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Abstract: Green supplier selection is always one of the most important challenges in all of supply
chain management, especially for production companies. The purpose is to have reliable suppliers
which can fulfill all requests and be flexible in any supply chain stage. The aim of this paper is to
create an adequate and strong MCDM (multicriteria decision making) model for the evaluation and
selection of suppliers in a real environment. The main contribution of this study is proposing a
novel fuzzy–rough MCDM model containing extension stepwise weight assessment ratio analysis
(SWARA) and additive ratio assessment (ARAS) methods with fuzzy–rough numbers (FRN). The
integrated FRN SWARA–FRN ARAS model was implemented in a case study of eco-friendly material
production. The FRN SWARA method was used to calculate the weights of 10 green criteria, while
using FRN ARAS, 6 suppliers were evaluated. The results of the applied model show that supplier
S3 received the highest ranking, followed by supplier S2, while supplier S5 performed the poorest.
In order to verify the strengths of the developed fuzzy–rough approach, we created a comparative
analysis, sensitivity analysis, and dynamic matrix, which confirm the robustness of our model.

Keywords: fuzzy–rough approach; FRN SWARA; FRN ARAS; green supplier; furniture manufacturing

1. Introduction
1.1. Motivation of the Research

In recent years, sustainability and eco-friendliness have gained increasing importance
across various industries, including the furniture manufacturing industry [1–3]. As a result,
furniture manufacturers are facing mounting pressure to use eco-friendly materials and
adopt environmentally conscious production methods [4]. To meet this challenge, selecting
green suppliers has become crucial, and it involves evaluating potential suppliers based on
their environmental and social performance, as well as their economic viability [5].

The furniture manufacturing industry is uniquely characterized by its specific re-
quirements and considerations [6,7]. The selection of suppliers in this industry involves a
comprehensive evaluation process that encompasses ecological, social, and economic crite-
ria, including environmental performance, product quality, reliability, and cost [8,9]. Given
the distinctive nature of this industry, it serves as an excellent example for demon-starting
the importance of a systematic and objective approach in selecting green suppliers. With
multiple potential suppliers to choose from, each with their own strengths and weaknesses,
it becomes crucial to adopt a systematic and objective approach that considers all relevant
criteria for selecting green suppliers in the furniture manufacturing industry [10].
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1.2. Aims and Contributions of the Research

To address the mentioned challenges, this paper presents a novel method for selecting
green suppliers using the fuzzy–rough MCDM approach. This approach is gaining popular-
ity due to its ability to handle uncertain and imprecise data. It involves converting linguistic
values to fuzzy numbers and then applying rough sets to these numbers, resulting in the
same outcomes as traditional methods but with the added benefit of being able to handle
more complex and uncertain data [11,12].

This paper focuses on the selection of green suppliers for furniture production us-
ing eco-friendly materials, such as vegan leather. The selection process is based on both
ecological and economic criteria, with six potential suppliers to choose from. Two meth-
ods are utilized to select the green suppliers: the FRN SWARA method and FRN ARAS
method. The FRN SWARA method determines the weights of the criteria, while the FRN
ARAS method ranks the alternatives. These methods enable a systematic and objective
selection process that considers the preferences of the decision makers, which represents
the advantage of the proposed approach. The fuzzy–rough approach provides decision
makers in this industry with a useful tool for selecting green suppliers in a systematic and
objective manner.

1.3. Structure of the Paper

The rest of the paper is structured as follows. Section 2 provides a detailed literature
review of green supplier selection and the fuzzy–rough MCDM approach. Section 3
outlines the methodology used to select green suppliers for furniture production. In
this section, we show preliminaries and developed the fuzzy–rough approach with clear
explanations of both extended methods. Section 5 presents the results of the selection
process with comparative, sensitivity, and dynamic fuzzy–rough matrix analyses performed.
In Section 6, we analyze and interpret the results, discuss their implications, compare them
with previous research, and address any limitations. Finally, Section 7 concludes the paper
with a summary of the findings and their implications for future research.

2. Literature Review

Green supply chain management (GSCM) has gained significant attention in recent
years as a way to mitigate the environmental impact of supply chains [13–15]. GSCM
involves integrating environmental considerations into the entire supply chain, from the
selection of suppliers to the disposal of products at the end of their lifecycle. The selection
of green suppliers, one of the critical components of GSCM, involves evaluating suppliers
based on their environmental and social performance, as well as their economic viabil-
ity [16]. Selecting green suppliers is a vital step in achieving a sustainable supply chain and
reducing the environmental impact of production processes [17].

Several methods have been proposed for selecting green suppliers, including the use
of multiple-criteria decision making (MCDM) techniques like analytical hierarchy process
(AHP), technique for order of preference by similarity to ideal solution (TOPSIS), and the
simple additive weighting (SAW) method. These methods have been widely used in the
literature [18–24] and shown to be effective in selecting green suppliers based on various
criteria. The drawback of classical methods is that they can only work with quantitative
ratings and not qualitative ratings. Therefore, a fuzzy approach has been introduced which
enables the use of both qualitative and quantitative ratings in supplier selection.

However, traditional MCDM methods may not be suitable for handling uncertain and
imprecise data [25], which is a challenge in the selection of green suppliers. Fuzzy set theory
has been proposed as a way to handle uncertain and imprecise data in MCDM problems.
Fuzzy sets enable the representation of uncertain and imprecise data as linguistic variables
that can be transformed into numerical values using fuzzy membership functions [26]. This
allows for the integration of qualitative and quantitative criteria in the selection process.

Fuzzy set theory has been utilized in various applications in operations [27] and
supply chain management, including supplier selection [28], inventory control [29], and
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logistics management [30]. Fuzzy set theory has been combined with other methods,
such as AHP and TOPSIS, to handle uncertainty and imprecision in the decision-making
process. However, fuzzy set theory has limitations in handling complex and uncertain data,
particularly in cases where there are a large number of criteria or alternatives [31].

Fuzzy–rough set theory has gained attention as a solution to the limitations of tra-
ditional MCDM methods in handling uncertain and complex data in decision-making
problems. Fuzzy–rough set theory is a hybrid of fuzzy set theory and rough set theory that
allows for the handling of complex and uncertain data in decision-making problems [32,33].
It involves converting linguistic values to fuzzy numbers and then applying rough sets to
these numbers, resulting in the same outcomes as traditional methods but with the added
benefit of being able to handle more complex and uncertain data.

Fuzzy–rough set theory has been applied in various applications in supply chain
management [34], including supplier selection [35], quality control [36], and inventory
management [37]. The use of fuzzy–rough set theory has been shown to be effective in
handling uncertainty and imprecision in decision-making problems, particularly in cases
where there is a large number of criteria or alternatives.

The application of fuzzy–rough set theory in green supplier selection has been limited
in the literature, particularly in the furniture manufacturing industry. However, this
industry has been under pressure to adopt sustainable production practices, including the
use of eco-friendly materials and the selection of green suppliers [38,39]. Selecting green
suppliers in the furniture manufacturing industry requires assessing potential suppliers
based on their environmental and social performance, as well as their economic viability.
The selection of green suppliers can be a challenging task due to the complexity of the
criteria involved.

In recent years, there has been a growing interest in utilizing fuzzy–rough set theory
for green supplier selection. Several studies have implemented fuzzy–rough set theory
in the selection of green suppliers, based on diverse criteria, including environmental
performance, product quality, reliability, and cost. These studies have demonstrated that
fuzzy–rough set theory can be an effective approach for handling uncertainty and impreci-
sion in decision-making problems, leading to more precise and dependable outcomes.

One example of the application of fuzzy–rough set theory in green supplier selection
is the study conducted by [40]. This study proposes a technique based on the Fermatean
hesitant fuzzy–rough set (FHFRS) for green supplier selection (GSS) in the process in-
dustry. The proposed model addresses the ambiguity and incompleteness of real-world
decision-making challenges by developing a DM algorithm. The technique was applied
to a numerical example in the chemical processing industry, demonstrating its scalability
for GSS. Improved FHFR-VIKOR and TOPSIS approaches were used to validate the pro-
posed technique, showing its practicality and effectiveness in addressing uncertainty in
DM problems.

