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Abstract: Supply chain sustainability has become one of the most attractive decision management
topics. There are many articles that have focused on this field presenting many different points of
view. This research is centred on the evaluation of supply chain sustainability based on two critical
dimensions. The first is the importance of evaluation metrics based on economic, environmental
and social aspects, and the second is the degree of difficulty of information gathering. This paper
aims to increase the accuracy of the evaluation. The proposed method is a combination of quality
function deployment (QFD) with plithogenic aggregation operations. The aggregation operation
is applied to aggregate: Firstly, the decision maker’s opinions of requirements that are needed to
evaluate the supply chain sustainability; secondly, the evaluation metrics based on the requirements;
and lastly, the evaluation of information gathering difficulty. To validate the proposed model, this
study presented a real world case study of Thailand’s sugar industry. The results showed the most
preferred and the lowest preferred metrics in order to evaluate the sustainability of the supply
chain strategy.

Keywords: supply chain sustainability metrics; plithogeny; aggregation operations; neutrosophic set;
quality function deployment

1. Introduction

Supply chain sustainability has been one of the most attractive and dynamic research topics in the
domain of supply chain management for a long time. The influence of manufacturing activities to
global warming and the consumption of natural resources assisted the researchers in considering the
importance of the supply chain operation’s sustainability [1]. As a result of increasing competition,
globalization, technological growth and huge customer expectations, the sustainable supply chain
is a significant goal to each supply chain in every field. The supply chain sustainability can be
described as the capability of operating the business with the long term goal of preserving economic,
environment and societal welfare [2]. A more general definition of sustainable supply chain could be the
management of supply chain activities in order to improve the profitability by taking into consideration
the environmental impacts and social aspects. Therefore, supply chain sustainability guarantees
success and achievements of the whole supply chain management in the long term. Under the
uncertainty component, supply chain sustainability became a more important goal for companies. This
explains why measuring supply chain sustainability means to identify possible strategic decisions
under various situations [3].
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The evaluation of supply chain sustainability is an interesting topic based on metrics in
economic, environmental and social scopes. Measuring sustainability of the supply chain guides
firms in the direction of risk elimination and standards/guidelines following [4]. Moreover,
the advantages of evaluating supply chain (SC) sustainability are reducing costs, increasing competence,
supporting competitive advantages and improving operational performance [5]. The challenges of
measuring supply chain sustainability are [6]: The managerial and organizational absence of the
inter-organizational metrics; the variety of the organization’s goals and objectives producing different
measures; and the difficulty in non-traditional data gathering that reduce the SC performance.

There are several studies in supply chain sustainability assessment including supply chain
sustainability risk and assessment [7], literature reviews [8], multi-objective mathematical models
for sustainable supply chain management [9] and decision making models for a sustainable supply
chain [10]. Evaluating supply chain sustainability is a multi-criteria decision making (MCDM) problem,
therefore the evaluation metrics may be the criteria, and the alternatives may be selected based on
these sets of metrics. There are some limitations of SC sustainability studies, such as the fact that the
researchers do not consider the difficulty of collecting the information for the metrics that will measure
the sustainability. In addition, only a few studies use the linguistic variables to evaluate the metrics,
leading to less consideration on the uncertainty or lack of information [11]. Also, there is the matter of
the decision maker’s priorities and contradiction degree between metrics which leads to less accuracy
of results. In the comical industry, Rajeev (2019) proposed a framework to describe the evolution of
a sustainable supply chain [12].

In this research, most of these limitations were processed by the proposed MCDM model that
assists in metrics selection and the weighting of sustainable supply chain. The proposed model is
based on a combination of plithogenic aggregation operations with quality function deployment (QFD).
The details of the model have been explained in Section 3.

QFD is one of the most popular techniques to improve quality in order to meet customer
expectations. This tool combines all customer needs in every aspect of the product, transforming them
into technical requirements so they can meet their expectations [13]. QFD records great results in
many fields, such as rating engineering characteristics [14], the design of building structures [15],
service level measurements [16], industry development [17], product development [18], or supplier
selection problems [19].

Plithogeny refers to the creation, development and progression of new entities from composition
of contradictory or non-contradictory multiple old entities [20]. It was introduced by Smarandache
in 2017 as a generalization of neutrosophy. A plithogenic set (as a generalization of crisp, fuzzy,
intuitionistic fuzzy, and neutrosophic sets) is a set whose elements are characterised by the attribute
values. Each attribute value has its contradiction degree values c(vj,vD) between vj and the dominant
(most important) attribute value vD. The contradiction degree between attributes assists the model
to gain more accurate results. The plithogenic set, logic, probability and statistics that were also
introduced by Smarandache in 2017, are obtained from plithogeny, and they are generalizations of
neutrosophic sets, logic, probability and statistics respectively.

The rest of this papers is organized as follows: In Section 2, there is a literature review of sustainable
supply chain, quality function deployment, clarification of plithogenic sets, and a recapitulation of
neutrosophic sets. Section 3 presents the proposed model to evaluate the sustainable supply chain.
In Section 4, a real world case is studied in order to evaluate the proposed model. Section 5 discusses
the results of this case. Finally, the conclusion and suggestions for future works end Section 6.

