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Abstract: With the intensification of global competition and the increasing awareness of reducing energy
consumption, sustainable supplier selection is crucial for establishing a solid cooperative relationship
in sustainable supply chain management. This paper proposes a new framework that considers both
the effective expression of uncertain information and the objective weights of decision makers to select
sustainable suppliers. We first apply an interval-valued intuitionistic fuzzy set to express the information
of decision makers. Moreover, this paper applies a plant growth simulation algorithm to aggregate
decision makers’ information. Next, we adopt the similarity measure method to derive the target weight
of each decision maker. Then, we apply the score function to rank the candidate sustainable suppliers.
Finally, two practical cases are presented to verify the effectiveness of the proposed framework. The
outcomes and comparative discussion show that the developed framework is efficient for sustainable
supplier selection. Therefore, the proposed framework can be used to establish a solid cooperative
relationship in the process of sustainable supply chain management.

Keywords: energy consumption; interval-valued intuitionistic fuzzy sets; objective weights; supplier
evaluation

MSC: 03B52

1. Introduction

In 2020, the Chinese government declared that it will strengthen national ownership
contributions and take stronger policy measures to strive to peak CO2 emissions by 2030
and achieve carbon neutrality by 2060 (Carbon Neutrality in China. http://chinaeucn.
com/carbon-neutrality-china/ (accessed on 14 October 2022)), which is called the dual
carbon strategy. The dual carbon strategy refers to a lifestyle that is green, environmentally
friendly and low in carbon, and sustainable supply chain management (SSCM) is an
effective way to achieve this goal [1–4]. Adopting a sustainable supply chain will benefit
the company’s internal operations and enhance the positive perception of the company
by customers, investors and the public. Sustainable supplier selection (SSS), which is
in the process of SSCM, has become the primary issue to establish a solid cooperative
relationship with the intensification of global competition [5]. Specifically, manufacturing
companies have a large number of suppliers with varying levels of sophistication. If
suppliers are not selected properly, it will have adverse effects on the company, such
as disrupting production schedules, increasing inventory costs, delaying the delivery
of parts or raw materials, causing shortages and defects, and delaying the delivery of
finished products. When a company establishes a complete supplier management system,
it can grasp the production situation and product price information of suppliers; obtain
reasonable procurement prices and optimal services; ensure the quality and timely delivery
of purchased materials; conduct a comprehensive evaluation of the supplier; even integrate
suppliers into the production flow and establish long-term partnerships with suppliers to
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achieve optimal efficiency. In particular, with the outbreak of the Russia–Ukraine conflict,
some multinational companies pay more attention to the security of the supply chain and
accelerate the process of diversification of the global value chain. In addition, due to the
globalization of supply chain development, it is more difficult and crucial for companies to
choose a suitable supplier. If suppliers do not consider the logistics problems caused by
the Russia–Ukraine conflict and the globalization of supply chain development, especially
the reduction of logistics efficiency, this may have an extremely negative impact on the
company’s operating efficiency, leading to problems such as capital chain breakage. To
address these issues, many prominent scholars have used a number of methods to assess
sustainable suppliers in the process [6–11].

During the SSS process, multiple experts need to work together and they also need
to consider multiple attributes of the sustainable suppliers, which is known as Multiple
Attribute Group Decision Making (MAGDM). The real reason is that a single decision
maker (DM) tends to be extreme and one-sided in his or her consideration of issues. In
addition, it is difficult for him/her to consider all aspects and details of an issue, especially
in a complex supply chain. In addition, DMs always prefer to evaluate options with vague
information rather than make a clear assessment [12,13]. Thus, fuzzy sets were applied
to express the DMs’ uncertain judgments in the process of MAGDM [14] in the SSCM
process, and the intuitionistic fuzzy sets (IFS) were extended by Atanassov [15] based on
Zadeh’s fuzzy sets (FS) [14]. Some scholars have applied FS theory in dealing MAGDM
problems [16,17]. More recently, Chen et al. [18] proposed the TOPSIS-DEMATEL, Zhou
et al. [19] applied interval type-2 fuzzy sets in the SSCM process for SSS.

However, a number of important challenges remain in addressing SSS. For the first
aspect, scholars have so far used methods that focus more on ranking sustainable supplier
choices, but rarely consider the effective expression of information for DMs’ judgment [20,21].
For the second aspect, the aggregation process of DM information in the SSCM process also
needs further improvement. For the third aspect, the assessment framework for SSS can
also be improved. All of these aspects should be considered in the construction of the SSS
assessment framework. Our main research questions (RQs) are shown below.

RQ 1: Considering the effective expression and the aggregation process of DMs’
information, which framework is more suitable for sustainable supplier selection?

RQ 2: How to construct a suitable framework to deal with SSS problems?
To address the above three aspects, this study proposes a new framework for SSS

evaluation with the following characteristics. First, because interval-valued intuitionistic
fuzzy set (IVIFS) is more reasonable in resolving imprecise facts or incomplete informa-
tion [16,17,22], compared to FS and IFS. Therefore, we express the information of DM in
the form of IVIFS for SSS. Second, we apply an effective algorithm called Plant Growth
Simulation Algorithm (PGSA) in the process of aggregating the information of DMs. Then,
we can derive the target weights for DMs based on the Euclidean distance between the
information of each DM and the aggregated information. Finally, we can derive a weighted
ideal decision based on PGSA. This leads to some new insights in SSS. On the one hand,
the aggregation process can derive objective weights based on the information of the DMs,
so the aggregated information is more objective. On the other hand, the PGSA in the aggre-
gated information is validated for the number of intervals in the MAGDM problem [23,24].
From this perspective, the ideal matrix aggregated by PGSA is valid for SSS. Third, the
proposed framework builds attribute systems by integrating the four pillars of SSS: logistics
cost, logistics service quality, environmental management system, and social responsibility.
These four pillars of SSS help ensure supply chain security, create a cost and service strategy
under risk prevention, and improve logistics accessibility and resilience.