Another study by P. Liu et al. [41] presented a multiobjective linear programming
model that prioritized and weighed suppliers for effective supply chain management
(SCM). The model used fuzzy variables to determine the number of suppliers and order
quantities of raw materials and solved constraints using the goal programming method.
Four objective functions were used to take opposing goals into account and prioritize them
to maximize access. The model incorporated fuzzy and rough theories to handle imprecise
information. An example was presented and solved using the analytic network process
and modified best–worst method (BWM). The results were compared with the interval-
valued fuzzy–rough numbers BWM (IVFRN-BWM), which showed that the modified BWM
approach produced lower costs and better criteria.

Similarly, in a study by [42], a decision-making method for supplier selection in
industrial manufacturing is proposed by integrating rough approximations with fuzzy
numbers and PROMETHEE. The proposed method aims to address subjective and objective
vagueness in the assessment of decision makers by computing entropy weights from the
original dataset and ranking alternatives using the intersection of both positive and negative
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flow. A case study was conducted to demonstrate the effectiveness of the proposed method
in ranking supplier alternatives under given criteria, and its results were compared with
different rough numbers and fuzzy numbers based on MCDM methods. The study found
that the fuzzy–rough PROMETHEE method was efficient in selecting the best suppliers to
reduce losses and maximize the production process.

The fuzzy–rough set theory has also been combined with other decision-making meth-
ods, such as decision-making trial and evaluation laboratory (DEMATEL) and TOPSIS,
to select sustainable suppliers. For instance, a study by Chen et al. [43] proposed a novel
framework for smart–sustainable supplier selection in supply chain management. The pro-
posed hybrid rough–fuzzy DEMATEL–TOPSIS approach combines the strengths of fuzzy
sets and rough sets to handle both internal and external uncertainties. The effectiveness of
the proposed methodology was illustrated through its application in sustainable vehicle
transmission supplier selection and comparisons with other methods.

The literature suggests that fuzzy–rough set theory can be an effective method for
handling uncertainty and imprecision in green supplier selection. By combining fuzzy–
rough set theory with other multicriteria decision-making methods, decision makers can
obtain more accurate and reliable results and make informed decisions. The following
section presents the methodology adopted in this study, which integrates fuzzy–rough set
theory with SWARA and ARAS methods to select green suppliers in the furniture industry.

3. Methods
3.1. Preliminaries

When using interval fuzzy–rough sets, the first step is to transform the linguistic
values into numerical values using fuzzy logic. These numerical values are then utilized in
the rough set. This approach yields three rough sets, which are represented as an interval.
The resulting representation is called an interval fuzzy–rough number “A”.

A =
[

AL
q , Au

q

]
=
[(

aL
1q, aU

1q

)
,
(

aL
2q, aU

2q

)
,
(

aL
3q, aU

3q

)]
(1)

where aL
jq = Lim

(
I ∗
(
aj
)

lq

)
and aU

jq = Lim
(

I ∗
(
aj
)

uq

)
; (j = 1, 2, 3; 1 ≤ q ≤ k).

The interval fuzzy–rough number A defined in the interval (−∞,+∞) can be repre-
sented using Equations (2) and (3) [44].

A =
{

x,
[
µAL

q
(x), µAU

q
(x)
]}

, x ∈ (−∞,+∞), µAL
q
(x), µAU

q
(x) : (−∞,+∞)→ [0, 1] (2)

µA(x) =
[
µAL

q
(x), µAU

q
(x)
]
, µAL

q
(x) ≤ µAU

q
(x), ∀ x ∈ (−∞,+∞) (3)

The values µAL
q
(x) and µAU

q
(x) represent the degree of membership to the lower and

upper functions, respectively, of the interval fuzzy–rough number A.
When dealing with two interval fuzzy numbers A and B, it is possible to perform

various mathematical operations between them, including the following:
Addition of two interval fuzzy numbers:

A + B =
[(

aL
1 , aU

1
)
,
(
aL

2 , aU
2
)
,
(
aL

3 , aU
3
)]

+
[(

bL
1 , bU

1
)
,
(
bL

2 , bU
2
)
,
(
bL

3 , bU
3
)]

=
[(

aL
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1 , aU
1 + bU

1
)
,
(
aL
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2 , aU
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2
)
,
(
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3 + bL
3 , aU

3 + bU
3
)] (4)

Subtraction of two interval fuzzy numbers:

A− B =
[(

aL
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1
)
,
(
aL

2 , aU
2
)
,
(
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3
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−
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,
(
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(
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,
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2 , aU
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2
)
,
(
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1 , aU

3 − bL
1
)] (5)
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Multiplication of two interval fuzzy numbers:

A× B =
[(

aL
1 , aU

1
)
,
(
aL

2 , aU
2
)
,
(
aL

3 , aU
3
)]
×
[(

bL
1 , bU

1
)
,
(
bL

2 , bU
2
)
,
(
bL

3 , bU
3
)]

=
[(

aL
1 × bL

1 , aU
1 × bU

1
)
,
(
aL

2 × bL
2 , aU

2 × bU
2
)
,
(
aL

3 × bL
3 , aU

3 × bU
3
)] (6)

Division of two interval fuzzy numbers:

A÷ B =
[(

aL
1 , aU

1
)
,
(
aL

2 , aU
2
)
,
(
aL

3 , aU
3
)]
÷
[(

bL
1 , bU

1
)
,
(
bL

2 , bU
2
)
,
(
bL

3 , bU
3
)]

=
[(

aL
1 ÷ bU

3 , aU
1 ÷ bL

1
)
,
(
aL

2 ÷ bU
2 , aU

2 ÷ bL
2
)
,
(
aL

3 ÷ bU
1 , aU

3 ÷ bL
1
)] (7)

By applying these operations, the initial methods of multicriteria analysis can be
refined, including the modified interval fuzzy–rough SWARA and ARAS methods. The
modified interval fuzzy–rough SWARA method is used to determine the weight of the cri-
teria, while the modified interval fuzzy–rough ARAS method is used to rank the suppliers.

3.2. A Novel Fuzzy–Rough SWARA Method

In this section of the study, we perform an extension of the SWARA [45] method
with fuzzy–rough numbers, which has large applications in decision-making processes.
This method, through more than a decade of use, is extended with various theories, such
as rough [46], interval rough [47], fuzzy [48,49], and neutrosophic [50]. However, in the
literature, we did not find the fuzzy–rough SWARA method, so we decided to develop it.
In what follows, we show the steps of the novel developed FRN SWARA method:

Step 1: Form a group of m criteria.
Step 2: Define a team of e experts for evaluation criteria. Experts can use any of the

defined scales for determining the criteria’s importance.
Step 3: Transformation of separate evaluation of experts into a group fuzzy–rough

matrix xj.

FRN(Xj) =
[(

xL1
j , xU1

j

)
,
(

xL2
j , xU2

j

)
,
(

xL3
j , xU3

j

)]
1×m

(8)

Step 4. Ranking of criteria according to significance obtained using fuzzy–rough
matrix from the previous step.

Step 5: Normalization of the matrix FRN(Xj) in order to obtain the matrix FRN(Nj):

FRN(Nj) =
[(

nL1
j , nU1

j

)
,
(

nL2
j , nU2

j

)
,
(

nL3
j , nU3

j

)]
1×m

(9)

The elements of the matrix FRN(Nj) are computed as follows:

FRN
(

Nj
)
=

FRN
(
Xj
)

FRN
(
Zj
) (10)

where FRN
(
Zj
)
=
[(

zL1
j , zU1

j

)
,
(

zL2
j , zU2

j

)
,
(
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j

)]
= maxFRN

(
Xj
)
.