2. Literature Review

2.1. Supply Chain Sustainability

In the supply chain management field, there are many considerations that need to be taken
into account to minimize the negative influence of business production to environment and social
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effects. These considerations pushed for the strategic developments plans for sustainability [11].
Three dimensions of sustainability are considered in the supply chain, derived from customer and
stakeholder desires, which are economic, environmental and social aspects to manage raw materials,
information and finance flows [21]. Other definitions of supply chain sustainability is the integration of
an organization’s economic, social and environmental dimensions by coordinating the business process
in order to improve the organization’s performance in the long term [22]. A more focused definition
could be supply chain management strategies and activities concerning social and environmental
aspects, correlated to the production, distribution, design and supply of products and services [23].
The evaluation of supply chain sustainability metrics are attributes and requirements used to measure
the supply chain performance considering economic, social and environmental features [24]. Table 1
summarizes some of the studies on supply chain sustainability metrics and frameworks.

Table 1. Studies about supply chain sustainability metrics.

Authors Scope Methodology Metrics

Akshay Jadhav, Stuart Orr,
Mohsin Malik (2018) [25]

Supply chain orientation
(SCO)

Literature review
analysis (SEM analysis)

Co2 emission management,
community engagement, supplier

codes of conduct, waste elimination,
energy usage efficiency, water usage

efficiency, and recycled materials
practices, among others.

Elkafi Hassini, ChiragSurti,
CorySearcy (2012) [4]

Developing supply chain
sustainability metrics Literature review

Percent of suppliers, Percent of
contracts, Percent of purchase

orders, Level of stake-holder trust
by category

Yazdani, Morteza, Cengiz
Kahraman, Pascale Zarate,

and Sezi Cevik Onar (2019) [26]

Ranking of supply chain
sustainability indicators

Multi-attribute decision
making (QFD and GRA)

Quality, managing environmental
systems, supply chain elasticity,

business social liability,
transportation service situation,

and financial constancy.

Qorri, Ardian, Zlatan Mujkić, and
Andrzej Kraslawski (2018) [27]

Measuring supply chain
sustainability
performance

Literature review

Number of contributors, products,
geographical encompassing,

strategic goals, methods, tools,
among others

Searcy, Cory, Shane M. Dixon, and
W. Patrick Neumann (2016) [28]

Analysis of performance
indicators in supply
chain sustainability

Literature review and
report analysis

Employees number, profits,
supplier estimation, trainingcost,

among others

Chen, Rong-Hui, Yuanhsu Lin,
and Ming-Lang Tseng [29]

Sustainable development
indicators in the

structure minerals
industry in China

Combines fuzzy set
theory, the Delphi
method, discrete

multi-criteria method

Solid waste, Eco-efficiency,
Health and safety, Energy use,

Investments, Land use and
rehabilitation, among others

Haghighi, S. Motevali, S. A.
Torabi, and R. Ghasemi [30]

Evaluation of Sustainable
Supply Chain Networks

Data envelopment
analysis technique

Time delivery, Supplier rejection
rate, Amount of Pollution,

Customers’ satisfaction,
Service quality, among others

2.2. Quality Function Deployment (QFD)

Quality function deployment (QFD) originated in Japan in the 1960s. QFD establishes quality
measurement for the improvement and design, rather than just quality control in manufacturing
processes [31]. The QFD method is the link that connects the customer voice to the design requirement
in order to respond these expectations effectively. As illustrated in Figure 1, the components of QFD
are as follows [32]:

• Area (1): The customers’ requirements (what region) that consists of two indicators: The customers’
requirements and the importance of each of them αi.

• Area (2): The quality characteristics or design specifications (how region), composed of two parts:
The design specifications and the way of development.

• Area (3): The relationship between customer requirements and design specifications (what versus
how region) by score Ci j = {0, 1, 3, . . . , 9}.
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• Area (4): This area is a combination of the value of the design specification, the acceptance level of
it, and the score

S j =
∑(

αi ∗ Ci j
)

(1)

• Area (5): The comparison of the product and competitors, and how much it satisfies customer needs.
• Area (6): The comparison between each design specification, and how much their improvement

may affect each other.
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There are several studies that combine QFD with other techniques to evaluate supply chain
sustainability, such as: A hybrid QFD–ANP approach to design a sustainable maritime supply chain [33];
integration of QFD and grey relational analysis (GRA) in order to solve compound decision making
complications [26]; QFD and MCDM techniques in supplier selection problems [34]. Dursun et al. (2018)
considered the competition factor in the process of new product development using QFD [35].
A combination of best-worst method (BWM) and QFD was proposed in order to determine the relation
between customer requirements and engineering characteristics in Mei et al. (2018) [36].

2.3. Plithogenic Set Characteristics

Plithogeny is the formation, construction, development, germination, and evolution of new
entities from combinations of contradictory (dissimilar) or non-contradictory multiple old entities [37].
A plithogenic set (P, A, V, d, c) is a set that includes numerous elements described by a number of
attributes A = {α1, α2, . . . , αm}, m ≥ 1, which has a values V = {v1, v2, . . . , vn}, for n ≥ 1. There are two
main features of each attribute’s value, V. The first is the appurtenance degree function d(x,v) of the
element x, with respect to some given criteria [38]. The contradiction (dissimilarity) degree function
c(v,D) is the second one, which is realized between each attribute value and the most important
(dominant) one. The contradiction degree function is mainly the key element of the plithogenic
aggregation operations (intersection, union, complement, inclusion, and equality) that increase the
accuracy of aggregation.

