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ABSTRACT

Decision-making in real-world situations inherently involves uncertainty and insufficient
information. To overcome these challenges, decision-makers must adopt techniques that
recognize and mitigate the influence of unknown or insufficiently known elements in the
decision environment. A single technique often does not address these diverse scenarios,
as multiple perspectives may emerge. AHP-express, a simplified form of the Analytic
Hierarchy Process (AHP), has recently been introduced; however, the development of a
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new linguistic variable for AHP-express has not been thoroughly investigated. This study
initiates the integration of the newly generalized fuzzy set, known as Bipolar Pythagorean
Neutrosophic Set (BPNS), with AHP-express (BPNS-AHP express). We develop
linguistic variables within the BPNS-AHP express framework using a 7-point linguistic
scale, ensuring that BPNS-outlined requirements are met. This articles highlights the six
step BPNS-AHP express procedure and demonstrates how it can enhance decision-
makers effectiveness across various application domains by providing a more thorough
and accurate representation of their thoughts and judgments.

Keywords: BPNS; AHP-express; AHP; multi-criteria decision making

1. Introduction

Multi Criteria Decision Making (MCDM) is widely applied in fields such as project
management, environmental planning, finance, and engineering, where decision-makers
need to balance multiple conflicting objectives and preferences. In MCDM, decisions are
based on the consideration of multiple criteria or attributes. These criteria could be
guantitative or qualitative, objective, or subjective, and may have varying levels of
importance. Common techniques used in multi-criteria decision-making include AHP,
TOPSIS, DEMATEL, and ELECTRE among others (Cruz & Hayos, 2024; Ismail et al.,
2023b; Rodzi et al., 2023). The Analytic Hierarchy Process (AHP), developed by Saaty
in 1980, is a decision-making methodology designed to handle complex problems
involving multiple criteria and alternatives. Saaty’s work on the AHP has significantly
impacted various fields, including management science, operations research, and decision
analysis (Xincheng & Xiang, 2023; Li et al., 2013; Vargas, 2010; Norddin, Ahmad &
Yusof, 2015).

The AHP, as a component of MCDM, allows decision-makers to quantify subjective
judgments and preferences through pairwise comparisons, leading to more informed and
rational decision outcomes (Alam et al., 2023). By structuring decision problems
hierarchically, the AHP aids in organizing complex information and relationships,
thereby facilitating the decision-making process (Imansyah & Karnaningroem, 2020).
The method has been widely adopted in academia and industry for its ability to handle
complex decision situations and provide a systematic and transparent decision-making
process (Sooksaksun & Chanta, 2023). Hybrid approaches involving the AHP often refer
to combining AHP with other decision-making methods or techniques to address specific
challenges or enhance the overall decision-making process. These hybrids aim to
leverage the strengths of multiple methods to improve the robustness and accuracy of
decision outcomes.

Saaty introduced the concept of the Analytic Network Process (ANP), which is the
generalization of the AHP method (Saaty, 2005). The ANP is an extension of the AHP
that is designed to handle more complex decision problems with non-hierarchical
structures and intricate interdependencies. It is suitable for non-hierarchical and more
complex decision structures. The ANP allows a more comprehensive modeling of
decision scenarios by considering the interactions and dependencies among criteria,
making it suitable for situations where criteria influence each other (Namin et al., 2019).
By incorporating network structures, the ANP enhances the decision-making process by

International Journal of the 2 Vol 16 Issue 2 2024
Analytic Hierarchy Process ISSN 1936-6744
https://doi.org/10.13033/ijahp.v16i2.1182



IJAHP Article: Ahmad, Rodzi, Ahmad, Razak/ Bipolar Pythagorean Fuzzy Neutrosophic Set
(BPNS) integrated with AHP express (BPNS-AHP express) with linguistic variables: a new
approach

capturing the complex relationships present in real-world decision contexts. There are
many examples of hybrid methods involving the AHP, including AHP-TOPSIS and
AHP-Genetic Algorithm. Haktanir (2024) developed a novel intuitionistic Z-AHP
(Analytic Hierarchy Process) and Z-TOPSIS (Technique for Order Preference by
Similarity to Ideal Solutions) to express uncertain quantities with different degrees of
precision, which can be very useful in practical applications. The results show that the
proposed methodology can effectively evaluate and rank existing alternatives,
considering the uncertainties and complexities of the decision environment.