The first element of FRN(Nj), i.e.,[(
nL1

j , nU1
j

)
,
(

nL2
j , nU2

j

)
,
(

nL3
j , nU3

j

)]
= [(1.00, 1.00), (1.00, 1.00), (1.00, 1.00)], because

j = 1. For other elements, j > 1 should be used the Equation (11):

FRN(Nj) =

[(
nL1

j

zU3
j

,
nU1

j

zL3
j

)
,

(
nL2

j

zU2
j

,
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)
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(
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,
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j

)]
1×m

j = 2, 3, . . . , m (11)

In case we have two most important criteria, the second element will be a fuzzy–rough
number [(1.00, 1.00), (1.00, 1.00), (1.00, 1.00)].

Step 6: Calculate the matrix FRN(=j):

FRN(=j) =
[(
=L1

j ,=U1
j

)
,
(
=L2

j ,=U2
j

)
,
(
=L3

j ,=U3
j

)]
1×m

(12)
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using the Equation (13):

FRN
(
=j
)
=
[(

nL1
j + 1, nU1

j + 1
)

,
(

nL2
j + 1, nU2

j + 1
)

,
(

nL3
j + 1, nU3

j + 1
)]

1×m
j = 2, 3, . . . , m (13)

In case we have two most important criteria, the second element will be a fuzzy–rough
number [(1.00, 1.00), (1.00, 1.00), (1.00, 1.00)].

Step 7: Computation the matrix of recalculated weights FRN(<j):

FRN(<j) =
[(
<L1

j ,<U1
j

)
,
(
<L2

j ,<U2
j

)
,
(
<L3

j ,<U3
j

)]
1×m

(14)

The elements of matrix FRN(<j) are obtained as

FRN(<j)



<L1
j

=

 1.00 j = 1
<L1

j−1

=U3
j

j > 1

, <U1
j

=

 1.00 j = 1
<U1

j−1

=L3
j

j > 1

,

<L2
j

=

 1.00 j = 1
<L2

j−1

=U2
j

j > 1

, <U2
j

=

 1.00 j = 1
<U2

j−1

=L2
j

j > 1

,

<L3
j

=

 1.00 j = 1
<L3

j−1

=U1
j

j > 1

, <U3
j

=

 1.00 j = 1
<U3

j−1

=L1
j

j > 1

,


(15)

In case any two m criteria have equal significance, then the following equation should
be applied:

FRN(<j) = FRN(<j−1) (16)

Step 8: Computation of final weight values FRN(Wj):

FRN(Wj) =
[(

wL1
j , wU1

j

)
,
(

wL2
j , wU2

j

)
,
(

wL3
j , wU3

j

)]
1×m

(17)

Individual weight values of criteria are obtained:

FRN
(
Wj
)
=

[
FRN

(
<j
)

FRN
(
ℵj
) ] (18)

where FRN
(
ℵj
)
=

m
∑

j=1
FRN

(
<j
)
. Finally,

FRN(Wj) =

[(
<L1

j

ℵU3
j

,
<U1

j

ℵL3
j

)
,

(
<L2

j

ℵU2
j

,
<U2

j

ℵL2
j

)
,

(
<L3

j

ℵU1
j

,
<U3

j

ℵL1
j

)]
1×m

j = 2, 3, . . . , m (19)

3.3. A Novel Fuzzy–Rough ARAS Method

The steps involved in conducting the fuzzy–rough ARAS method are as follows:
Step 1. Forming the initial decision matrix, where experts evaluate suppliers based on

observed criteria using linguistic values.
Step 2. Transforming the linguistic values into fuzzy numbers using the membership

function of fuzzy numbers. Each linguistic value is assigned a corresponding fuzzy number
based on the membership function.

Step 3. Transforming the fuzzy numbers into a rough set by determining the lower and
upper limits of the interval for each expert. The final value is obtained by taking the rough
set for all experts and finding the average value of this set. It is important to ensure that the
upper limit of the first interval is not greater than the first limit of the second interval, as
well as that the upper limit of the second interval is not greater than the lower limit of the
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third interval during this formation. The decision matrix formed in this way represents the
initial decision matrix on which the steps of the modified fuzzy–rough ARAS method are
implemented.

A =


(

aL
1,11, aU

1,11

)
,
(

aL
2,11, aU

21

)
,
(

aL
3,11, aU

3,11

)
· · ·

(
aL

1,1n, aU
1,1n

)
,
(

aL
2,1n, aU

2,1n

)
,
(

aL
3,1n, aU

3,1n

)
...

. . .
...(

aL
1,m1, aU

1,m1

)
,
(

aL
2,m1, aU

2,m1

)
,
(

aL
3,m1, aU

3,m1

)
· · ·

(
aL

1,nm, aU
1,nm

)
,
(

aL
2,nm, aU

2,nm

)
,
(

aL
3,nm, aU

3,nm

)
 (20)

Step 4. Finding the optimal alternative. If the observed criterion is a benefit-type
criterion, the optimal alternative is the maximum value of the alternative for that criterion.
If the criterion is a cost criterion, the optimal alternative is the minimum value of the
alternative for that criterion.

S0j =

maxi

[
aL

ij, aU
ij

]
; j ∈ Ωmax

mini

[
aL

ij, aU
ij

]
; j ∈ Ωmin

(21)

Step 5. Normalizing the initial decision matrix. In this step, the values of the initial
decision matrix are divided by the sum of the values for each criterion.

nij =

(
aL

1

∑m
i=1 aU

3
,

aU
1

∑m
i=1 aL

3

)
,

(
aL

2

∑m
i=1 aU

2
,

aU
2
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i=1 aL

2

)
,

(
aL

3
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i=1 aU

1
,

aU
3

∑m
i=1 aL

1

)
for benefit (22)

nij =

(
1/aL

1

∑m
i=1 1/aU

3
,

1/aU
1

∑m
i=1 1/aL

3

)
,

(
1/aL

2

∑m
i=1 1/aU

2
,

1/aU
2

∑m
i=1 1/aL

2

)
,

(
1/aL

3

∑m
i=1 1/aU

1
,

1/aU
3

∑m
i=1 1/aL

1

)
for cost (23)

Step 6. Calculating the weighted decision matrix. In this step, the normalized decision
matrix is multiplied by the corresponding weights, which are obtained using the fuzzy–
rough SWARA method.

vij = nij × wij =
[(

nL
1 × wL

1 , nU
1 × wU

1

)
,
(

nL
2 × wL

2 , nU
2 × wU

2

)
,
(

nL
3 × wL

3 , nU
3 × wU

3

)]
(24)

Step 7. Calculating the overall performance for each alternative. This is performed by
adding the values of the corresponding fuzzy–rough numbers.

Sij = ∑n
j=1 vij = ∑n

j=1

[(
vL

1 , vU
1

)
,
(

vL
2 , vU

2

)
,
(

vL
3 , vU

3

)]
(25)

Step 8. Calculating the degree of utility for each alternative. In this step, each indi-
vidual performance value is divided by the performance value of the optimal alternative.

Qi =
Si
S0

=

(
SL

i1
SU

03
,

SU
i1

SL
03

)
,

(
SL

i2
SU

02
,

SU
i2

SL
02

)
,

(
SL

i3
SU

01
,

SU
i3

SL
03

)
(26)

Step 9. Calculating the final values. This step is performed by finding the average
value of the degree of utility.

Ri =
QL

1 + QU
1 + QL

2 + QU
2 + QL

3 + QU
3

6
(27)

The best alternative is the one with the highest value of the modified interval fuzzy–
rough ARAS method, and vice versa.

4. Case Study—Description of Forming the MCDM Model

Changes in business practices have a widespread impact on all companies, compelling
them to adapt and integrate ecological considerations in their strategies. The trend towards
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sustainable materials and eco-friendly products is gaining momentum across various
industries, and furniture manufacturing is no exception. Oglavina Brčko, a furniture
production company, is planning to launch a new line of furniture emphasizing ecological
materials, particularly in the case of textiles and leather. Given the negative environmental
impact of traditional leather, the company is seeking alternative materials that are more
sustainable. Therefore, the company has adopted a supplier selection process that takes
both economic and ecological criteria into account.