Let A be a non-empty set of uni-dimensional attributes A = {α1, α2, . . . , αm}, m ≥ 1, and let α
∈ A be an attribute with its value spectrum the set S, where S can be defined as a finite discrete set,
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S = {s1, s2, . . . , sl}, 1 ≤ l <∞, or infinitely countable set S = {s1, s2, . . . , s∞}, or infinitely uncountable
(continuum) set S = ]a,b[, a < b, where ] . . . [ is any open, semi-open, or closed interval from the set of
real numbers or from other general sets [39].

Let V be a non-empty subset of S, where V is the range of all attributes of α’s values defined by the
experts based on the application, V = {v1, v2, . . . , vn} for n ≥ 1. In the set V, there is a dominant attribute
value which is determined by the experts based on preferences and the nature of the application.

Each attribute value in V has its appurtenance degree d(x,v) with respect to some criteria. The degree
of appurtenance may be a fuzzy, or intuitionistic fuzzy, or neutrosophic degree of appurtenance to the
plithogenic set. Therefore, the appurtenance degree d(x,v) of attribute value v is:

∀x ∈ P, d: P × V→ P ([0, 1]z), (2)

Therefore, d(x, v) is a subset of [0, 1]z, and P([0, 1]z) is the power set of [0, 1]z, where z = 1, 2, 3,
for fuzzy, intuitionistic fuzzy, and neutrosophic degrees of appurtenance respectively [19].

Let c: V × V→ [0, 1] be the attribute value contradiction degree function c(v1, v2), representing the
dissimilarity between two attribute values v1 and v2, and satisfying the following axioms:

c(v1, v1) = 0, contradiction degree between the attribute values and itself is zero.
c(v1, v2) = c(v2, v1), contradiction degree function can be fuzzy CF, intuitionistic attribute value

contradiction function (CIF: V × V→ [0, 1]2), or a neutrosophic attribute value contradiction function
(CN: V × V→ [0, 1]3).

2.4. Neutrosophic Set

Neutrosophy is a new branch of philosophy (generalization of dialectics and Yin Yang Chinese
philosophy), introduced by Florentin Smarandache in 1980, which studies the origin, nature, and scope
of neutralities, as well as their interactions with different ideational spectra. Neutrosophy is the
foundation of neutrosophic logic, neutrosophic probability, neutrosophic sets, and neutrosophic
statistics. Neutrosophic set definitions are clearly stated in the following:

Definition 1. [40] Let X be a universal set of objects, consisting of non-specific elements defined as x.
A neutrosophic set N ⊂ X reflects a set such that each element x from N is characterized by TN(x)–the
truth-membership function, IN(x)–the indeterminacy-membership function, and FN(x)–the falsity-membership
function. TN(x), IN(x) and FN(x) are subsets of [0−, 1+], so the three neutrosophic components are TN(x) ∈ [0−,
1+], IN(x) ∈ [0−, 1+] and FN(x) ∈ [0−, 1+]. IN(x) is depicts uncertainty, indeterminate, unidentified, or error
values. The sum of the three components is 0− ≤ TN(x) + IN(x) + FN(x) ≤ 3+.

Definition 2. [41] Let X be a space of points and x ∈ X. A neutrosophic set N in X is recognized by
a truth-membership function TN(x), an indeterminacy-membership function IN(x) and a falsity-membership
function FN(x), where TN(x), IN(x) and FN(x) are subsets of ]-0, 1+[. TN(x):X→ ]-0, 1+[, IN(x):X→ ]-0, 1+[
and FN(x):X→ ]-0,1+[. There is no restriction on the summation of membership functions. Therefore, 0− ≤ sup
TN(x) + sup IN(x) + sup FN(x) ≤ 3+.

Definition 3. [42] Let a =
〈
(a1, a2, a3);α,θ, β

〉
be a single valued triangular neutrosophic set, with truth

membership Ta(x), indeterminate membership Ia(x), and falsity membership function Fa(x) as follows:

Ta(x) =


αa

( x−a1
a2−a1

)
i f a1 ≤ x ≤ a2

αa i f x = a2

o otherwise
(3)
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Ia(x) =


(a2−x+θa(x−a1))

(a2−a1)
i f a1 ≤ x ≤ a2

θa i f x = a2
(x−a2+θa(a3 −x))

(a3−a2)
otherwise

(4)

Fa(x) =


(a2−x+βa(x−a1))

(a2−a1)
i f a1 ≤ x ≤ a2

βa i f x = a2
(x−a2+βa(a3 −x))

(a3−a2)
i f a2 < x ≤ a3

1 otherwise

(5)

where αa, θa, βa ∈ [0,1]. They represent the highest truth membership degree, the lowest indeterminacy
membership degree, and the lowest falsity membership degree, respectively.