This paper is organized as follows. Section 2 presents a literature review of the
important methods relevant to this study. Section 3 introduces the concept of IVIFS and
describes the target weights for each DM. In addition, the aggregation method called PGSA
is described in detail. In Section 4, we present PGSA based prioritization method for SSS
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and provide a case study to validate the advantages and merits of the method. In Section 5,
we conclude our paper and summarize the priorities for further research.

2. Literature Review

The literature is divided into three subsections. In the first subsection, we summarize
the important methods relevant to SSS. The second subsection discusses the application of
IVIFS and PGSA in dealing with GDM problems. The third subsection highlights research
gaps and our main contributions.

2.1. Sustainable Supplier Selection

Many scholars have proposed their frameworks to evaluate sustainable suppliers [7,10,25–27].
More recently, Arabsheybani et al. [6] applied MOORA and FMEA to evaluate sustainable
suppliers’ risk. Li et al. [8] consider the randomness for SSS. Chen et al. [28] proposed that
the aspect of quality levels is important in the process for evaluating sustainable suppliers,
and they applied six sigma quality indices. Zhou et al. [19] considered the protection of
environment and the social security, and their research framework considers various
aspects such as economic indicators, environmental and social impacts. The authors in
Nayeri et al. [29] designed a data-driven model considering the impact of COVID-19, they
pointed out the importance of cost, quality, stability and pollution management indicators.

In the context of integrated decision-making models, Wu et al. [30] pointed out that
current supplier selection studies suffer from information loss, weight bias and lack of
psychometric analysis, which greatly weaken the accuracy of evaluation. To fill this gap,
they proposed a new method for SSS in a mixed information environment. Rasmi et al. [31]
proposed a multi-objective aggregate production planning model with consideration to
sustainability of SSCM. With regard to the multi-criteria decision making (MCDM) model,
Liu et al. [32] applied the MCDM model considering the impact of government policies and
the cognitive limitations of the public, Song and Li [33] applied the MCDM model consid-
ering the issue of incomplete information expression and lack of information when making
collective decisions among large groups. In addition, Pishchulov et al. [34] constructed a
system of criteria and applied them in the SSS process. More recently, the multi-perspective
multi-attribute decision making (MPMADM) framework is applied to select the optimal
3PRLP [35]. Different from the above study, our paper considers both the information
expression and aggregation effectiveness, we propose a new framework for SSS evaluation
based on IVIFS and PGSA.

2.2. Application of IVIFS and PGSA in GDM

IVIFS have been widely applied in GDM problems in the past decades [36]. In detail, Wei
[37] proposed IVIFS to solve GDM problems. Xu [21] combined the application of IVIFS and
the distance measure method to deal with GDM problems. Zhang and Pedrycz [38] developed
a approach and they focused on the consistency under the environment of GDM. Tang et al.
[20] focused on the additive consistency in the process of GDM. Wan and Dong [39] developed
a three-phase method for GDM in the IVIFS environment. In conclusion, although many
different approaches have been applied to solve the GDM problem in the IVIFS environment,
the aggregation process of DM information needs further improvement, especially the process
of deriving the objective weight of each DM needs further consideration.

In recent years, Chen et al. [40] introduced a new approach based on K-means clus-
tering to overcome the limitations of the existing methods. Some other scholars applied
PGSA to solve GDM problems, for instance, Li et al. [23] applied PGSA to solve GDM
problems with interval numbers. Qiu and Li [24] proposed PGSA for MAGDM in the
IVIFS environment. Qiu and Li [41] and Li and Zhang [42] proposed PGSA for aggregating
interval neutrosophic sets (INSs). Liu and Wang [43] aggregated DMs’ information based
on Steiner-Weber point and PGSA. Wang et al. [44] proposed a cross-efficiency intervals
integrated ranking approach based on PGSA. Their research pointed out that PGSA is
effective in dealing with GDM problems, especially when it is applied in aggregating
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information with interval numbers. The most relevant paper for our study is [45], they
proposed PGSA and the continuous ordered weighted averaging (COWA) operator in
group decision problems. Unlike them, this paper constructs a framework for sustainable
supplier selection problems based on PGSA. We apply IVIFS to express the information
of DMs in the process of GDM and present PGSA to aggregate the information of DMs.
We construct an attribute system by integrating the four pillars of sustainable supplier
evaluation: logistics service cost, logistics service quality, environmental management
system, and supplier social responsibility. Our paper is helpful in ensuring supply chain
security and logistics accessibility.

2.3. Contribution

Although many approaches have been applied to SSS in the process of SSCM, the
effective expression of DMs’ judgment information needs to be further improved. In
addition, determining the target weights for DMs in the process of SSS is critical, but
few scholars consider aggregating the objective weights of DMs based on their judgment
information both objective and reasonable. Moreover, with the outbreak of the Russia–
Ukraine conflict and the dual carbon strategy, the evaluation framework for SSS should
consider more aspects related to energy consumption and logistics service. To address
the first issue in the process of SSS, IVIFS, which has been widely used for information
expression, is applied to express the evaluation information of DMs. To address the second
issue in the SSS process, PGSA is used to aggregate the judgment information of DMs, and
the similarity measure method is used to derive the objective weights of DMs. In the next
step, the weighted aggregated judgment information can be obtained by PGSA, which
is effective in dealing with GDM problems. To solve the last problem in the process of
SSS, we construct an attribute system by integrating the four pillars of sustainable supplier
evaluation: logistics service cost, logistics service quality, environmental management
system and suppliers’ social responsibility.

3. Preliminaries

In this section, we first introduce the concept of IVIFS. In the next step, we express the
MAGDM problem for SSS in terms of IVIFSs. In the third part, we present the aggregation
process and introduce the definition of PGSA. Finally, we propose the specific steps of the
similarity measure method.