To identify the most suitable suppliers for the eco-materials, the company first re-
cruited a team of experts comprising marketing, procurement, and production directors.
This team then identified six potential suppliers who offered the required materials and de-
termined the criteria to be used in the evaluation process. The selection process employed
a GSS-based approach, which considers both economic and environmental criteria [51].
This approach expands the conventional supplier selection process, which traditionally
relied solely on economic criteria. The incorporation of ecological criteria reflects the
need for materials that meet the rigorous environmental standards expected by customers.
As customers become increasingly environmentally conscious and demanding, compa-
nies must adapt and respond by offering eco-friendly products that increase customer
satisfaction. Thus, Oglavina Brčko’s decision to incorporate environmentally friendly mate-
rials into its production line is a strategic move to meet customer demands and increase
customer satisfaction.

The criteria for GSS comprise a mixture of economic and environmental factors. A total
of ten criteria were used (Table 1), each assigned equal importance in supplier selection.
These criteria were not grouped into two categories but were considered together. This
approach eliminated the need to determine importance for individual groups but rather
for specific criteria. A unique aspect of this research is that all criteria were considered as
benefit criteria and evaluated using linguistic evaluations (Table 2). This was achieved by
having experts provide linguistic evaluations of suppliers based on the observed criteria,
ranging from very bad to very good. This simplifies the evaluation process for experts,
as they need not distinguish between benefit and cost criteria. Very bad costs represent
large costs, while very good costs represent small costs. The same principle applies to
other criteria.

Table 1. GSS criteria.

ID Criteria Description References

C1 Expenses All expenses associated with procurement [25,28,52]
C2 Quality Material quality and excellence application [7,8,10,18,21]
C3 Services All services related before and after purchase [20,43,53]
C4 Deliveries Delivery on time [7,10,18,20,52]
C5 Technical capacities Possibility of delivery of desired materials [28,53]
C6 EMS Environmental management systems [7,10,19]
C7 Pollution control Implementation of environmental management systems [7,18–20]
C8 Eco-design Ecological design of materials [8,52,53]
C9 Using environmentally friendly technologies Using materials that do not harm the environment [24,52,53]

C10 Consumption of resources Consumption of materials, energy, and water [19,52,53]

Table 2. Linguistic values in supplier evaluation.

Linguistic Variable Triangular Fuzzy Number

Very bad (VB) 0, 0, 1
Bad (B) 0, 1, 3

Medium bad (MB) 1, 3, 5
Medium (M) 3, 5, 7

Medium good (MG) 5, 7, 9
Good (G) 7, 9, 10

Very good (VG) 9, 10, 10
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Based on these evaluations, it is evident that experts will evaluate the observed
suppliers according to linguistic values. This is because it is more challenging to determine
the accurate numerical rating of a particular supplier than to provide a linguistic rating. To
give a numerical rating, it is essential to establish the conditions that certain suppliers must
meet to obtain a specific rating. For instance, what are the costs that receive a rating of two
and not one or three, or what are the costs that receive a rating of four and not three or
five. Thus, linguistic evaluations are used, which do not require meeting precise conditions
to give certain evaluations. However, this introduces imprecision into the evaluation or
decision making. Fuzzy logic is used to resolve this imprecision.

The linguistic evaluations used consist of seven levels ranging from very bad to very
good (Table 2). To use these linguistic evaluations, it is necessary to transform them into
corresponding fuzzy numbers using the membership function.

The limitation of using fuzzy logic is the subjectivity when setting the limits of fuzzy
numbers [54,55]. These limits can affect the final solution, so it is desirable to eliminate this
limitation. In order to do this, it is possible to use the rough set, which is a good tool for
processing imprecise evaluations without subjectivity. However, by using a rough set, it is
not possible to define the degree of membership of certain claims, so this paper uses the
fuzzy–rough approach to process these evaluations and select suppliers. By applying this
approach, the final value of the observed suppliers will be obtained, and the supplier that
best meets the set goals of the Oglavina Brčko company will be selected.

5. Results
5.1. Calculation of Criteria Weights Using Fuzzy–Rough SWARA Method

In order to apply the novel developed FRN SWARA method, the transformation of
the separate expert’s assessments shown in Table 3 to fuzzy–rough numbers should be
performed first.

Table 3. Expert’s assessment of criteria importance.

Criterion DM1 DM2 DM3

C1 Expenses (1, 2, 3) (2, 3, 4) (1, 2, 3)
C2 Quality (1, 1, 2) (1, 1, 2) (1, 2, 3)
C3 Services (5, 6, 7) (5, 6, 7) (6, 7, 8)
C4 Deliveries (4, 5, 6) (3, 4, 5) (2, 3, 4)
C5 Technical capacities (3, 4, 5) (2, 3, 4) (4, 5, 6)
C6 EMS (5, 6, 7) (5, 6, 7) (6, 7, 8)
C7 Pollution control (3, 4, 5) (3, 4, 5) (3, 4, 5)
C8 Eco-design (6, 7, 8) (4, 5, 6) (4, 5, 6)
C9 Using environmentally friendly technologies (1, 2, 3) (1, 1, 2) (1, 1, 2)
C10 Consumption of resources (7, 8, 9) (4, 5, 6) (5, 6, 7)

A rough matrix for C1 is obtained as follows.
According to expert’s evaluation shown in Table 3, we select three classes of objects l,

m and u: l = (1; 2; 1), m = (2; 3; 2), and u = (3; 4; 3).
For l:

Lim(1) = 1, Lim(1) =
1
3
(1 + 2 + 1) = 1.333;

Lim(2) =
1
3
(1 + 2 + 1) = 1.333, Lim(2) = 2

For m:
Lim(2) = 2, Lim(2) =

1
3
(2 + 3 + 2) = 2.333;

Lim(3) =
1
3
(2 + 3 + 2) = 2.333, Lim(3) = 3



Sustainability 2023, 15, 10745 10 of 21

For u:
Lim(3) = 3, Lim(3) =

1
3
(3 + 4 + 3) = 3.333;

Lim(4) =
1
3
(3 + 4 + 3) = 3.333, Lim(4) = 4

In this way, we obtained fuzzy–rough numbers:

FRN(E1) = [(1.00, 1.33), (2.00, 3.00), (3.00, 3.33)]

FRN(E2) = [(1.33, 2.00), (2.33, 3.00), (3.33, 4.00)]

FRN(E3) = [(1.00, 1.33), (2.00, 2.33), (3.00, 3.33)]

By applying the aggregation equation, the final fuzzy–rough number for C1 is obtained:

FRN(C1) = [(1.11, 1.55), (2.11, 2.55), (3.11, 3.55)]

and the final fuzzy–rough matrix FRN(Xj) is obtained and shown in Table 4.

Table 4. Initial fuzzy–rough matrix in the FRN SWARA method.

Xj

C2 [(1.000, 1.000), (1.110, 1.553), (2.110, 2.553)]
C9 [(1.000, 1.000), (1.110, 1.553), (2.110, 2.553)]
C1 [(1.110, 1.553), (2.110, 2.553), (3.110, 3.553)]
C4 [(2.500, 3.500), (3.500, 4.500), (4.500, 5.500)]
C5 [(2.500, 3.500), (3.500, 4.500), (4.500, 5.500)]
C7 [(3.000, 3.000), (4.000, 4.000), (5.000, 5.000)]
C8 [(4.223, 5.003), (5.223, 6.003), (6.223, 7.113)]

C10 [(4.610, 5.610), (5.610, 6.610), (6.610, 8.110)]
C6 [(5.110, 5.553), (6.110, 6.553), (7.110, 7.553)]
C3 [(5.110, 5.553), (6.110, 6.553), (7.110, 7.553)]

The normalized matrix FRN(Xj) is shown below and obtained in the following way.
The first element of the matrix FRN(Nj), i.e.,[(

nL1
2 , nU1

2
)
,
(
nL2

2 , nU2
2
)
,
(
nL3

2 , nU3
2
)]

= [(1.00, 1.00), (1.00, 1.00), (1.00, 1.00)]. This is a
rule and must be applied in each decision-making process. If two criteria are the most
important, then the second element is also equal to the first, i.e.,:[(

nL1
9 , nU1

9
)
,
(
nL2

9 , nU2
9
)
,
(
nL3

9 , nU3
9
)]

= [(1.00, 1.00), (1.00, 1.00), (1.00, 1.00)]. In this case,
the first and second elements of matrix FRN(Nj) represent the C2 and C9 criteria, respectively.