Aly and Maher (2014) combined the Analytic Hierarchy Process (AHP) with Genetic
Algorithms (GA) to address decision-making problems. The AHP and GA are techniques
from different domains; the AHP is a multi-criteria decision-making method, while GA is
an evolutionary algorithm used for optimization. Artificial Neural Networks (ANN) are
computational models inspired by the structure and function of the human brain. In the
AHP-ANN hybrid, a neural network is trained to learn the relationship between the
prioritized criteria and the decision outcomes based on historical data or expert
knowledge. Lin, Fan, and Chen (2022) developed a model for predicting major risk
factors and construction quality. The weights of the main risk factors were determined
using the AHP to confirm their impact on construction. Meanwhile, ANN was used to
extract the characteristics of key risk indicators to forecast the level of construction
project quality.

In 1965, Zadeh introduced fuzzy set theory to handle imprecise and uncertain information
in decision-making (Zadeh, 1965). Fuzzy sets play a crucial role in decision-making by
enabling the modeling of subjective judgments and preferences that may not be easily
quantifiable using traditional crisp sets (Samanlioglu, 2019). Rodzi and Ahmad (2020)
introduce the idea of a new hybrid model, fuzzy parameterized hesitant fuzzy soft sets
(FPHFSSs). The benefit of this theory is that the degree of importance of parameters is
being provided to HFSSs directly from decision makers. Neutrosophic sets, a concept
introduced by Florentin Smarandache in the 1990s, have emerged as a powerful tool for
modeling uncertainty in decision-making processes by allowing for the representation of
indeterminacy, vagueness, and inconsistency (Nabeeh et al., 2019). By incorporating the
concept of indeterminacy, neutrosophic sets offer a more comprehensive framework for
capturing the various degrees of truth, falsity, and indeterminacy present in decision
contexts (Nabeeh et al., 2019).

Pythagorean fuzzy sets (PFS), introduced by K.T. Atanassov in 2014, represent another
extension of fuzzy sets that incorporate the concept of uncertainty with membership, non-
membership, and hesitancy degrees (Abdel-Basset et al., 2018). PFS provides a more
flexible and expressive framework for handling uncertainty in decision-making by
allowing decision-makers to express their preferences in a more granular and detailed
manner (Abdel-Basset et al., 2018). This extension enhances the modeling capabilities of
traditional fuzzy sets and enables decision-makers to capture the nuances of decision
scenarios more effectively (Abdel-Basset et al., 2018). Ismail (2023b) combined
neutrosophic fuzzy sets with PFS to model complex systems containing ambiguity,
indeterminacy, and uncertainty. Ismail (2023a) also integrated the Pythagorean
neutrosophic set with DEMATEL to enhance decision-making problems. The
development of bipolar neutrosophic sets further enriches the landscape of decision-
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making methodologies by combining the concepts of bipolarity and neutrosophic sets to
address decision problems with conflicting and contradictory information (Awang & Ali,
2019).

Bipolar neutrosophic sets allow decision-makers to express their preferences in a bipolar
manner, considering both positive and negative aspects simultaneously, while also
accounting for indeterminacy and uncertainty (Awang & Ali, 2019). Bipolar judging,
incorporating both positive and negative features of human perception and cognition, was
introduced by Zhang (1994). Deli (2015) integrated the theory of bipolar and
neutrosophic sets by considering both positive/negative degrees from bipolar fuzzy sets
and truth/indeterminacy/falsity degrees from neutrosophic fuzzy sets within the same
modelling framework. This integration enhances the decision-making process by
providing a more comprehensive and balanced representation of preferences and
considerations (Awang & Ali, 2019). Ahmad et al. (2024) introduced the Bipolar
Pythagorean Neutrosophic Set (BPNS), a hybrid set combining fuzzy set theory with
bipolar sets, Pythagorean sets, and neutrosophic sets. By incorporating both positive and
negative preferences, it is proposed that, BPNS can enhance the expressiveness and
flexibility of the model, potentially resulting in more accurate and realistic modelling of
complex decision scenarios.