3.1. Interval-Valued Intuitionistic Fuzzy Set (IVIFS)

Definition 1 ([14]). A fuzzy set (FS) A′ in a finite set X is an object expressed as Equation (1) shows.

A′ = {〈x, µA′(x)〉|x ∈ X } (1)

where µA′ : X → [0, 1] is the membership function of A′, denoting the degree of membership of
x ∈ A′.

Definition 2 ([22]). Let a non-empty set X = {x1, x2, · · · , xn} be a universe of discourse. Then Ã =

{〈x, µÃ(x), vÃ(x)〉|x ∈ X } where µÃ =
[
µL

Ã
(x), µU

Ã
(x)
]
⊂ [0, 1] and vÃ =

[
vL

Ã
(x), vU

Ã
(x)
]

⊂ [0, 1] denote the membership degree and the non-membership degree for any x ∈ X is called an
IVIFS, and Equation (2) needs to be met.

µL
Ã(x) + µU

Ã(x) ≤ 1, x ∈ X (2)

Besides,
πÃ(x) :=

[
πL

Ã(x), πU
Ã(x)

]
, x ∈ X (3)

where
πL

Ã(x) = 1− µU
Ã(x)−vU

Ã(x), x ∈ X

πU
Ã(x) = 1− µL

Ã(x)−vL
Ã(x), x ∈ X

(4)
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πÃ(x) is the degree of indeterminacy of x to Ã.

Definition 3 ([24,46]). Suppose there are a group of DMs consider giving their preference degree
of a MAGDM problem in form of IVIFSs. Let A = {A1, A2, · · · , Am}(m ≥ 2) be a discrete set of
m feasible alternatives, X = {x1, x2, · · · , xn} be the set of attributes, and w = {w1, w2, · · · , wn}
be the weight vector of attributes where 0 ≤ wj ≤ 1, ∑n

j=1 wj = 1. Let E =
{

e1, e2, · · · , ep
}

be a
group of experts/DMs, then the kth(1 ≤ k ≤ p) DM’ interval-valued intuitionistic fuzzy decision
matrix is expressed as Equation (5) shows.

[
Rk
]
=
[

ãk
ij

]
m×n

=

x1 x2 · · · xn

A1

([
µkL

11 , µkU
11

]
,
[
vkL

11 , vkU
11

]) ([
µkL

12 , µkU
12

]
,
[
vkL

12 , vkU
12

])
· · ·

([
µkL

1n, µkU
1n

]
,
[
vkL

1n, vkU
1n

])
A2

([
µkL

21 , µkU
21

]
,
[
vkL

21 , vkU
21

]) ([
µkL

22 , µkU
22

]
,
[
vkL

22 , vkU
22

])
· · ·

([
µkL

2n, µkU
2n

]
,
[
vkL

2n, vkU
2n

])
...

...
...

...
...

Am

([
µkL

m1, µkU
m1

]
,
[
vkL

m1, vkU
m1

]) ([
µkL

m2, µkU
m2

]
,
[
vkL

m2, vkU
m2

])
· · ·

([
µkL

mn, µkU
mn

]
,
[
vkL

mn, vkU
mn

])
(5)

where the elements of ãk
ij =

([
µkL

ij , µkU
ij

]
,
[
vkL

ij , vkU
ij

])
are IVIFSs.

Definition 4 ([37]). Let α̃ = ([a, b], [c, d]), α̃1 = ([a1, b1], [c1, d1]) and α̃2 = ([a2, b2], [c2, d2])
be three IVIFSs, and λ > 0. Then we can get the results as Equation (6) shows.

α̃1 + α̃2 = ([a1 + a2 − a1a2, b1 + b2 − b1b2], [c1c2, d1d2]);
λα̃ =

([
1− (1− a)λ, 1− (1− b)λ

]
,
[
cλ, dλ

])
;

α̃λ =
([

aλ, bλ
]
,
[
1− (1− c)λ, 1− (1− d)λ

]) (6)

Definition 5 ([37,47]). Let α̃ = ([a, b], [c, d]) be an IVIFS, a score function S of an IVIFS can be
represented as Equation (7) shows.

S(α̃) =
a− c + b− d

2
, S(ã) ∈ [−1, 1] (7)

Let α̃ = ([a, b], [c, d]) be an IVIFS, a score functionS, an accuracy function H of an IVIFS can be
represented as Equation (8) shows.

H(α̃) =
a + c + b + d

2
, H(α̃) ∈ [−1, 1] (8)

To evaluate the degree of accuracy of the IVIFS α̃ = ([a, b], [c, d]) where H(α̃) ∈ [−1, 1]. The larger
value of H(α̃) means the more accuracy of the IVIFS α̃.

The order relation between two IVIFSs α̃ and β̃.

• If S(α̃) < S
(

β̃
)
, then α̃ < β̃

• If S(α̃) > S
(

β̃
)
, then α̃ > β̃

• If S(α̃) = S
(

β̃
)
, then

− If H(α̃) < H
(

β̃
)
, then α̃ < β̃

− If H(α̃) > H
(

β̃
)
, then α̃ > β̃

− If H(α̃) = H
(

β̃
)
, then α̃ = β̃

Definition 6 ([48]). Let A = {a1, a2, · · · , an}and B = {b1, b2, · · · , bn} be two arguments, then
a normalized Euclidean distance (NED) of dimension n is a mapping NED : Rn → R, which has
the following form

NED(A, B) =

√√√√ 1
n

n

∑
j=1

(ai − bi)
2 (9)
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where ai and bi is the ith arguments of the A and B.

And a weighted Euclidean distance (WED) of dimension n is a mapping WED:
Rn → R that has an associated weighting w = (w1, w2, · · · , wn) with wj ∈ [0, 1] where
∑n

j=1 wj = 1. The definition of WED is shown in Equation (10).