FRN
(

Nj
)
=

[(1.000, 1.000), (1.000, 1.000), (1.000, 1.000)]
[(1.000, 1.000), (1.000, 1.000), (1.000, 1.000)]
[(0.137, 0.218), (0.319, 0.418), (0.554, 0.695)]
[(0.308, 0.492), (0.530, 0.736), (0.802, 1.076)]
[(0.308, 0.492), (0.530, 0.736), (0.802, 1.076)]
[(0.370, 0.422), (0.605, 0.655), (0.891, 0.978)]
[(0.521, 0.704), (0.790, 0.983), (1.109, 1.392)]
[(0.568, 0.789), (0.849, 1.082), (1.178, 1.587)]
[(0.630, 0.781), (0.924, 1.073), (1.267, 1.478)]
[(0.630, 0.781), (0.924, 1.073), (1.267, 1.478)]

FRN
(
Zj
)
= [(5.11, 5.61), (6.11, 6.61), (7.11, 8.11)]
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[(
nL1

1 , nU1
1
)
,
(
nL2

1 , nU2
1
)
,
(
nL3

1 , nU3
1
)]

=

[(
1.11
8.11

,
1.55
7.11

)
,
(

2.11
6.61

,
2.55
6.11

)
,
(

3.11
6.61

,
3.55
5.11

)]
=

[(0.137, 0.218), (0.319, 0.418), (0.554, 0.695)]

The next steps are the calculation of the following fuzzy–rough matrix:

FRN(=1) = [(0.137 + 1.00, 0.218 + 1), (0.319 + 1.00, 0.418 + 1.00), (0.554 + 1.00, 0.695 + 1.00)] =
[(1.137, 1.218), (1.319, 1.418), (1.554, 1.695)]

FRN
(
=j
)
=

[(1.000, 1.000), (1.000, 1.000), (1.000, 1.000)]
[(1.000, 1.000), (1.000, 1.000), (1.000, 1.000)]
[(1.137, 1.218), (1.319, 1.418), (1.554, 1.695)]
[(1.308, 1.492), (1.530, 1.736), (1.802, 2.076)]
[(1.308, 1.492), (1.530, 1.736), (1.802, 2.076)]
[(1.370, 1.422), (1.605, 1.655), (1.891, 1.978)]
[(1.521, 1.704), (1.790, 1.983), (2.109, 2.392)]
[(1.568, 1.789), (1.849, 2.082), (2.178, 2.587)]
[(1.630, 1.781), (1.924, 2.073), (2.267, 2.478)]
[(1.63, 1.781), (1.924, 2.073), (2.267, 2.478)]

Next, the matrix FRN(<j) is computed as follows:

FRN(<1)



<L1
1

=

(
<L1

9

=U3
1

)
=

(
1

1.695

)
, <U1

1
=

(
1

1.554

)
= (0.590, 0.643)

<L2
1

=

(
<L2

9

=U2
1

)
=

(
1

1.418

)
, <U2

1
=

(
1

1.319

)
= (0.705, 0.758)

<L3
1

=

(
<L3

9

=U1
1

)
=

(
1

1.219

)
, <U3

1
=

(
1

1.137

)
= (0.821, 0.880)


In case any two m criteria have equal significance, the following equation should

be applied:
FRN(<j) = FRN(<j−1). Then, FRN(<5) = FRN(<4) = [(0.284, 0.357), (0.406, 0.496),

(0.55, 0.672)] and FRN(<3) = FRN(<6) = [(0.009, 0.018), (0.029, 0.048), (0.071, 0.126)].
The total matrix is

FRN(<1) =

[(1.000, 1.000), (1.000, 1.000), (1.000, 1.000)]
[(1.000, 1.000), (1.000, 1.000), (1.000, 1.000)]
[(0.590, 0.643), (0.705, 0.758), (0.821, 0.880)]
[(0.284, 0.357), (0.406, 0.496), (0.550, 0.672)]
[(0.284, 0.357), (0.406, 0.496), (0.550, 0.672)]
[(0.144, 0.189), (0.245, 0.309), (0.387, 0.491)]
[(0.060, 0.089), (0.124, 0.172), (0.227, 0.323)]
[(0.023, 0.041), (0.059, 0.093), (0.127, 0.206)]
[(0.009, 0.018), (0.029, 0.048), (0.071, 0.126)]
[(0.009, 0.018), (0.029, 0.048), (0.071, 0.126)]

The sum of this matrix is calculated and FRN
(
ℵj
)
= [(3.404, 3.713), (4.004, 4.421),

(4.804, 5.496)] is obtained.
Finally,

FRN(W2) =

[(
1

5.496
,

1
4.804

)
,
(

1
4.421

,
1

4.004

)
,
(

1
3.713

,
1

3.404

)]
=

[(0.182, 0.208), (0.226, 0.25), (0.269, 0.294)]
, and the final

criteria values are represented in Table 5.
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Table 5. Results of the applied FRN SWARA method.

wj wj

C2 [(0.182,0.208), (0.226,0.250), (0.269,0.294)] C1 [(0.107,0.134), (0.160,0.189), (0.221,0.258)]
C9 [(0.182,0.208), (0.226,0.250), (0.269,0.294)] C2 [(0.182,0.208), (0.226,0.250), (0.269,0.294)]
C1 [(0.107,0.134), (0.160,0.189), (0.221,0.258)] C3 [(0.002,0.004), (0.006,0.012), (0.019,0.037)]
C4 [(0.052,0.074), (0.092,0.124), (0.148,0.198)] C4 [(0.052,0.074), (0.092,0.124), (0.148,0.198)]
C5 [(0.052,0.074), (0.092,0.124), (0.148,0.198)] C5 [(0.052,0.074), (0.092,0.124), (0.148,0.198)]
C7 [(0.026,0.039), (0.056,0.077), (0.104,0.144)] C6 [(0.002,0.004), (0.006,0.012), (0.019,0.037)]
C8 [(0.011,0.019), (0.028,0.043), (0.061,0.095)] C7 [(0.026,0.039), (0.056,0.077), (0.104,0.144)]

C10 [(0.004,0.009), (0.013,0.023), (0.034,0.060)] C8 [(0.011,0.019), (0.028,0.043), (0.061,0.095)]
C6 [(0.002,0.004), (0.006,0.012), (0.019,0.037)] C9 [(0.182,0.208), (0.226,0.250), (0.269,0.294)]
C3 [(0.002,0.004), (0.006,0.012), (0.019,0.037)] C10 [(0.004,0.009), (0.013,0.023), (0.034,0.060)]

5.2. Calculation of Supplier Ranking Using the Fuzzy–Rough ARAS Method

After obtaining the criteria weights, the ranking of the observed suppliers is performed.
Using linguistic values, the experts assessed the observed suppliers (Table 6).

Table 6. Linguistic evaluations of observed suppliers.