Zadeh's pioneering work laid the foundation for integrating fuzzy logic into decision-
making methodologies, leading to the development of Fuzzy Analytic Hierarchy Process
(FAHP) as an extension of the AHP (Samanlioglu, 2019). The integration of fuzzy set
theory with the AHP has resulted in the development of the FAHP, a powerful decision-
making tool that addresses the limitations of traditional AHP by accommodating
uncertainties and ambiguities in decision processes (Samanlioglu, 2019). The integration
of fuzzy set theory with the AHP was proposed to address the limitations of AHP in
handling subjective judgments and uncertainty. The FAHP enables decision-makers to
express preferences using linguistic terms and manage imprecise information in the
decision process. The FAHP method can be applied in various fields where decision-
making involves imprecise, uncertain, or qualitative information. Some common
applications include project selection and evaluation, environmental impact assessment,
medical decision-making, and supplier selection (Nahavandi, Homayounfar &
Daneshvar, 2023; Akman, Boyaci, & Kurnaz, 2022).

However, Saména et al. (2021) further enhanced FAHP by integrating Interval Type-2
Trapezoidal Fuzzy Sets into the method. While Type-1 Fuzzy Sets (T1FS) typically use
crisp numbers to evaluate membership functions, expressing linguistic variables with the
degree of membership function can be challenging due to various complexity issues.
Thus, Type-2 Fuzzy Sets (T2FS), suggested by Zadeh (1975), offer a solution. Despite its
wide applicability, the AHP method suffers from the significant disadvantage of requiring
many comparisons to make a decision. Frangozo (2023) presents software for the AHP
that requires n-1 comparisons, focusing on three problems: (1) many pairwise
comparisons with numerous criteria, (2) difficulties in maintaining consistency in
judgments, and (3) the absence of software for group decision-making. Leal (2020)
introduced a simplified version of the AHP method named AHP-express, that focuses on
reducing time constraints by minimizing the number of comparisons. The simplified
method calculates priorities for each alternative against a set of criteria with only n-1
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comparisons of n alternatives for each criterion, whereas Saaty’s original method uses a
formula for comparisons of n(n—1)/2 alternatives for each criterion.

AHP-express suggests that the alternative deemed most significant or one of the most
important alternatives be used as the baseline for comparison for each priority calculation
in each criterion. Notably, the development of new linguistic variables for AHP-express
has not been thoroughly explored. Traditional AHP methods, while impactful, often
struggle to handle the uncertainty and indeterminacy present in real-world decision-
making scenarios. Furthermore, the extensive number of comparisons required by these
methods complicates the process, leading to difficulties in maintaining consistency and
increasing computational demands. This challenge highlights the need for innovative
decision-making models that simplify the process, reduce the number of comparisons,
and accurately represent uncertain information. Addressing these challenges is crucial for
enhancing the efficiency and effectiveness of decision-making across various fields.
Therefore, this study proposes to integrate the concept of the BPNS with the AHP-
express method to assess its effectiveness.

The key contributions to the AHP method are as follows:

1. New sets, such as BPNS, are introduced to address decision-making problems,
representing uncertain information while considering both positive and negative
influences.

2. The BPNS-AHP express method is integrated with the AHP method, which involves
n-1 comparisons.

3. Decision-makers can prioritize key criteria to maintain decision quality without
compromise.

4. This extended method reduces the number of comparisons, streamlines the process,
saves time, and conserves computational resources.

This research aims to enhance efficient decision-making processes. We begin by
introducing BPNS, which operates with linguistic variables. Subsequently, we intend to
integrate BPNS with AHP using an AHP-express approach. Our objective is to develop a
robust tool that merges the adaptability of BPNS with the analytical rigor of AHP. We
envision this tool facilitating decision-making for complex problems without consuming
excessive time. Our primary objective is to propose a novel model named “BPNS-AHP
express” which harnesses the strengths of both methods. We aim to illustrate how this
model can be applied in real-life decision scenarios through numerical demonstrations.
Through this illustration, we seek to demonstrate that our method simplifies decision-
making processes, making them more intuitive and comprehensible, thus guiding
decision-makers to make appropriate choices across various contexts.