WED(A, B) =

√
1
n

wi

n

∑
i=1

(ai − bi)
2 (10)

3.2. The Minimum Euclidean Distance Model

We first convert the elements of the DM’s interval-valued intuitionistic preference
relations into two-dimensional coordinates as follows.

(
µkL

11 , µkU
11

)
,
(

µkL
12 , µkU

12

)
, · · ·

(
µkL

1n, µkU
1n

)(
µkL

21 , µkU
21

)
,
(

µkL
22 , µkU

22

)
, · · ·

(
µkL

2n, µkU
2n

)
...(

µkL
m1, µkU

m1

)
,
(

µkL
m2, µkU

m2

)
, · · ·

(
µkL

mn, µkU
mn

) ,



(
vkL

11 , vkU
11

)
,
(

vkL
12 , vkU

12

)
, · · ·

(
vkL

1n, vkU
1n

)(
vkL

21 , vkU
21

)
,
(

vkL
22 , vkU

22

)
, · · ·

(
vkL

2n, vkU
2n

)
...(

vkL
m1, vkU

m1

)
,
(

vkL
m2, vkU

m2

)
, · · ·

(
vkL

mn, vkU
mn

) (11)

Secondly, we can find the ideal point
(

µ∗L
ij , µ∗Uij

)
based on the following minimum Eu-

clidean distance model.

Definition 7. There are k (k ≥ 3) points in a two-dimensional plane. If a point
(

µ∗L
ij , µ∗Uij

)
meets

the following equation, it is called the ideal point (see Figure 1a). Among them, the circular points
are the expert preference points to be aggregated, shown in green and black, and the square points
are the good points of the aggregated expert pieces.

min

(
p

∑
k=1

(√(
µ∗L

ij − µkL
ij

)2
+
(

µ∗Uij − µkU
ij

)2
))

(12)

And if a point
(

v∗L
ij , v∗Uij

)
meets the following equation, it is also called the ideal point (see Figure 1b).

min

(
p

∑
k=1

(√(
v∗L

ij − vkL
ij

)2
+
(

v∗Uij − vkU
ij

)2
))

(13)

where i ∈ {1, 2, · · · , m}, j ∈ {1, 2, · · · , n}, k ∈ {1, 2, · · · , p}.

When the weights of DMs are 0 ≤ wk ≤ 1, ∑
p
k=1 wk = 1, then we can find the points(

µ∗L
ij , µ∗Uij

)
based on the model constructed as Equation (14) shows.

min

(
p

∑
k=1

(
wk

√(
µ∗L

ij − µkL
ij

)2
+
(

µ∗Uij − µkU
ij

)2
))

(14)

And we find can the points
(

v∗L
ij , v∗Uij

)
based on the model constructed as Equation (15)

shows.

min

(
p

∑
k=1

(
wk

√(
v∗L

ij − vkL
ij

)2
+
(

v∗Uij − vkU
ij

)2
))

(15)

where i ∈ {1, 2, · · · , m}, j ∈ {1, 2, · · · , n}, k ∈ {1, 2, · · · , p}
The ideal matrix R̃∗ of m DMs is shown in Equation (16).
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[R∗] =
[

ã∗ij
]

m×n
=

x1 x2 · · · xn

A1
([

µ∗L
11 , µ∗U11

]
,
[
v∗L

11 , v∗U11
]) ([

µ∗L
12 , µ∗U12

]
,
[
v∗L

12 , v∗U12
])
· · ·

([
µ∗L

1j , µ∗U1j

]
,
[
v∗L

1j , v∗U1j

])
A2

([
µ∗L

21 , µ∗U21
]
,
[
v∗L

21 , v∗U21
]) ([

µ∗L
22 , µ∗U22

]
,
[
v∗L

22 , v∗U22
])
· · ·

([
µ∗L

2n , µ∗U2n
]
,
[
v∗L

2n , v∗U2n
])

...
...

...
...

...
Am

([
µ∗L

m1, µ∗Um1
]
,
[
v∗L

m1, v∗Um1
]) ([

µ∗L
m2, µ∗Um2

]
,
[
v∗L

m2, v∗Um2
])
· · ·

([
µ∗L

mn, µ∗Umn
]
,
[
v∗L

mn, v∗Umn
])

(16)

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

(µ1L
ij ,µ

1U
ij )

(µ2L
ij ,µ

2U
ij )

(µ4L
ij ,µ

4U
ij )

(µ7L
ij ,µ

7U
ij )

(µ8L
ij ,µ

8U
ij )

(µ6L
ij ,µ

6U
ij )

(µ3L
ij ,µ

3U
ij )

(µ∗L
ij ,µ

∗U
ij )

(µ5L
ij ,µ

5U
ij )

(a)

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

(µ4L
ij ,µ

4U
ij )

(v1Lij , v
1U
ij ) (v5Lij , v

5U
ij ) (v3Lij , v

3U
ij )

(v∗Lij , v
∗U
ij )

(v2Lij , v
2U
ij )

(v7Lij , v
7U
ij )

(v6Lij , v
6U
ij )

(v8Lij , v
8U
ij )

(b)

Figure 1. The ideal point. (a)
(

µ∗L
ij , µ∗Uij

)
; (b)

(
v∗L

ij , v∗Uij

)
.

3.3. Plant Growth Simulation Algorithm (PGSA)

The goal in this paper is to get the optimal aggregated points
(

µ∗Lij , µ∗Uij

)
and

(
v∗Lij , v∗Uij

)
.

There are p known points µ̃1
ij =

(
µ1L

ij , µ1U
ij

)
, µ̃2

ij =
(

µ2L
ij , µ2U

ij

)
, · · · , µ̃

p
ij =

(
µ

pL
ij , µ

pU
ij

)
and

we need to find
(

µ∗L
ij , µ∗Uij

)
which meet Equation (12) or Equation (14). In the same way,

there are p known points ṽ1
ij =

(
v1L

ij , v1U
ij

)
, ṽ2

ij =
(

v2L
ij , v2U

ij

)
, · · · , ṽp

ij =
(

vpL
ij , vpU

ij

)
and we

need to find ṽ∗ij =
(

v∗L
ij , v∗Uij

)
which meet Equation (13) or Equation (15).