Expert 1 (E1) C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Supplier 1 (S1) M MB M MG M MG M MB MB M
Supplier 2 (S2) MG M M M MG MB M MG MB M
Supplier 3 (S3) G MG G MG MG M M MG M MG
Supplier 4 (S4) MG MB M M MB M MG M MG M
Supplier 5 (S5) MB M MB MB MB M MB MB M MB
Supplier 1 (S6) MB MB M MB MB M M M MB MB

Expert 2 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Supplier 1 (S1) MG MG M M MG M M G M M
Supplier 2 (S2) G MG MG MG G MG MG MG G MG
Supplier 3 (S3) G G MG G MG MG G MG MG G
Supplier 4 (S4) MG MG M MG MG M MG G M M
Supplier 5 (S5) M M MG MB MB M MG M MB MB
Supplier 1 (S6) MG M MG M M M MG M MB M

Expert 3 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Supplier 1 (S1) M MB M MG M M MB MB M M
Supplier 2 (S2) M MG M MG M MG MG M M MG
Supplier 3 (S3) MG MG M MG MG M G M MG MG
Supplier 4 (S4) M M MG M MB M M MG M M
Supplier 5 (S5) MB B MB MB MB M MB B MB MB
Supplier 1 (S6) M MB MB MB M M MB MB B MB

The next step is to transform these linguistic values into fuzzy numbers. This is carried
out using a fuzzy number membership function (Table 2), with each linguistic value being
transformed into a corresponding fuzzy number. Subsequently, the grouping of fuzzy
numbers for the individual suppliers is carried out, as shown in Table 7. To illustrate the
procedure for forming the interval fuzzy–rough decision matrix, the example of Supplier 1
is used.
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Table 7. The values of the fuzzy numbers for Supplier 1.

S1
E1 E2 E3 E1 E2 E3 E1 E2 E3

l m u

C1 3 5 3 5 7 5 7 9 7
C2 1 5 1 3 7 3 5 9 5
C3 3 3 3 5 5 5 7 7 7
C4 5 3 5 7 5 7 9 7 9
C5 3 5 3 5 7 5 7 9 7
C6 5 3 3 7 5 5 9 7 7
C7 3 3 1 5 5 3 7 7 5
C8 1 7 1 3 9 3 5 10 5
C9 1 3 3 3 5 5 5 7 7
C10 3 3 3 5 5 5 7 7 7

The rough set’s values are then computed. The following calculation is based on the
criterion C1 example:

For l:

Lim(1) = 3, Lim(1) =
1
3
(3 + 5 + 3) = 3.67; Lim(2) =

1
3
(3 + 5 + 3) = 3.67, Lim(2) = 5

For m:

Lim(2) = 5, Lim(2) =
1
3
(5 + 7 + 5) = 5.67; Lim(3) =

1
3
(5 + 7 + 5) = 5.67, Lim(3) = 7

For u:

Lim(3) = 7, Lim(3) =
1
3
(7 + 9 + 7) = 7.67; Lim(4) =

1
3
(7 + 9 + 7) = 7.67, Lim(4) = 9

By applying this approach, Supplier 1 was assigned the following fuzzy–rough num-
bers for criterion C1:

FRN (E1) = [(3.00, 3.67), (5.00, 5.67), (7.00, 7.67)]
FRN (E2) = [(3.67, 5.00), (5.67, 7.00), (7.67, 9.00)]
FRN (E3) = [(3.00, 3,67), (5.00, 5,67), (7,00, 7,67)]

In this way, all values for all criteria and alternatives are calculated. The final value
of the fuzzy–rough numbers is formed by calculating the average values for all experts.
By applying this approach, an interval fuzzy–rough decision matrix is formed (Table 8).
Care should be taken to ensure that the upper limits of the “l” fuzzy–rough number are
not greater than the lower limits of the “m” fuzzy–rough number and that the upper limits
of the “m” fuzzy–rough number cannot be greater than the lower limits of the “u” fuzzy–
rough number. Any numbers that do not meet these conditions should be corrected. In this
case, corrections were necessary for 25 cases.

Table 8. Interval fuzzy–rough decision matrix.

C1 C2 . . . C10

S1 [(3.2, 4.1) (5.2, 6.1) (7.2, 8.1)] [(1.4, 3.0) (3.4, 5.0) (5.4, 7.2)] . . . [(3.0, 3.0) (5.0, 5.0) (7.0, 7.0)]
S2 [(4.0, 6.0) (6.0, 7.9) (7.9, 9.4)] [(3.9, 4.8) (5.9, 6.8) (7.9, 8.8)] . . . [(3.9, 4.8) (5.9, 6.8) (7.9, 8.8)]
S3 [(5.9, 6.8) (7.9, 8.8) (9.4, 9.9)] [(5.2, 6.1) (7.2, 8.1) (9.1, 9.6)] . . . [(5.4, 6.6) (7.0, 7.0) (9.0, 9.0)]
S4 [(3.9, 4.8) (5.9, 6.8) (7.9, 8.8)] [(2.0, 4.0) (4.0, 6.0) (6.0, 8.0)] . . . [(3.0, 3.0) (5.0, 5.0) (7.0, 7.0)]
S5 [(1.2, 2.1) (3.2, 4.1) (5.2, 6.1)] [(1.3, 2.3) (2.8, 4.3) (4.8, 6.6)] . . . [(1.0, 1.0) (3.0, 3.0) (5.0, 5.0)]
S6 [(2.0, 4.0) (4.0, 6.0) (6.0, 8.0)] [(1.2, 2.1) (3.2, 4.1) (5.2, 6.1)] . . . [(1.2, 2.1) (3.2, 4.1) (5.2, 6.1)]

S0 [(5.9, 6.8) (7.9, 8.8) (9.4, 9.9)] [(5.2, 6.1) (7.2, 8.1) (9.1, 9.6)] . . . [(5.4, 6.6) (7.0, 7.0) (9.0, 9.0)]

sum [(26.1, 27.8) (32.2, 39.7) (43.7, 50.3)] [(15.1, 22.3) (26.6, 34.3) (38.4, 46.2)] . . . [(17.6, 20.4) (29.1, 30.9) (41.1, 42.9)]
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After forming the interval fuzzy–rough matrix, the steps of the ARAS method are
applied. The first step is to determine the optimal alternative (S0) for all criteria and all
fuzzy–rough numbers. Then, the normalization of this decision matrix is performed. Due
to the specificity of linguistic values, all criteria are of the benefit type. Before normalization
is carried out, the sum of values for each criterion needs to be calculated. Normalization
is carried out by dividing individual values of fuzzy–rough numbers by the sum of these
values according to Equation (22). The lower limit of the fuzzy–rough number “l” is divided
by the upper limit of the fuzzy–rough number “u”, then the upper limit of the fuzzy–rough
number “l” is divided by the lower limit of the fuzzy–rough number “u”. Similarly, other
elements of the fuzzy–rough number are normalized. An example of normalization for two
fuzzy–rough numbers is presented through the following:

n11 =

(
3.2
50.3

,
4.1

43.7

)
,
(

5.2
39.7

,
6.1
32.2

)
,
(

7.2
27.8

,
8.1

26.1

)
= [(0.06, 0.09), (0.13, 0, 19), (0.26, 0.31)]

n24 =

(
2.0
46.2

,
4.0

38.4

)
,
(

4.0
34.3

,
6.0
26.6

)
,
(

6.0
22.3

,
8.0

15.1

)
= [(0.04, 0.10), (0.12, 0.23), (0.27, 0.53)]

Following that, the weighting of the normalized decision matrix is performed, in
which the normalized data are multiplied by corresponding weights. For the previous
examples, the calculation is as follows:

n11 = (0.06× 0.11, 0.09× 0.13), (0.13× 0, 16, 0, 19× 0.19), (0.26× 0.22, &0.31× 0.26)

= (0.01, 0.01), (0.02, 0.04), (0.06, 0.08)

n24 = (0.04× 0.18, 0.10× 0.21), (0.12× 0.23, 0.23× 0.25), (0.27× 0.27, 0.53× 0.29)

= (0.01, 0.02), (0.03, 0, 06), (0, 07, 0.16)

Following that, the values of suppliers for individual fuzzy–rough numbers are added
using Equation (25). This value summation is also carried out for the most optimal alter-
native. Next, the degree of utility for each supplier is determined. The same process as
normalization is used here; however, the sum is replaced with the optimal alternative.

S1 =

(
0.05
1.02

,
0.09
0.61

)
,
(

0.16
0.37

,
0.26
0.24

)
,
(

0.46
0.16

,
0.82
0.10

)
= [(0.05, 0.14), (0.44, 1.05), (2.86, 8.00)]

S4 =

(
0.06
1.02

,
0.10
0.61

)
,
(

0.17
0.37

,
0.28
0.24

)
,
(

0.49
0.16

,
0.88
0.10

)
= [(0.06, 0.17), (0.47, 1.17), (3.04, 8.59)]

Finally, the ARAS method’s final value is calculated using Equation (27). Here, the
average of these fuzzy–rough numbers is calculated (Table 9).

