee that your responses will only be used and accessed by researchers in order
to keep confidential and private. We promise not to share your names, address and other
personal/organization details. And there is not any right or wrong answer in the options setting,
please make the judgment according to your own experience and real understanding. If you have any
further assistance or questions about completing the questionnaire and our research, please contact us
through the e-mail.

Thank you for your support and help.

1. Measurement scale for pair-wise comparisons

The questionnaire uses the 9-point scale to assess the importance of the evaluation index of the
sustainable suppliers. The meanings of the scores are shown in the table below:
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Table A1l. 1-9 scale of ANP

Importance Numerical Judgments

[y

Elements i and j are equally important.

Element i is equally to more important than j.

Element i is more important than j.

Element i is equally to moderately more important than j.
Element i is moderately more important than j.

Element i is equally to strongly more important than j.
Element i is strongly more important than j.

Element i is equally to extremely more important than .
Element i is extremely more important than j.

Source: Saaty (2000)

O O NONUl WD

2. Illustrated example

The following table shows that: (1) Both A and B are equally preferred, so A/B =1; (2) B is
moderately preferred to C, so B/C = 3; (3) D is strongly preferred to C, so D/C =5 and C/D is
therefore 1/5.

1/5
1

N w >
—_

Please rate the relative importance between indicators according to your experience and
understanding below.

First class criteria

AS1 AS2 AS3 AS4 AS5 ASe6

AS1 1

AS2 1

AS3 1

AS4 1

AS5 1

AS6 1

Second class criteria

Corporate reputation (AS1)—Pair-wise comparison of sub-criteria under AS1

AS1 C1 C2 C3 C4

C1 1

2 1

C3 1

C4 1

Operations management (AS2)—Pair-wise comparison of sub-criteria under AS2

AS2 C5 (€ C7 C8

C5 1

Cé6 1

c7 1

C8 1
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Product Advantage (AS3)—Pair-wise comparison of sub-criteria under AS3

AS3 9 cio Ci1 Ci12

C9 1

C10 1

C11 1

C12 1

Service capability (AS4)—Pair-wise comparison of sub-criteria under AS4

AS4 C13 Ci14 C15 Ci16

C13 1

C14 1

C15 1

C16 1

Green impact (AS5)—Pair-wise comparison of sub-criteria under AS5

AS5 C17 C18 C19 C20

C17 1

C18 1

C19 1

C20 1

Social responsibility (AS6)—Pair-wise comparison of sub-criteria under AS6

AS6 (C21 (C22 (C23 C24

C21 1

Cc22 1

C23 1

C24 1

This is the end of the questionnaire, thanks again for your participation and support!

Appendix C Questionnaire for Quantitative and Qualitative Criteria Ratings

Dear Sir/Madam,

We are currently undertaking a questionnaire survey of quantitative and qualitative criteria
ratings for sustainable supplier selection.

The quantitative and qualitative criteria scorings play a significant role in our study and have a
direct impact to the final results. We are very glad to invite you to participate in this research project.
The main purpose of the scoring table is to understand the status quo of four potential suppliers of FX
Supermarket from partial qualitative indicators and to make scientific competitiveness to each firm on
the basis of the combination of statistical data related to quantitative indicators evaluation.

A questionnaire that requires you to rate the evaluation indicators of the target company is
attached in the e-mail. We hope you could look over the questionnaire and thoughtfully make the
decision under your practical experience and knowledge. The questionnaire should take you about
10-20 min to compete.

All answers are confidential and all identifying information will be kept anonymous. And there
is not any right or wrong answer in the options setting, please make the judgment according to your
own experience and real understanding.

Thanks for your support and help.
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PART ONE The Basic Information of The Evaluator

Please fill in the appropriate options in the space.
1. Your department is
A. Finance B. Purchasing C.Product  D. Marketing

PART TWO Quantitative Indicator Score

Please rate the following quantitative indicators based on historical business information and
your experience and knowledge.
[0 Procurement cost (C9)
For each box of product Y, please give the interval value of the procurement price listed by
every supplier.
(Unit: USD)

(USD/Box)

Supplier 1

Supplier 2
Supplier 3

,_,,_,_,,_
— e

Supplier 4

Give the precise percentage of the following four indicators for every supplier.
O Supply flexibility (C11)

(%)

Supplier 1
Supplier 2
Supplier 3
Supplier 4

[0 Product market share (C12)

(%)

Supplier 1
Supplier 2
Supplier 3
Supplier 4

O Responsiveness (C13)

(%)

Supplier 1
Supplier 2
Supplier 3
Supplier 4

O Timely delivery (C14)

(%)

Supplier 1
Supplier 2
Supplier 3
Supplier 4
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PART THREE Qualitative Indicator Score
In the mark sheet, the 7-level language variables are used to rate the indicators of the sustainable
suppliers. The meanings of the semantic variables are as follows:

L

anguage VP P MP F MG G VG
Variables
Meaning Very poor Poor Moderate poor Fair Moderately good good Very good

Please indicate with an X in the box which is appropriate for each sustainable

supplier’s performance.
O Position in industry (C1)

\% P MP F MG G VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4

[0 Financial status (C2)

vP P MP F MG G VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4

O Contractual capacity (C3)

A\ P MP F MG G VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4

O Strategic alliance (C4)

VP P MP F MG G VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4

O Business process management (C5)

A\ P MP F MG G VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4
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O Technical support (C6)

\% P MP F MG G VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4

O Quality management (C7)

vp P MP F MG G VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4

O Learning & Innovation (C8)

A\ P MP F MG G VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4

O Product quality (C10)

VP P MP F MG G VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4

O Customer satisfaction (C15)

A\ P MP F MG G VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4

O Maintenance & Compensation (C16)

VP P MP F MG G VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4

O Pollution production (C17)

A\ P MP F MG G VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4
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[0 Pollution control (C18)

vp

MP

MG

VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4

O Energy consumption (C19)

VP

MP

MG

VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4

O Ecologic design (C20)

A\

MP

MG

VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4

[0 Labor relations record (C21)

A\

MP

MG

VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4

[0 Governmental relations (C22)

VP

MP

MG

VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4

0 Community welfare investment (C23)

\%

MP

MG

VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4

[0 Shareholder contract (C24)

VP

MP

MG

VG

Supplier 1
Supplier 2
Supplier 3
Supplier 4

This is the end of the questionnaire, thanks again for your participation and support!

38 of 49
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Figure Al. Implementation of Network Structure of the SSS.
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Appendix E

Table A2

. ANP Unweighted Supermatrix for the SSS Decision Network.
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AS1

AS2

AS3

AS4

AS5

AS6

c1

C2

C3

C4

C5

Cé6

Cc7

C8

C9

Ci0 Ci1 Ci12

C13

C14 Ci15 C16

C17

Cci18 C19 C20

C21

C22

C23

C24

AS1

C1
Cc2
C3
C4

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

0.237
0.319
0.241
0.203

AS2

C5
(€
Cc7
C8

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

0.203
0.156
0.271
0.370

AS3

9

C10
C11
C12

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

0.311
0.268
0.230
0.191

AS4

C13
C14
C15
C16

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

0.419
0.144
0.297
0.140

AS5

Cc17
C18
C19
C20

0.120
0.302
0.207
0.371

0.120
0.302
0.207
0.371

0.120
0.299
0.210
0.371

0.120
0.302
0.207
0.371

0.120
0.302
0.207
0.371

0.120
0.302
0.207
0.371

0.120
0.302
0.207
0.371

0.120
0.302
0.207
0.371

0.120
0.302
0.207
0.371

0.120
0.302
0.207
0.371

0.120
0.302
0.207
0.371

0.120
0.302
0.207
0.371

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.120
0.302
0.207
0.371

0.120
0.302
0.207
0.371

0.120
0.302
0.207
0.371

0.120
0.302
0.207
0.371

ASe6

C21
C22
C23
C24

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.318
0.264
0.145
0.273

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
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Appendix F

Table A3. ANP Weighted Supermatrix for the SSS Decision Network.
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AS1