This paper applies PGSA to derive the optimal interval-valued intuitionistic fuzzy
decision matrix consist of the optimal aggregated points

(
µ∗L

ij , µ∗Uij

)
and

(
v∗L

ij , v∗Uij

)
. The

detailed steps are shown below.
Step 1: Derive the original growing points br ∈ L(r = 1, 2, · · · v) (the original growing

points in this study are selected as the given points in the decision matrix), L is the length
of bounded closed box of Rn. The plant growth process is shown in Figure 2 [23].

Figure 2. The plant growth process [23].
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Step 2: Calculate the growing probability as follow.

pr =

p
∑

k=1

(
1/
∣∣∣brµ̃k

ij

∣∣∣)
v
∑

r=1

p
∑

i=1

(
1/
∣∣∣brµ̃k

ij

∣∣∣) (r = 1, 2, · · · v) or pr =

p
∑

k=1

(
1/
∣∣∣br ṽk

ij

∣∣∣)
v
∑

r=1

p
∑

i=1

(
1/
∣∣∣br ṽk

ij

∣∣∣) (r = 1, 2, · · · v) (17)

Step 3: Establish the probability space of each growing point and then derive the
iterative growing points br.

Step 4: In order to define the step length λ (the step length in this paper is set as L
200

and L is set as 1 in this paper), we allow the growing points br to grow with δ = 90◦, then
we should replace the points br with the new growth rally points based on the principle of
the Sierpinski carpet, which is shown in Definition 8.

Definition 8 ([23]). Sierpinski carpet is considered a box with bounded closed constraints. Suppose
that the initial point grows Rn in four directions in the bounded closed box, generating new branches.
The angle of rotation between new branches is 90◦, namely, δ = 90◦. The chart of sierpinski carpet
is shown in Figure 3 [23].

Figure 3. The chart of Sierpinski carpet [23].

Step 5: When the process produces no new growth points or the set number of
iterations is reached, the computation is stopped. Otherwise, return to Step 2.

3.4. Deriving Objective Weights of DMs Based on the Similarity Measure Method

When the aggregated matrix are obtained, the similarity degree between R̃k and R̃∗ is
defined as follows.

ρk∗ = S
(

R̃k, R̃∗
)
= 1−

D
(

R̃k ,R̃∗
)

p
∑

k=1

(
R̃k ,R̃∗

) =

1−

m
∑

i=1

n
∑

j=1

(√(
µ∗L

ij −µkL
ij

)2
+
(

µ∗Uij −µkU
ij

)2
+
(

v∗L
ij −vkL

ij

)2
+
(

v∗Uij −vkU
ij

)2
)

p
∑

k=1

m
∑

i=1

n
∑

j=1

(√(
µ∗L

ij −µkL
ij

)2
+
(

µ∗Uij −µkU
ij

)2
+
(

v∗L
ij −vkL

ij

)2
+
(

v∗Uij −vkU
ij

)2
)

(18)

Furthermore, the objective weight of each DM is derived based on Equation (19).

wk =
ρk∗

p
∑

k=1
ρk∗

(19)

where wk ≥ 0,
p
∑

k=1
wk = 1.

4. The PGSA Based Prioritization Method for SSS with IVIFSs

This section propose the prioritization process. In the first part, we first introduce the
definition of the SSS problem. In the next part, we verify the effectiveness of our method
through an example.
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4.1. Procedures of the SSS Problem

As sustainability continues to advance, more and more supply chain companies are
focusing on sustainability when selecting suppliers. The specific steps are shown below.

Step 1. Expression of experts’ information.
Step 1.1. A group of experts understand the objectives of the problem.
Suppose there are m DMs consider giving their preference degree of a MAGDM

problem in form of IVIFSs. Let A = {A1, A2, · · · , Am}(m ≥ 2) be a discrete set of m feasible
alternatives, X = {x1, x2, · · · , xn} be the set of attributes, and w = {w1, w2, · · · , wn} be the
weight vector of attributes where 0 ≤ wj ≤ 1, ∑n

j=1 wj = 1. Let E =
{

e1, e2, · · · , ep
}

be a
group of experts/DMs. Besides, the judgment information of the criteria in this paper is
expressed in form of IVIFSs.

Step 1.2. Experts compare alternatives and provide their judgment in the form of IVIFS.
DMs first understand the decision objectives and then compare potential suppliers. Then

the DMs use IVIFS to evaluate the potential suppliers based on their expertise and experience.
Step 2. Determine experts’ objective weights
DM’s judgment information is converted into two-dimensional coordinates and the

model is constructed as shown in Equations (12)–(15).
Step 2.1. Aggregation of the ideal decision matrix based on PGSA
The ideal parameters are aggregated by applying PGSA, and an ideal decision matrix

consisting of ideal IVIFS can be derived.
Step 2.2. Determine the objective weight of each DM
By calculating the similarity between the matrix of each DM and the ideal decision

matrix, the objective weight of each DM can be obtained.
Step 3. Aggregate the weighted ideal decision matrix based on the PGSA
Step 3.1. PGSA is used to aggregate the weighted ideal decision matrix.
Step 3.2. Aggregation of the weighted attribute arguments based on the weights of

the attributes.
PGSA is applied to aggregate the weighted attribute arguments based on the Euclidean

distance model in Step 3.
Step 4. Rank the potential sustainable suppliers based on the score function
Step 4.1. We can calculate the collective total preference score of potential sustainable

suppliers based on PGSA. The score of the collective total preference value is then obtained.
Step 4.1. Finally, the ranking of potential sustainable suppliers can be obtained.
The framework of the SSS problem with IVIFSs in this paper is shown in Figure 4.