Table 9. Results of application of the modified interval fuzzy–rough method.

Sij Qi Ri Rank

S1 [(0.05, 0.09), (0.16, 0.26), (0.46, 0.82)] [(0.05, 0.14), (0.44, 1.05), (2.86, 8.00)] 2.09 4
S2 [(0.07, 0.13), (0.20, 0.33), (0.53, 0.97)] [(0.07, 0.21), (0.54, 1.38), (3.29, 9.52)] 2.50 2
S3 [(0.10, 0.16), (0.24, 0.36), (0.61, 1.01)] [(0.10, 0.26), (0.66, 1.48), (3.83, 9.91)] 2.71 1
S4 [(0.06, 0.10), (0.17, 0.28), (0.49, 0.88)] [(0.06, 0.17), (0.47, 1.17), (3.04, 8.59)] 2.25 3
S5 [(0.02, 0.05), (0.11, 0.18), (0.35, 0.65)] [(0.02, 0.08), (0.29, 0.75), (2.22, 6.35)] 1.62 6
S6 [(0.02, 0.06), (0.11, 0.20), (0.36, 0.69)] [(0.02, 0.10), (0.30, 0.84), (2.28, 6.79)] 1.72 5

S0 [(0.10, 0.16), (0.24, 0.37), (0.61, 1.02)]

The results obtained from applying the proposed approach indicate that supplier
S3 exhibits the best characteristics, followed by supplier S2, whereas supplier S5 shows
the worst indicators. To further validate these results, they are compared with those
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obtained from other MCDM methods. In addition to the ARAS method, which was used
in the proposed approach, five other methods are employed: simple additive weighting
(SAW), compromise ranking of alternatives from distance to ideal solution (CRADIS),
multiattributive border approximation area comparison (MABAC), weighted product
model (WPM), and measurement of alternatives and ranking according to compromise
solution (MARCOS). Each of these methods has its own specifics and employs different
steps, but they all use the interval fuzzy–rough decision matrix and the same criteria
weights. The results demonstrate that there are no differences in the rankings when using
different methods (Figure 1). This confirms the advantage of the proposed approach, which
remains stable regardless of the normalization used in certain methods. It should be noted
that all other MCDM methods use a different normalization than the ARAS method.
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5.3. Sensitivity and Dynamic Fuzzy–Rough Matrix Analysis

Criteria weights often play a crucial role in the decision-making process, so it is very
important to simulate their influence on final decisions with various values. This part of
the paper performs a simulation that contains 100 scenarios. Each represents changing
criteria values in an interval of 5–95%. For example, the first scenario means decreasing
the value of the first criterion by 5% of own original values, the second by 15%, the third
by 25%, and finally, the S10 by 95%. Scenarios S20–S100 represent the changing criteria
weights of the C2–C10 criterion, respectively. The values of the criteria in the simulation
process are shown in Figure 2.

After performing the simulation process, the obtained results completely support the
initial ranking of suppliers: S3 > S2 > S4 > S1 > S6 > S5. This is a consequence of the larger
number of criteria (10) and the small number of alternatives.

Besides performing the analysis above, we checked the influence of the initial fuzzy–
rough matrix on ranking suppliers. Five sets are formed, with the elimination of the worst
alternatives in each of them. In the first set, alternative A5 is eliminated, in the second, A6,
etc. The results of changing the size of the initial fuzzy–rough matrix are represented in
Figure 3.

As can be seen, there are no changes in the ranking of suppliers. Each of them keeps
the rank from the original results and the developed fuzzy–rough SWARA–fuzzy–rough
ARAS method.
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6. Discussion

The selection of suppliers is a fundamental problem in business decision making, as
it forms the basis of every business operation. With the growing pressures of market and
consumer demands, companies are increasingly turning to environmentally sustainable
products. In order to manufacture such products, it is imperative to source raw materials
and materials that meet environmentally acceptable standards. Consequently, the selection
of suppliers has been adapted and altered to accommodate these requirements. Besides
economic considerations, ecological criteria now play a significant role in the supplier
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selection process, particularly in the production of ecologically acceptable products. The
integration of economic and environmental criteria is referred to as the GSS approach [39].
In this study, the GSS approach is employed to assist the Oglavina Brčko company in
adapting to market demands. The company strives to source environmentally friendly
materials and raw materials during the selection process to enhance the attractiveness of
its products in the market.

During the GSS process, the selection of suppliers involves the consideration of several
criteria. This paper presents an innovative approach to addressing the GSS problem at
Oglavina Brčko through the application of interval fuzzy–rough numbers. The use of
this approach stems from the fact that expert decision making is based on the evaluation
of suppliers using linguistic values. The transformation of these values into appropriate
numerical values is necessary for their use during selection, which is achieved through the
application of fuzzy logic. However, this logic has certain advantages and disadvantages.
To mitigate the issue of subjectivity when determining the value scale, rough numbers
are utilized. The combination of these two fuzzy–rough approaches enables the use of in-
complete and unspecified information in decision making [54,56]. Incomplete information
exists when deciding, as it is often impossible to obtain all the necessary information [57].
Consequently, decisions are typically made based on incomplete information. Furthermore,
the application of linguistic values introduces unspecified information, as it is often chal-
lenging to fully determine the value of "medium" or "good". In this context, value scales
are established to define the interval of these values, which is the task of fuzzy logic [58].

Fuzzy–rough set theory is considered to be an effective tool for solving decision-
making problems in situations where information is imprecise and incomplete and where
a rational decision needs to be made [59,60]. In this paper, expert decision making is
employed to address the problem of the factual situation regarding the observed suppli-
ers. These suppliers can have a better or worse performance than the experts’ estimate,
but this uncertainty stems from the lack of complete information that would facilitate a
more informed decision [61]. Therefore, in practice, the approach of applying linguistic
evaluations is often used for assessing the importance of criteria or evaluating suppliers,
as this approach is more aligned with human thinking than numerical ratings [62–64]. To
determine which suppliers can best assist Oglavina in adapting to market requirements,
the fuzzy–rough SWARA and ARAS methods were utilized in this research. These methods
were adapted to this study, and new approaches were devised for their implementation.
Specifically, the classic SWARA method was adapted to interval fuzzy–rough numbers,
and its steps were adjusted accordingly. The experts were asked to evaluate specific criteria
without being required to compare them with each other. This allowed the method to be
utilized for determining the weights of the criteria. Because determining the weights of
the criteria is crucial for ranking the alternatives [65,66], the weight of each criterion was
determined based on expert evaluations, which were obtained for ten different criteria,
including economic and ecological factors, in the context of GSS selection.

The present study employed the fuzzy–rough SWARA and fuzzy–rough ARAS meth-
ods to determine the most suitable suppliers for Oglavina’s GSS. The use of these methods
was adapted to interval fuzzy–rough numbers, and the criteria were evaluated based on
expert decision making. Ten different criteria, including economic and ecological criteria,
were evaluated by experts to determine their relative importance in the selection of GSS.
The results of the analysis showed that two criteria were given the highest weight, as they
were deemed to be the most important by the experts. This was because the decision-
making problem was based on the need to procure quality and environmentally friendly
materials from suppliers. Besides the two dominant criteria, two criteria also demonstrated
the worst weights. It is worth noting that all observed suppliers possessed the ISO 14001
standard, which is essentially EMS, and therefore, this criterion was deemed to be less
important in the decision-making process. Similarly, the suppliers essentially all offered
individual services [67], and hence, the services criteria were not deemed to be crucial in
the decision-making process.
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After determining the criteria weights, the suppliers were evaluated based on the
ratings provided by the experts. A modified interval fuzzy–rough ARAS method was used
to determine the suppliers’ ranking. The method was adapted to this research, and its
steps were altered compared with the classic ARAS method. The comparative analysis
showed that the suppliers’ rankings did not differ, regardless of which MCDM method
was used. This confirmed that this approach enhances decision-making stability, and
regardless of the MCDM method applied, the same outcome will be obtained. Additionally,
the sensitivity analysis and dynamic matrix analysis confirmed the results. The proposed
approach demonstrated considerable flexibility and enabled decision making based on
incomplete and imprecise information, and thus, it was more user-friendly, since it relied
on linguistic values only.