3. Proposed Model

In this paper, the authors proposed a model to evaluate the supply chain sustainability metrics
based on a combination of quality function deployment and plithogenic aggregation operations.
This model combines the benefits of the QFD method to link customer needs with design requirements
and plithogenic aggregation operator features. The usefulness of this model derives from the
plithogenic aggregation operation, because this technique ensures more accurate results and takes
into consideration the degree of uncertainty, which is defective in other studies of the same problem.
The steps of the proposed model have been explained in detail in this section and it is shown in
Figure 2.

v Step 1: First of all, decision makers (DM) identify a series of requirements to appraise the supply
chain sustainability. The most popular requirements of supply chain sustainability evaluation
are summarized in Table 2 or the DM can identify other requirements based on their strategy.
These requirements must reflect economic, social and environmental features which is called
triple bottom line (TPL).

- The decision makers measure the importance of each requirement based on the supply
chain strategy using linguistic terms.

- The linguistic scale is defined to describe the assessment of each requirement by the DM.
In this model, the scale is suggested as a triangular neutrosophic scale, as shown in Table 3.

v Step 2: Using plithogenic aggregation operations, the decision maker’s opinions are aggregated
based on the contradiction degree of each requirement. This step increases the accuracy of results.

- Define contradiction degree c of each requirement with respect to the dominant.
- Plithogenic neutrosophic set intersection is defined as following:

((ai1 , ai2, ai3), 1 ≤ i ≤ n)
∧

p ((bi1, bi2, bi3), 1 ≤ i ≤ n)
=

((
ai1

∧
F bi1 , 1

2 (ai2
∧

F bi2) +
1
2 (ai2 ∨F bi2), ai2 ∨F bi3

))
, 1 ≤ i ≤ n.

(6)

where
∧

F and ∨F are fuzzy t-norm and t-conorm respectively.
- The neutrosophic number is transformed into a crisp number using the following equation:

S (a) =
1
8
(a1 + b1 + c1) × (2 + α− θ− β) (7)

v Step 3: In order to find the best requirement considering the set of criteria, the distance of each
requirement is found from the best and worst solutions.
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- The best (positive) ideal solution S+ and worst (negative) ideal solution S−

require definition.
- For example, in price requirements, the lowest value is desired (best ideal solution); on the

other side, the maximum value is the worst ideal solution. In the opposite of that, in profit
requirements, the maximum value is positive and the lowest value is negative.

- The formula of Euclidean distance is used to find the distance of each requirement to the
ideal positive and ideal negative solutions, as shown in Equations (8) and (9) [50].

D+
i =

 m∑
j=1

(
Vi −V+

j

)2


0.5

(8)

D−i =

 m∑
j=1

(
Vi −V−j

)2


0.5

(9)

- The superior alternative has the smallest distance from the positive ideal solution S+ and
the worst alternative has a larger distance from the negative ideal solution S−.

v Step 4: The performance score of each requirement is found in order to weight each of them
based on Equation (10).

Pi =
S−i

S+
i − S−i

(10)

- The performance score is normalized to find the weight of each requirement that satisfies
two constraints which are 0 ≤ wi ≤ 1 and

∑
wi = 1.

v Step 5: The decision makers define a combination of metrics by considering the requirements
selected previously in step 1 and the TPL. Some of the economic metrics are cost reduction,
transaction costs, environmental costs, service level, or sales. The environmental metrics are
environmental policies, recycling of waste, air pollution emission, solid waste, water consumption,
and so on. Finally, the social diminution consists of working conditions, employee satisfaction,
government relationships, employee training, and reputation, among others.

- The DMs define the relation between each metric and explain each requirement using
linguistic terms as in Table 3.

v Step 6: Steps 2–4 are repeated on the evaluation metrics. As in Step 2, the plithogenic aggregation
operation is used to combine all decision makers’ judgments about defined metrics. Then,
Equations (8) and (9) are used to establish the distance of every metric from the best and worst
solutions. The importance of each metric is determined using the performance score as in
Equation (10).

v Step 7: As proposed in Osiro, Lauro et al. 2018 [11], the limitations of other studies that do not
consider the hardness of data gathering of each metric need to be addressed. In this step, the
difficulty in regards to three dimensions are evaluated in relation to information accessibility,
human resources and time needed for assessment, and other required resources [51].

- The difficulty of assessment metrics data collecting based on three dimensions explained
by linguistic variables are evaluated.

- The assessment based on the contradiction degree to obtain accuracy of results are
aggregated, and thenits crisp value is found.

- Their performance score of data collecting difficulty based on the distance of best and
worst solutions are found.

v Step 8: In this final step, the goal is to categorize the set of supply chain sustainability metrics.
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- The performance degree found in Step 4 (the importance of each metric) and Step 7
(the difficulty of data gathering) using Equation (11) are normalized as proposed in
(Osiro, Lauro et al. 2018) [11].

vn =
1

1 + e−
v−v
σv

(11)

where vn is the normalized value, v− v is the difference between the value and the mean,
and σv is the standard deviation.

- This is the result if supply chain sustainability evaluation metrics are categorized according
to Figure 3 based on the importance of each metric and its difficulty of data gathering.
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Table 2. Popular requirements of supply chain sustainability evaluations.