Stage 1: Expression of experts' information

Stage 1.1: A set of experts understand the decision goal

Stage 1.2: Experts make comparison of alternatives 

and give their judgment in form of IVIFSs

Stage 4: Ranking of all alternatives

Stage 4.1: Calculate the value of alternatives based on 

the score function

Stage 4.2: Rank the final priority order of the 

alternatives

供应商

Stage 2: Determine experts' objective weights

Stage 2.1: Aggregate the ideal matrix based on the 

minimum Euclidean distance model with PGSA

Stage 2.2: Calculate the degree of similarity and then 

derive DMs' objective weights

供应商

供应商

Stage 3: Aggregate the weighted ideal matrix

Stage 3.1: Aggregate the weighted ideal matrix based on 

the minimum Euclidean distance model with PGSA

Stage 3.2: Aggregate the weighted arguments based on 

PGSA and the weights of attributes

供应商 供应商

供应商

Figure 4. The framework of the sustainable supplier selection.



Axioms 2023, 12, 1017 10 of 17

4.2. Numerical Analysis and Application

Case study 1 [49] There is a well-known company in the market and would like to
select a sustainable supplier. In addition, four suppliers A1, A2, A3, A4 in the market want
to be considered. In order to improve the effectiveness of the supplier selection process,
the company has carefully considered and decided to hire four experts to make a joint
decision. As a result, a group of DMs were invited to comment on these four candidates
A1, A2, A3, A4. In order to assess the sustainability of the four of the four candidates, four
evaluation attributes are considered as shown in Table 1.

Table 1. The evaluation attributes of the problem.

x1 x2 x3 x4

Cost of logistics
services

Quality of logistics
services

Environmental
management system Social responsibility

where the weight vectors of attributes x1, x2, x3, x4 is Ŵ = [0.15, 0.2, 0.3, 0.35]T .

Step 1. Three expects to understand the decision goal and then construct the frame-
work of the proposed model. Then their information is gathered and The information
of Expert 1 is shown in Table 2, the information of Expert 2 is shown in Table 3, and the
information of Expert 3 is shown in Table 4.

Table 2. The decision matrix R̃1 given by Expert 1.

Expert 1 Cost of Logistics Services Quality of Logistics
Services

Environmental
Management System Social Responsibility

A1 ([0.5, 0.7], [0.1, 0.2]) ([0.6, 0.7], [0.1, 0.3]) ([0.4, 0.5], [0.1, 0.2]) ([0.7, 0.8], [0.1, 0.2])

A2 ([0.2, 0.4], [0.1, 0.2]) ([0.4, 0.5], [0.2, 0.2]) ([0.5, 0.6], [0.1, 0.2]) ([0.2, 0.3], [0.0, 0.1])

A3 ([0.4, 0.5], [0.0, 0.1]) ([0.5, 0.8], [0.0, 0.1]) ([0.4, 0.7], [0.2, 0.3]) ([0.5, 0.6], [0.1, 0.2])

A4 ([0.8, 0.9], [0.1, 0.1]) ([0.5, 0.6], [0.1, 0.2]) ([0.4, 0.5], [0.3, 0.5]) ([0.2, 0.4], [0.0, 0.2])

Table 3. The decision matrix R̃2 given by expert 2.

Expert 2 Cost of Logistics Services Quality of Logistics
Services

Environmental
Management System Social Responsibility

A1 ([0.5, 0.7], [0.2, 0.3]) ([0.5, 0.7], [0.1, 0.2]) ([0.5, 0.8], [0.0, 0.1]) ([0.5, 0.8], [0.0, 0.1])

A2 ([0.5, 0.6], [0.1, 0.2]) ([0.3, 0.5], [0.2, 0.3]) ([0.3, 0.6], [0.2, 0.4]) ([0.3, 0.6], [0.2, 0.3])

A3 ([0.4, 0.5], [0.1, 0.2]) ([0.4, 0.5], [0.1, 0.2]) ([0.4, 0.7], [0.2, 0.3]) ([0.2, 0.4], [0.1, 0.2])

A4 ([0.5, 0.7], [0.1, 0.3]) ([0.4, 0.6], [0.0, 0.1]) ([0.7, 0.8], [0.1, 0.2]) ([0.3, 0.5], [0.2, 0.2])

Table 4. The decision matrix R̃3 given by expert 3.

Expert 3 Cost of Logistics Services Quality of Logistics
Services

Environmental
Management System Social Responsibility

A1 ([0.4, 0.5], [0.1, 0.2]) ([0.5, 0.7], [0.1, 0.2]) ([0.8, 0.9], [0.1, 0.1]) ([0.7, 0.8], [0.0, 0.1])

A2 ([0.4, 0.5], [0.3, 0.5]) ([0.3, 0.5], [0.2, 0.3]) ([0.4, 0.5], [0.0, 0.1]) ([0.4, 0.6], [0.0, 0.1])

A3 ([0.5, 0.5], [0.2, 0.3]) ([0.3, 0.6], [0.2, 0.3]) ([0.6, 0.7], [0.2, 0.3]) ([0.5, 0.7], [0.1, 0.2])

A4 ([0.6, 0.8], [0.2, 0.2]) ([0.6, 0.8], [0.1, 0.2]) ([0.7, 0.8], [0.1, 0.2]) ([0.5, 0.8], [0.0, 0.1])

Step 2. We construct the minimum Euclidean distance model based on Equations (12)–(15).
Then we apply PGSA to aggregate the ideal matrix in Section 3.2, and the ideal matrix

R̃• aggregated by PGSA is shown in Table 5.
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Table 5. The ideal matrix R̃• aggregated by PGSA.