7. Conclusions

In this paper, a novel approach utilizing fuzzy–rough numbers is proposed. The
approach is designed to handle incomplete and unreliable information, utilizing linguistic
values provided by experts. As experts do not possess complete information and often
assume the characteristics of suppliers, this approach overcomes the limitations of fuzzy
logic and rough sets. To implement this approach, the SWARA and ARAS methods were
modified and adapted. The case study conducted for GSS, with the example of the Oglavina
Brčko company, aimed to adapt the furniture product line to meet market demands for
environmentally acceptable products. The economic and ecological dimensions of GSS
were used as criteria, and the SWARA method was employed to determine their weights.
The results of this method indicate quality and environmentally friendly technologies as
the most important criteria, while EMS and services are found to be the least important.
The ARAS method was utilized to rank and evaluate suppliers, where S3 demonstrated the
best characteristics and S5 the worst. These results were confirmed through comparative
analysis using other MCDM methods. Moreover, the sensitivity analysis showed that the
ranking of suppliers remained the same regardless of any changes in the criteria’s weight.
The dynamic analysis results provide similar findings, highlighting the stability of the
decision making afforded by this new approach.

The proposed approach has demonstrated stability and flexibility in its application,
indicating its potential usefulness in other practical scenarios where decisions are based
on the evaluation of linguistic values. Linguistic values are used due to their ease of
application, as they are more intuitive and closer to human thinking than numerical ratings.
This is due to the fact that it is often challenging to provide an assessment that accurately
represents a given criterion or alternative. Fuzzy logic is used to represent these values in
the form of intervals, making them more accessible for decision making. The approach used
in this paper leverages these interval ratings as indicative ratings for rough set application,
leading to a methodological merging of these approaches. As a result, the key advantages
of this approach are as follows:

• The integration of two different approaches into one enables the use of imprecise data.
• The approach can also be applied to other MCDM methods by adapting the necessary

steps to align with this approach.
• The results obtained using this approach demonstrate stability in decision making,

which is confirmed by comparative analysis, sensitivity analysis, and dynamic analysis.
• The proposed approach enables problem solving based on multicriteria decision making.

While this novel approach presents potential for future development and use, this
paper also has some limitations, mainly related to the selection of experts and criteria. Since
Oglavina Brčko is a relatively small company, only three experts were selected, and these
experts assessed the criteria’s relative importance. Future research should expand upon
this approach and consider other methods such as z-numbers and d-numbers.
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33. Pamučar, D.; Macura, D.; Tavana, M.; Božanić, D.K.; Knežević, N.Ž. An integrated rough group multicriteria decision-making
model for the ex-ante prioritization of infrastructure projects: The Serbian Railways case. Socio-Econ. Plan. Sci. 2022, 79, 101098.
[CrossRef]

34. Rajesh, R. Sustainability performance predictions in supply chains: Grey and rough set theoretical approaches. Ann. Oper. Res.
2020, 310, 171–200. [CrossRef]

35. Pamučar, D.; Torkayesh, A.E.; Biswas, S. Supplier selection in healthcare supply chain management during the COVID-19
pandemic: A novel fuzzy rough decision-making approach. Ann. Oper. Res. 2022, in press. [CrossRef] [PubMed]

36. Li, H.; Yazdi, M.R.H.; Huang, H.; Huang, C.; Peng, W.; Nedjati, A.; Adesina, K.A. A fuzzy rough copula Bayesian network model
for solving complex hospital service quality assessment. Complex Intell. Syst. 2023, in press. [CrossRef] [PubMed]

37. Liu, X. Accounting and Financial Management Cost Accounting Integrating Rough Set Knowledge Recognition Algorithm.
Discret. Dyn. Nat. Soc. 2022, 2022, 9286252. [CrossRef]

38. Jum’a, L.; Ikram, M.; Alkalha, Z.; Ala’raj, M. Factors affecting managers’ intention to adopt green supply chain management
practices: Evidence from manufacturing firms in Jordan. Environ. Sci. Pollut. Res. 2022, 29, 5605–5621. [CrossRef]

39. Paul, S.; Ali, S.F.; Hasan, M.; Paul, S.K.; Kabir, G. Critical Success Factors for Supply Chain Sustainability in the Wood Industry:
An Integrated PCA-ISM Model. Sustainability 2022, 14, 1863. [CrossRef]

40. Attaullah, N.; Rehman, N.; Khan, A.; Santos-García, G. Fermatean hesitant fuzzy rough aggregation operators and their
applications in multiple criteria group decision-making. Sci. Rep. 2023, 13, 6676. [CrossRef]

41. Liu, P.; Hendalianpour, A.; Fakhrabadi, M.; Feylizadeh, M. Integrating IVFRN-BWM and Goal Programming to Allocate the
Order Quantity Considering Discount for Green Supplier. Int. J. Fuzzy Syst. 2021, 24, 989–1011. [CrossRef]

42. Sarwar, M.; Zafar, F.; Majeed, I.A.; Javed, S. Selection of Suppliers in Industrial Manufacturing: A Fuzzy Rough PROMETHEE
Approach. Math. Probl. Eng. 2022, 2022, 6141225. [CrossRef]

43. Chen, Z.; Ming, X.; Zhou, T.; Chang, Y.; Sun, Z. A hybrid framework integrating rough-fuzzy best-worst method to identify and
evaluate user activity-oriented service requirement for smart product service system. J. Clean. Prod. 2020, 253, 119954. [CrossRef]
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49. Stević, Ž.; Subotić, M.; Softić, E.; Božić, B. Multi-Criteria Decision-Making Model for Evaluating Safety of Road Sections. J. Intell.
Manag. Decis. 2022, 1, 78–87. [CrossRef]

https://doi.org/10.3390/su15032578
https://doi.org/10.22190/FUME200307036R
https://doi.org/10.1088/1742-6596/1845/1/012015
https://doi.org/10.1007/s40815-020-00827-8
https://doi.org/10.1007/s40815-020-00846-5
https://doi.org/10.1007/s11192-019-03077-0
https://doi.org/10.1007/s00500-019-04054-8
https://doi.org/10.1007/s41066-020-00212-8
https://doi.org/10.1007/978-3-030-23756-1_67
https://doi.org/10.3390/sym11030393
https://doi.org/10.1007/s11227-021-04275-5
https://doi.org/10.1016/j.seps.2021.101098
https://doi.org/10.1007/s10479-020-03835-x
https://doi.org/10.1007/s10479-022-04529-2
https://www.ncbi.nlm.nih.gov/pubmed/35039705
https://doi.org/10.1007/s40747-023-01002-w
https://www.ncbi.nlm.nih.gov/pubmed/37361969
https://doi.org/10.1155/2022/9286252
https://doi.org/10.1007/s11356-021-16022-7
https://doi.org/10.3390/su14031863
https://doi.org/10.1038/s41598-023-28722-w
https://doi.org/10.1007/s40815-021-01181-z
https://doi.org/10.1155/2022/6141225
https://doi.org/10.1016/j.jclepro.2020.119954
https://doi.org/10.1016/j.eswa.2017.08.042
https://doi.org/10.3846/jbem.2010.12
https://doi.org/10.24846/v27i1y201810
https://doi.org/10.1016/j.seps.2022.101475
https://doi.org/10.3390/axioms10020092
https://doi.org/10.56578/jimd010201


Sustainability 2023, 15, 10745 21 of 21

50. Salamai, A.A. An integrated neutrosophic SWARA and VIKOR method for ranking risks of green supply chain. Neutrosophic Sets
Syst. 2021, 41, 113–126.
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