Requirement Author

1 Cost/profit Govindan, Kannan, Roohollah Khodaverdi,
and Ahmad Jafarian [43]

2 Product quality Osiro, Lauro, Francisco R. Lima-Junior,
and Luiz Cesar R. Carpinetti [44]

3 Environmental influences Huang, Samuel H., and Harshal Keskar [45]

4 Stability and constancy Kannan, Devika, et al. [46]

5 Information Technology Katsikeas, Constantine S., Nicholas G. Paparoidamis,
and Eva Katsikea [47]

6 Social aspects Mani, V., Rajat Agrawal, and Vinay Sharma [48]

7 Delivery accuracy Chang, Betty, Chih-Wei Chang, and Chih-Hung Wu [49]

Table 3. Linguistic scale.

Linguistic Variable Triangular Neutrosophic Scale

Nothing (N) ((0.10, 0.30,0.35), 0.1,0.2,0.15)

Very Low (VL) ((0.15,0.25,0.10), 0.6,0.2,0.3)

Low (L) ((0.40,0.35,0.50), 0.6,0.1,0.2)

Medium (M) (0.65,0.60,0.70),0.8,0.1,0.1)

High (H) ((0.70,0.65,0.80),0.9,0.2,0.1)

Very high (VH) ((0.90,0.85,0.90),0.7,0.2,0.2)

Absolute (A) ((0.95,0.90,0.95),0.9,0.10,0.10)

4. Real World Case Study

In this paper, the proposed model has been illustrated in an application on Thailand’s sugar
industry in order to measure the overall sustainability of this supply chain (Figure 4). The sugar
industry in Thailand is considered one of the most important economic pillars. Thailand is the fourth
largest sugar producer and second largest exporter in the world. In this application, four decision
makers (DMs) were assisted by their experience in solving such cases to evaluate the sustainability
of Thailand’s sugar industry. They are experienced in manufacturing (DM1), quality control (DM2),
finance and purchasing (DM3), and environmental expert (DM4). The main goal of this case is to
evaluate Thailand’s sugar industry supply chain sustainability metrics based on their significance and
difficulty degree of data gathering. Initially, the four experts identified a group of seven requirements
for Thailand’s sugar industry supply chain sustainability evaluation. They are: Profit (R1), costs (R2),
delivery reliability (R3), product development (R4), environmental aspects (R5), product quality (R6),
health and security (R7).

â The requirements by the DMs based on linguistic variables in Table 3 are evaluated as a triangular
neutrosophic value. The evaluation is shown in Table 4.

â As explained in Step 2, the plithogenic aggregation operation is used to combine all decision
makers judgments about the requirements based on the contradiction degree of each one as in
Table 5.

â Using Equation (6), the aggregation results are shown in Table 6 and then their crisp value is
found using Equation (7).

â In Steps 3 and 4, the distance of positive and negative ideal solutions are found using the
Euclidean distance as in Equations (8) and (9). Then, the performance degree is measured as
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mentioned in Equation (10) to find the weight vector of the seven requirements as shown in
Table 7.

â The decision makers define a set of supply chain sustainability metrics with respect to economic,
environmental, and social dimensions (Table 8). Then, based on linguistic variables in Table 3,
the DMs evaluate them as specified in Table 9.

â Table 10 shows the metrics aggregation using a plithogenic aggregation operator according to
each requirement and based on the contradiction degree in Table 11. Then, their crisp values can
be found.

â As in Steps 3 and 4, using the Euclidean distance as in Equations (8) and (9), the distance of positive
and negative ideal solutions are found. Then, as mentioned in Equation (10), the performance
degree is measured to find the weight vector of the metrics. Their results are shown in Table 12.

â As proposed in Osiro, Lauro et al. 2018 [11], the limitations of neglecting the difficulty of data
gathering of every metric is addressed. In this step, the decision makers evaluate the difficulty in
regards to three dimensions: Information accessibility, human resources and time needed for
assessments, and other required resources, as shown in Table 13.

â Then, the decision makers evaluations were aggregated using a plithogenic aggregation equation
as shown in Table 14:

â Equations (8) and (9) were used to find the distance of every metric from the positive ideal
solution and negative ideal solution. Then, Equation (10) was used to calculate the performance
degree, as shown in the fourth column in Table 15.

â Finally, the performance score was normalized using Equation (11) that relates to metrics
importance and difficulty of data gathering. The normalization results are shown in Table 16.

â Figure 5 shows the Thailand sugar industry supply chain sustainability metrics distribution
categorized in two regions which are the prioritized metrics and less prioritized metrics based on
the four decision maker’s evaluation.
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Table 4. The evaluation of the requirements by four DMs.

Requirement DM1 DM2 DM3 DM4

R1 VH H H M

R2 H VH M H

R3 M H H VH

R4 H M M H

R5 H VH H M

R6 H VH VH M

R7 H M H M

Table 5. The requirements contradiction degree.

Requirement R1 R2 R3 R4 R5 R6 R7

Contradiction degree 0 1/7 2/7 3/7 4/7 5/7 6/7

Table 6. The aggregation results of requirements.