The Ideal Matrix Cost of Logistics
Services

Quality of Logistics
Services

Environmental
Management System Social Responsibility

A1 ([0.5, 0.7], [0.1, 0.2]) ([0.5, 0.7], [0.1, 0.2]) ([0.5, 0.8], [0.08, 0.12]) ([0.7, 0.8], [0.0, 0.1])

A2 ([0.4, 0.5], [0.1, 0.2]) ([0.3, 0.5], [0.2, 0.3]) ([0.4, 0.54], [0.1, 0.2]) ([0.31, 0.585], [0.0, 0.1])

A3 ([0.4, 0.5], [0.1, 0.2]) ([0.355, 0.595], [0.1, 0.2]) ([0.4, 0.7], [0.2, 0.3]) ([0.5, 0.6], [0.1, 0.2])

A4 ([0.6, 0.8], [0.16, 0.2]) ([0.5, 0.6], [0.1, 0.2]) ([0.7, 0.8], [0.1, 0.2]) ([0.3, 0.5], [0.025, 0.17])

Next, we determine the objective weight of each DM by calculating the degree of
similarity between individual matrix and the ideal matrix. Specific results are shown below.

D
(

R̃1, R̃•
)
= 1.6668, D

(
R̃2, R̃•

)
= 1.4493, D

(
R̃3, R̃•

)
= 1.5483. (20)

ρ1• = S
(

R̃1, R̃•
)
= 0.6427, ρ2• = S

(
R̃3, R̃•

)
= 0.6893, ρ3• = S

(
R̃3, R̃•

)
= 0.6681. (21)

w1 = 0.321334, w2 = 0.344633, w3 = 0.334033 (22)

Step 3. In this step, we aggregate the weighted ideal matrix R̃∗ based on the PGSA as
Table 6 shows.

Table 6. The weighted ideal matrix R̃∗ aggregated by PGSA.

The Ideal Matrix Cost of Logistics
Services

Quality of Logistics
Services

Environmental
Management System Social Responsibility

A1 ([0.5, 0.7], [0.1, 0.2]) ([0.5, 0.7], [0.1, 0.2]) ([0.5, 0.8], [0.08, 0.12]) ([0.7, 0.8], [0.0, 0.1])

A2 ([0.4, 0.5], [0.1, 0.2]) ([0.3, 0.5], [0.2, 0.3]) ([0.4, 0.54], [0.1, 0.2]) ([0.31, 0.585], [0.0, 0.1])

A3 ([0.4, 0.5], [0.1, 0.2]) ([0.355, 0.595], [0.1, 0.2]) ([0.4, 0.7], [0.2, 0.3]) ([0.5, 0.6], [0.1, 0.2])

A4 ([0.6, 0.8], [0.145, 0.195]) ([0.5, 0.6], [0.1, 0.2]) ([0.7, 0.8], [0.1, 0.2]) ([0.275, 0.48], [0.0, 0.2])

In this step, we aggregate the weighted attribute arguments R̃i based on the PGSA.
As the weight vectors of attributes are Ŵ = [0.15, 0.2, 0.3, 0.35]T , we can get the

weighted attribute arguments based on PGSA as follows.
A1 = ([0.5, 0.7], [0.1, 0.2]), A2 = ([0.37, 0.53], [0.1, 0.2]),
A3 = ([0.4, 0.595], [0.1, 0.2]), A4 = ([0.555, 0.700], [0.1, 0.2])
In Figures 5–8, the aggregated attribute arguments are shown in blue and the original

attribute arguments are shown in red.
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Figure 5. The aggregated points of A1.
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Figure 6. The aggregated points of A2.
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Figure 7. The aggregated points of A3.
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Figure 8. The aggregated points of A4.

Step 4. In this step, we rank the potential sustainable suppliers based on the score function.
S(A1) = 0.45, S(A2) = 0.3, S(A3) = 0.3475, S(A4) = 0.4775
Thus the ranking in this paper is A4 > A1 > A3 > A2.
Case study 2 [50] Three criteria for 4 suppliers are considered in this problem, includ-

ing the risk analysis (C1), the growth analysis (C2) and the environmental impact analysis
(C3). The decision matrix consisted of the interval-valued intuitionistic fuzzy information
is given in Equation (23).

C1 C2 C3
A1 ([0.4, 0.5], [0.3, 0.4]) ([0.4, 0.6], [0.2, 0.4]) ([0.1, 0.3], [0.5, 0.6])
A2 ([0.6, 0.7], [0.2, 0.3]) ([0.6, 0.7], [0.2, 0.3]) ([0.4, 0.8], [0.1, 0.2])
A3 ([0.3, 0.6], [0.3, 0.4]) ([0.5, 0.6], [0.3, 0.4]) ([0.4, 0.5], [0.1, 0.3])
A4 ([0.7, 0.8], [0.1, 0.2]) ([0.6, 0.7], [0.1, 0.3]) ([0.3, 0.4], [0.1, 0.2])

(23)

As the weights of C1, C2, C3 are 0.35, 0.25 and 0.4, we can get the weighted attribute
arguments based on PGSA as follows.
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A1 = ([0.3950, 0.5050], [0.3, 0.4]), A2 = ([0.6, 0.7], [0.2, 0.3]),
A3 = ([0.4, 0.54], [0.3, 0.4]), A4 = ([0.6, 0.7], [0.1, 0.2]).
In the next step, we rank the potential alternatives based on the score function.
S(A1) = 0.1, S(A2) = 0.4, S(A3) = 0.12, S(A4) = 0.5.

4.3. Comparison and Discussion

In this section, we have compared the results of this paper with the derived results of
Xu and Shen [49] and Nayagam et al. [50]. Specific comparison results of this paper and Xu
and Shen [49] are shown in Tables 7 and 8.

Table 7. Comparison with Xu and Shen.

Xu & Shen This Paper

Weights re-determine the criterion weights based on α and β
re-determine DMs’ weights based on the similarity

measure method

Criteria cost control, company reputation, technical
performance, service

cost of logistics services, quality of logistics services,
environmental management system and

social responsibility

Aggregation process
an integrated Electre I method with Atanassovs
interval-valued intuitionistic fuzzy set (AIVIF)

evaluation information

PGSA with minimizing Euclidean distance and
IVIFS evaluation information

Table 8. Comparison of the ranking results with Xu and Shen.