AS2

AS3

AS4

AS5

AS6

c1

C2

C3

C4

C5

Cé6

Cc7

C8

C9

Ci0 Ci1 Ci12

C13

C14 Ci15 C16

C17

Cci18 C19 C20

C21

C22 C23 C24

AS1

C1
Cc2
C3
C4

0.027
0.036
0.027
0.023

0.027
0.036
0.027
0.023

0.027
0.036
0.027
0.023

0.027
0.036
0.027
0.023

0.032
0.043
0.032
0.027

0.032
0.043
0.032
0.027

0.032
0.043
0.032
0.027

0.032
0.043
0.032
0.027

0.034
0.045
0.034
0.029

0.034
0.045
0.034
0.029

0.034
0.045
0.034
0.029

0.034
0.045
0.034
0.029

0.031
0.042
0.032
0.027

0.031
0.042
0.032
0.027

0.031
0.042
0.032
0.027

0.031
0.042
0.032
0.027

0.032
0.044
0.033
0.028

0.032
0.044
0.033
0.028

0.032
0.044
0.033
0.028

0.032
0.044
0.033
0.028

0.037
0.051
0.038
0.032

0.037
0.051
0.038
0.032

0.037
0.051
0.038
0.032

0.037
0.051
0.038
0.032

AS2

C5
(€
Cc7
C8

0.027
0.021
0.036
0.049

0.027
0.021
0.036
0.049

0.027
0.021
0.036
0.049

0.027
0.021
0.036
0.049

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.034
0.026
0.045
0.061

0.034
0.026
0.045
0.061

0.034
0.026
0.045
0.061

0.034
0.026
0.045
0.061

0.038
0.030
0.051
0.070

0.038
0.030
0.051
0.070

0.038
0.030
0.051
0.070

0.038
0.030
0.051
0.070

0.028
0.021
0.037
0.050

0.028
0.021
0.037
0.050

0.028
0.021
0.037
0.050

0.028
0.021
0.037
0.050

0.037
0.028
0.049
0.067

0.037
0.028
0.049
0.067

0.037
0.028
0.049
0.067

0.037
0.028
0.049
0.067

AS3

9

C10
C11
C12

0.071
0.061
0.053
0.044

0.071
0.061
0.053
0.044

0.071
0.061
0.053
0.044

0.071
0.061
0.053
0.044

0.087
0.075
0.065
0.054

0.087
0.075
0.065
0.054

0.087
0.075
0.065
0.054

0.087
0.075
0.065
0.054

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.110
0.095
0.082
0.068

0.110
0.095
0.082
0.068

0.110
0.095
0.082
0.068

0.110
0.095
0.082
0.068

0.084
0.073
0.063
0.052

0.084
0.073
0.063
0.052

0.084
0.073
0.063
0.052

0.084
0.073
0.063
0.052

0.082
0.071
0.061
0.050

0.082
0.071
0.061
0.050

0.082
0.071
0.061
0.050

0.082
0.071
0.061
0.050

AS4

C13
C14
C15
C16

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.058
0.020
0.041
0.019

0.058
0.020
0.041
0.019

0.058
0.020
0.041
0.019

0.058
0.020
0.041
0.019

0.078
0.027
0.055
0.026

0.078
0.027
0.055
0.026

0.078
0.027
0.055
0.026

0.078
0.027
0.055
0.026

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.076
0.026
0.054
0.026

0.076
0.026
0.054
0.026

0.076
0.026
0.054
0.026

0.076
0.026
0.054
0.026

0.086
0.030
0.061
0.029

0.086
0.030
0.061
0.029

0.086
0.030
0.061
0.029

0.086
0.030
0.061
0.029

AS5

Cc17
C18
C19
C20

0.018
0.044
0.030
0.054

0.018
0.044
0.030
0.054

0.018
0.044
0.031
0.054

0.018
0.044
0.030
0.054

0.022
0.056
0.038
0.069

0.022
0.056
0.038
0.069

0.022
0.056
0.038
0.069

0.022
0.056
0.038
0.069

0.022
0.057
0.039
0.069

0.022
0.057
0.039
0.069

0.022
0.057
0.039
0.069

0.022
0.057
0.039
0.069

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.023
0.059
0.040
0.072

0.023
0.059
0.040
0.072

0.023
0.059
0.040
0.072

0.023
0.059
0.040
0.072

ASe6

C21
C22
C23
C24

0.073
0.061
0.033
0.063

0.073
0.061
0.033
0.063

0.073
0.061
0.033
0.063

0.073
0.061
0.033
0.063

0.083
0.069
0.038
0.072

0.083
0.069
0.038
0.072

0.083
0.069
0.038
0.072

0.083
0.069
0.038
0.072

0.101
0.084
0.046
0.087

0.101
0.084
0.046
0.087

0.101
0.084
0.046
0.087

0.101
0.084
0.046
0.087

0.103
0.085
0.047
0.088

0.103
0.085
0.047
0.088

0.103
0.085
0.047
0.088

0.103
0.085
0.047
0.088

0.087
0.072
0.040
0.075

0.087
0.072
0.040
0.075

0.087
0.072
0.040
0.075

0.087
0.072
0.040
0.075

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
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Table A4. ANP Limit Supermatrix for the SSS Decision Network.
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AS1

AS2

AS3

AS4

AS5

AS6

c1

C2

C3

C4

C5

Cé6

Cc7

C8

C9

Ci0 Ci1 Ci12

C13

C14 Ci15 C16

C17

Cci18 C19 C20

C21

C22 C23 C24

AS1

C1
Cc2
C3
C4

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

0.033
0.044
0.033
0.028

AS2

C5
(€
Cc7
C8

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

0.029
0.022
0.038
0.052

AS3

9

C10
C11
C12

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

0.068
0.059
0.050
0.042

AS4

C13
C14
C15
C16

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

0.063
0.022
0.045
0.021

AS5

Cc17
C18
C19
C20

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

0.016
0.039
0.027
0.048

ASe6

C21
C22
C23
C24

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061
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0.059
0.032
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0.059
0.032
0.061
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0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
0.061

0.071
0.059
0.032
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