Requirement DM1∧p DM2 ∧p DM3 ∧p DM4 Crisp Value

R1 ((0.29,0.69,1),0.45,0.18,0.36) 0.4727

R2 ((0.42,0.69,0.97),0.57,0.18,0.32) 0.1664

R3 ((0.56,0.69,0.91),0.68,0.18,0.24) 0.6130

R4 ((0.61,0.63,0.8),0.6,0.15,0.12) 0.5942

R5 ((0.79,0.69,0.75),0.86,0.18,0.1) 0.7192

R6 ((0.92,0.74,0.68),0.9,0.18,0.06) 0.7781

R7 ((0.93,0.63,0.43),0.98,0.15,0.01) 0.7015

Table 7. The weights of requirements based on positive and negative distances.

Requirement Positive
Distance

Negative
Distance

Performance
Score Weight Ranking

R1 0.2323 0.40872 0.6376 0.1551 4

R2 0.4674 0.538 0.5351 0.1302 5

R3 0.0914 0.0208 0.1854 0.0451 7

R4 0.1048 0.0398 0.2752 0.0669 6

R5 0.0146 0.0852 0.8537 0.2077 2

R6 0.0736 0.1442 0.6621 0.1611 3

R7 0.0027 0.0677 0.9616 0.2339 1

total - - 4.1107 1
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Table 8. Economic, environmental and social metrics.

Dimension Metrics

Economic

Commitment to cost reduction (I1)

Inventory turnover (I2)

Environmental costs (I3)

Measurement tools and methods (I4)

Responsiveness to demand change (I5)

Manufacturing cost (I6)

Delivery cost (I7)

Environmental

Waste minimization(I8)

Air emission (I9)

CO2 emission (I10)

Recycling of waste (I11)

Social

Noise level (I12)

Customer complaints (I13)

Employee training (I14)

Working conditions (I15)

Table 9. The evaluation of metrics.

Metrics R1 R2 R3 R4 R5 R6 R7

I1 VH A M M L M L

I2 L M H L L M L

I3 H VH L M VH L H

I4 M M H VH H VH H

I5 H H VH L VL M VL

I6 M VH L VH VL VH VL

I7 VH VH VH M VL H L

I8 L VH L L VH L VH

I9 VL VL L M VH L VH

I10 VL VL L H VH M VH

I11 M L L VL VH L VH

I12 L L L VL M L H

I13 H L M L M L H

I14 H VH L VH VL H H

I15 H H M M L H H
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Table 10. The aggregation results of the metrics.

R1 ∧pR2∧pR3∧p R4 R5∧p R6∧p R7 R1 . . . R7 CRISP

I1 ((0.36,0.74,1),0.4,0.13,0.42) ((0.1,0.43,0.9),0.29,0.1,0.4) ((0.036,0.59,1),0.12,0.25,0.65) 0.248

I2 ((0.12,0.49,0.96),0.34,0.13,0.5) ((0.15,0.4,0.9),0.3,0.1,0.45) ((0.03,0.5,0.99),0.13,0.1,0.69) 0.2479

I3 ((0.52,0.48,0.87),0.43,0.15,0.39) ((0.6,0.63,0.9),0.5,0.2,0.34) ((0.4,0.6,0.97),0.28,0.17,0.54) 0.3866

I4 ((0.46,0.7,0.94),0.6,0.15,0.32) ((0.6,0.7,0.94),0.7,0.2,0.25) ((0.4,0.7,0.97),0.5,0.18,0.41) 0.4968

I5 ((0.43,0.63,0.92),0.6,0.18,0.3) ((0.1,0.3,0.45),0.5,0.18,0.4) ((0.43,0.5,0.8),0.43,0.18,0.46) 0.3871

I6 ((0.55,0.7,0.87),0.56,0.15,0.3) ((0.2,0.4,0.62),0.5,0.2,0.37) ((0.3,0.6,0.8),0.45,0.18,0.41) 0.3953

I7 ((0.78,0.5,0.87),0.88,0.18,0.24) ((0.3,0.4,0.7),0.7,0.14,0.24) ((0.5,0.45,0.8),0.76,0.16,0.28) 0.5191

I8 ((0.5,0.48,0.64),0.6,0.13,0.2) ((0.75,0.7,0.8),0.7,0.18,0.2) ((0.61,0.6,0.73),0.61,0.16,0.2) 0.5484

I9 ((0.37,0.73,0.32),0.68,0.15,0.21) ((0.8,0.7,0.8),0.7,0.18,0.18) ((0.6,0.73,0.53),0.7,0.17,0.18) 0.5464

I10 ((0.45,0.38,0.28),0.77,0.18,0.16) ((0.9,0.8,0.8),0.8,0.18,0.13) ((0.72,0.6,0.48),0.8,0.18,0.12) 0.5607

I11 ((0.57,0.4,0.28),0.79,0.2,0.11) ((0.9,0.7,0.85),0.8,0.18,0.1) ((0.8,0.6,0.46),0.84,0.19,0.07) 0.587

I12 ((0.57,0.33,0.29),0.8,0.13,0.09) ((0.8,0.6,0.5),0.9,0.15,0.05) ((0.78,0.5,0.28),0.9,0.14,0.04) 0.5168

I13 ((0.82,0.49,0.3),0.93,0.13,0.57) ((0.8,0.6,0.5),0.93,0.15,0.2) ((0.9,0.53,0.24),0.97,0.14,0.2) 0.5448

I14 ((0.17,0.7,0.46),0.95,0.13,0.02) ((0.8,0.6,0.2),0.97,0.2,0.03) ((0.8,0.6,0.17),0.99,0.2,0.007) 0.5521

I15 ((0.97,0.63,0.4),0.99,0.15,0.003) ((0.9,0.6,0.4),0.98,0.2,0.01) ((0.99,0.61,0.14),1,0.17,0.001) 0.6153

Table 11. Contradiction degree of metrics.