Xu and Shen (1) α = 0.5, β = 0.5 A1 > A4 > A2 = A3

Xu and Shen (2) α = 1, β = 0 A4 = A1 > A3 > A2

This paper A4 > A1 > A3 > A2

From Tables 7 and 8, we can find the advantages of the proposed framework in
this paper. First, from the perspective of weights, Xu & Shen re-determine the criterion
weights based on α and β to reduce subjective arbitrariness, and this paper re-determine
the objective weights of DMs based on the similarity measure method, so as to obtain the
weighted aggregated result which is closer to the consensus. Specifically, Xu & Shen focused
on the flexible adjustment of the weights of the evaluation criteria, and the parameters α
and β are determined by the DMs in advance according to the requirements of the decision
problem in practical applications, and in their paper, the weights of the DMs are the same.
However, this paper pays attention to the objectivity of the weights of DMs, that is, the
weights of DMs are derived from the distance to the aggregated result. Then the weighted
aggregated result is closer to the consensus.

Second, from the point of view of criteria, Xu & Shen focused more on the company’s
reputation and technical performance. This paper considers more aspects related to energy
consumption and logistics service. In conclusion, Xu & Shen focused more on the economic
factors of suppliers and this paper pays more attention to the environmental management
system and social responsibility of suppliers, which is beneficial for reducing energy
consumption, especially with the outbreak of the Russia–Ukraine conflict.

Third, this paper applies PGSA with minimizing Euclidean distance and IVIFS to
evaluate the information of DMs. The evaluation information of DMs is the same, but
the aggregation method is different. Xu & Shen’s method is a classical outranking selec-
tion method, which is modeled by binary outranking relations. In contrast, the PGSA
method used in this paper is a method that has been widely used for aggregating individ-
ual information in GDMs, especially for aggregating information in the form of interval
numbers [23,24,41,42].
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Compare the results of this paper with the derived results by Nayagam et al. [50],
we find that the ranking in this paper is A4 > A2 > A3 > A1, and the ranking in
Nayagam et al. [50] is A2 > A4 > A3 > A1. Compared to Nayagam et al. [50], they use the
weighted arithmetic average operator to aggregate the interval-valued intuitionistic fuzzy
information. Unlike them, we use PGSA to aggregate the interval-valued intuitionistic
fuzzy information. As PGSA is effective in dealing with GDM problems, especially when it
is applied in aggregating information with interval numbers. It still has some limitations,
e.g., it relies on the experience of the experts in choosing starting points and step sizes,
inexperienced users often need to spend more time exploring.

5. Conclusions and Managerial Insights
5.1. Conclusions

With the outbreak of the Russia–Ukraine conflict and the goal of reducing energy
consumption, SSS has become a primary issue in building strong partnerships in the face
of increased global competition. Some multinational companies are paying more attention
to supply chain security and accelerating the process of diversification of the global value
chain. In addition, due to the globalization of supply chain development, it is more difficult
and crucial for companies to choose a suitable supplier. If suppliers do not consider the
logistics problems caused by the Russia–Ukraine conflict and the globalization of supply
chain development, especially the reduction of logistics efficiency, it may have an extremely
negative impact on the company’s operating efficiency, leading to problems such as capital
chain breakage. However, traditional ranking methods have some weaknesses in the
information representation and prioritization process of SSS in SSCM. To overcome these
weaknesses and improve the traditional SSCM ranking framework, this paper proposes a
new ranking framework based on IVIFS, similarity metrics and PGSA for expressing and
ranking sustainable supplier candidates.

The main contributions can be summarized into three aspects. For the first aspect, the
aggregation process can derive objective weights based on the judgment matrix of DMs,
so the results of weighted aggregation are closer to the consensus of DMs. For the second
aspect, since PGSA has been effectively validated in the interval number aggregation of DM
information in the GDM problem, this paper applies PGSA to the information aggregation
of DMs. For the third aspect, this paper considers more aspects of energy assumptions
in the SSCM process, especially for logistics services, environmental management, and
suppliers’ social responsibility. Overall, the selection of the best alternative based on this
framework is more reasonable for sustainable suppliers in the SSCM process, which is
conducive to reducing energy consumption.

5.2. Managerial Insights

The new ranking framework based on IVIFS and PGSA in this paper also has some
practical contributions and managerial insights, which can be summarized as follows.

(i) PGSA can be applied to aggregate information for experts when dealing with other
GDM problems in reality. In fact, many problems need to be jointly evaluated by a
group of experts. In this process, the aggregation of experts’ information to reach the
level of consensus is very important. In this paper, we verify that PGSA is effective in
aggregating experts’ information to reach the level of consensus.

(ii) The new ranking framework based on IVIFS is effective in expressing judgmental
information about DMs and can be applied to more practical cases, especially for
SSS, which is beneficial to reduce energy consumption and achieve the goal of dual
carbon strategy.

(iii) The new ranking framework based on IVIFS and PGSA provides a new framework
for evaluating supplier selection in sustainable supply chain management, especially
in the representation and aggregation of fuzzy information sets, which has some theo-
retical value and is conducive to selecting more suitable suppliers, thereby improving
sustainable supply chain management.
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5.3. Future Research

Future research can be done in several ways. First, the weights of the attributes in the
SSS process are given. However, the weights of the attributes may not be given and must
be derived in some complex cases. Therefore, it is worth considering this case when the
weights of the attributes are unknown. Second, the number of candidate vendors in this
paper is small, and there are more candidate vendors in reality. Therefore, the proposed
ranking framework can be extended to large-scale SSS problems. In addition, the PGSA
can be further optimized and improved to make the process aggregation more effective.
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