Metrics I1 I2 I3 I4 I5 I6 I7 I8 I9 I10 I11 I12 I13 I14 I15

Contradiction
degree 0 1

15
2

15
3

15
4

15
5
15

6
15

7
15

8
15

9
15

10
15

11
15

12
15

13
15

14
15
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Table 12. The performance score based on positive and negative distances.

Metrics Positive Distance Negative Distance Performance Score

I1 0.1114 0.5139 0.8218

I2 0.4509 0.1115 0.1983

I3 0.0272 0.3753 0.9324

I4 0.2651 0.137 0.3407

I5 0.3748 0.2467 0.3969

I6 0.264 0.3666 0.5814

I7 0.3878 0.2428 0.385

I8 0.2135 0.189 0.4696

I9 0.4151 0.2155 0.3417

I10 0.4294 0.2012 0.3191

I11 0.1749 0.4557 0.7226

I12 0.3855 0.182 0.3207

I13 0.1854 0.154 0.4537

I14 0.2098 0.4208 0.6673

I15 0.0835 0.2559 0.754

Table 13. The evaluation of information gathering difficulty.

Metrics Information
Availability

Human Resource
and Time

Additional
Resource Required

I1 H L VH

I2 M H H

I3 H L L

I4 M H H

I5 L M L

I6 H H L

I7 H L VH

I8 M L VH

I9 H M L

I10 H M L

I11 M L VH

I12 H VH L

I13 VH L L

I14 H VH VH

I15 H H H
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Table 14. The aggregation results of information gathering difficulty.

Metrics A ∧p B ∧p C Crisp Value

I1 ((0.25,0.68,1),0.38,0.18,0.42) 0.4294

I2 ((0.37,0.64,0.96),0.69,0.18,0.25) 0.5565

I3 ((0.2,0.4,0.85),0.42,0.13,0.35) 0.3516

I4 ((0.47,0.64,0.92),0.75,0.18,0.2) 0.6014

I5 ((0.29,0.42,0.73),0.49,0.1,0.28) 0.3798

I6 ((0.43,0.5,0.76),0.66,0.15,0.2) 0.488

I7 ((0.65,0.68,0.83),0.66,0.18,0.22) 0.6102

I8 ((0.7,0.67,0.77),0.68,0.15,0.19) 0.626

I9 ((0.56,0.49,0.6),0.74,0.13,0.14) 0.5094

I10 ((0.6,0.49,0.55),0.78,0.13,0.12) 0.506

I11 ((0.82,0.67,0.63),0.8,0.15,0.11) 0.6731

I12 ((0.77,0.55,0.53),0.84,0.15,0.09) 0.6013

I13 ((0.78,0.48,0.38),0.83,0.13,0.07) 0.5392

I14 ((0.97,0.8,0.72),0.85,0.2,0.04) 0.8124

I15 ((0.94,0.65,0.55),0.99,0.2,0.01 0.7437

Table 15. The performance score of information gathering difficulty.

Metrics Ideal Positive Ideal Negative Performance Degree

I1 0.7619 0.3594 0.1739

I2 0.6988 0.6338 0.352

I3 0.6988 0.3594 0.02197

I4 0.6988 0.6338 0.2496

I5 0.6338 0.3594 0.0743

I6 0.6988 0.3594 0.3789

I7 0.7619 0.3594 0.6231

I8 0.7619 0.3594 0.6624

I9 0.6988 0.3594 0.442

I10 0.6988 0.3594 0.1003

I11 0.7619 0.3594 0.7794

I12 0.7619 0.3594 0.601

I13 0.7619 0.3594 0.4467

I14 0.7619 0.6988 0.6923

I15 0.6988 0.6988 0.5
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Table 16. Normalization of importance and data gathering difficulty.

Metrics Importance Difficulty of Data Collection

I1 0.8031 0.2762

I2 0.1913 0.4434

I3 0.8711 0.1692

I4 0.3119 0.3429

I5 0.3694 0.2018

I6 0.5763 0.4710

I7 0.3569 0.7095

I8 0.4495 0.7418

I9 0.3129 0.5361

I10 0.2911 0.2197

I11 0.7216 0.8233

I12 0.2926 0.6903

I13 0.4316 0.4509

I14 0.6682 0.7648

I15 0.6958 0.595

5. Results and Discussion

Based on the decision makers evaluations, the prioritize metrics to evaluate Thailand’s sugar
industry sustainability are: Commitment to cost reduction (I1), environmental costs (I3), responsiveness
to demand change (I5), manufacturing costs (I6), working conditions (I15) and CO2 emission (I10). In this
case, the decision makers were considering the economic aspects more than social or environmental
dimensions. The importance of commitment to cost reduction (I1), environmental costs (I3) and
recycling of wastes (I11) gained the highest importance in value compared to other metrics, as shown
in Figure 6. On the other side, recycling of the waste (I11), employee training (I14) and waste
minimization (I8) were the most difficult gathering information metrics. However, the CO2 emission
(I10), environmental costs (I3) and responsiveness to demand changes (I5) were the most available
information that had the lowest difficulty of data gathering degree as in Figure 7.
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As the results of distribution of the Thailand sugar industry sustainability metrics were categorized
based on the significance and difficulty of data gathering, this study found that the most preferred
metrics were: Environmental cost (I3), commitment to cost reduction (I1) and realization to demand
change (I5), respectively, which were all economic metrics. It can be concluded that the economic
metrics were more critical than the environmental and social metrics. These results are based on the
evaluation of four decision makers, which means that it is not a general result for similar applications.

The main point in this paper is the plithogenic aggregation operation to group the decision
maker’s opinions in a more accurate manner. The plithogenic aggregation is taking into consideration
the contradiction degree that mainly increases the accuracy of the aggregation. This study aggregated
the decision maker’s assessment of supply chain sustainability requirements, the evaluation of metrics
importance, and measuring the difficulty of information gathering. Also, the difficulty of data gathering
was not considered in many articles, but the authors found it to be a critical diminution to be measured.

Similar studies on this topic differ based on the model and the nature of the problem. As Ignatius,
Joshua, et al. [52] proposed, the ANP-QFD approach which mainly considered environmental indicators
in order to ensure a green building structure. On the other hand, Jamalnia, Aboozar, et al. [53]
considered economic metrics such as costs, raw material and labour availability to solve a facility
location problem using the QFD method. Khodakarami, Mohsen, et al. [54] and Izadikhah, et al. [55]
used data envelopment analysis (DEA) for the evaluation of supply chain sustainability by taking into
account mostly economic and environmental metrics. Ahmadi, et al. [56] used the best worst method
(BWM) to evaluate the social sustainability of supply chain by considering social indicators rather than
economic or environmental aspects.

6. Conclusions and Future Works

Due to strict government requests and the huge stress from the public, the consideration
of supply chain sustainability was increased [36]. Sustainable development is one of the most
significant conditions of saving resources and keeping the supply chain phases operating efficiently [57].
This explains why SSCM became one of the most important competitive strategies in organizations [58].
This study proposed an efficient combination of plithogenic aggregation operations with the quality
function deployment method. The advantage of this combination is the improvement of the accuracy
of the results while aggregating the assessments of the decision makers. QFD produced great results
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in supply chain sustainability evaluation. However, it does not consider the depth of data gathering
difficulty which loosen the accuracy of the results. The supply chain sustainability evaluation is
a critical topic that needs to be studied with high accuracy by considering economic, environmental
and social dimensions.

This study observed the proposed combined model in a major real world case study, which was
Thailand’s sugar industry. Based on the nature of this supply chain strategy, its sustainability
requirements was defined and measured by four decision makers. Their opinions were aggregated
using plithogenic aggregation operator based on the contradiction degree to maximize the accuracy
of the aggregation. In the same way, the measurement metrics was defined based on the previous
requirement and included economic, social and environmental dimensions evaluated by the DMs.
The results showed that the importance of commitment to cost reduction (I1), environmental costs (I3)
and recycling of wastes (I11) gained the most important metrics compared to the rest of metrics. Finally,
the difficulty of data gathering of these metrics was measured and aggregated. For each dimension of
evaluation, the distance of the metrics to the best and worst ideal solutions was calculated to find the
importance and the degree of information gathering difficulty. The result of this point was recycling of
the waste (I11), employee training (I14) and waste minimization (I8) were the most difficult gathering
information metrics. Moreover, the performance degree of the metrics was intended and normalized
to distribute the metrics based on the two defined dimensions. It can be concluded that the most
preferred metrics based in both dimensions are environmental cost (I3), commitment to cost reduction
(I1) and realization to demand change (I5).

Real contributions of this proposed methodology:

• The main contribution of this proposed model lies in providing accurate results of the decision
makers assessments based on the contradiction degree while applying the aggregation.

• The plithogenic aggregation operation allows the DMs to consider several experts opinions in
order to maximize the efficiency of the decision making.

• Also, it measures the supply chain sustainability based on two major aspects, the significance of
the metrics and its level of difficulty of data gathering, which is really a critical point that affects
the evaluations.

• Using a triangular neutrosophic linguistic scale to evaluate the requirement, metrics and
information availability improved the level of consideration to uncertainty, because it confirms
the best representation by using the three membership degrees positive, negative and boundary
areas of decision making.

• The proposed methodology is efficient and has a high accuracy degree in decision making
problems, Therefore, it is a great tool that may help firms in their estimation of customer needs in
addition to evaluating the supply chain sustainability requirements.

In future research directions, this model may be used in assessment of other supply chain
strategies to evaluate their sustainability. In addition, the plithogenic aggregation operators could be
combined with other techniques to evaluate the supply chain sustainability. Finally, more evaluation
dimensions could be added to the importance and difficulty of information gathering to measure
supply chain sustainability.
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