2. Preliminaries
In this section, the basic definitions related to BPNS are introduced.

Definition 1: (Ahmad et al., 2024). A BPNS with components Din Z is defined as:
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D:{<z,of,5(z), 15(2).B5(2),a5(2).1p (z),BB(z)>:z eZ} D

Where o, (2),15(2).B5 (2): 2 —[0,1]and ap (2),15(2).Bp (2): Z—>[-10]

The conditions for all zin Z are satisfied as shown below:

(2)"+Bo(2) 2)
OSU,_D(Z)Z +[3‘D(z)2 <1 (3)
0<ap (z)? +15 (2) +Bp (2)° <2 @)
0<ap(2)’ +15(z)* +Pp (2)° <2 (5)

Let E:{<z,aE(z),IE(z), t(2),0e(2),1z(2),Be (z)>;z€z} Then, pcE ifand only

( )and

ap(2)<ag(2),1p(2)<Ie(2).Bp (2) <
ap(2)>0g(2)1p(2) > e (2).Bp (2) 2B

Also, D= Elfand only if
op (2) =0k (2). 15 (2) =12 (2), B (2) =B (2) 2N
ap(z) =0z (2),1p(2)=1g(2).Bp (2)=Bg (z)forall z in Z

The complement of BPNS, D is

D° = {{2.85(2).15(2). 05 (2).B5 (2), 15 (2), o (2))] (6)

The union Dor E are

Be
( )for all zin Z

5UE- {max(ocB,ocE), min(If, 1£), min(B, B ), min(otp, e ), min(lp, |E),}

max(Bp,Be) (7
The intersection Dand E are
D NE = {min(ap,of ), max(1p, I£), max(B5, B ), max(ep, o ), max(I, 1), min(Bp, Be )| @

Then, the operations for BPNSs are defined as below:
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S

Definition 2: Let f=<0t:r-|r+,l3?0tr_-|r_ll3r_> and S=<a;,|g,[35+,as—,|;,[3—> be two BPNSs

and ¢ is a scalar. The following is the definition of the operational rules, which include
addition, multiplication, scalar multiplication, and power operations.

@ (@) ~ (@) (@) 1715 BB (s -oi5),

res
1 15 =11 =P+ (87 - (B -85 )? ©)
SPPVR LTI R B B +\2 WV (ar\2 (a2

r®s= o sl +ls Irls’\/(ﬁf) +(Bs) (Br) (Bs),

e s o o)) @
o e M T o P S ST B R

) = (a:)t,l—(l—lr)t,\/l—(l—( :)th,—Jl—(l—(—a;)zjt,—(—IF)t.—(BF)t 12

3. Methodology
3.1 Construction of linguistic variable

Linguistic variables were first proposed by Zadeh as an effective technique to describe
gualitative assessments (Sahoo, 2018). They provide a valuable mechanism for
representing subjective assessments that may not be easily quantifiable using traditional
crisp sets (Sahoo, 2018). Fuzzy logic, a useful tool for working with linguistic variables,
is particularly beneficial when dealing with behavioral data (Valaskova et al., 2019). A
linguistic variable typically consists of a name, a set of linguistic values, a universal set, a
grammar for generating linguistic terms, and a mapping to fuzzy subsets, allowing for a
comprehensive representation of qualitative information (Sahoo, 2018). In decision-
making processes, linguistic variables are crucial for facilitating reasoning and inference
processes. Fuzzy logic controllers utilize linguistic variables to transform inputs into
fuzzy variables, establish rules based on linguistic terms, and aggregate rules to derive a
unique linguistic result (Zouhair, 2020).

By incorporating linguistic variables into decision-making models, decision-makers can
effectively navigate uncertainties and complexities, leading to more informed and
accurate decisions (Kebir et al., 2018). This approach allows decision-makers to consider
a broader range of factors and perspectives, resulting in a more realistic and nuanced
decision-making process (Lanbaran et al., 2020). In conclusion, linguistic variables are
crucial in decision-making processes, providing a flexible and intuitive mechanism for
representing qualitative assessments and uncertainties. By leveraging linguistic variables,
decision-makers can navigate complex decision scenarios more effectively, leading to
more informed and reliable decisions. The applications of linguistic variables span
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diverse domains, from energy management to traffic control systems, highlighting their
versatility and significance in modeling and decision-making processes.

In this study, the linguistic variable for BPNS-AHP express is constructed using the
BPNS set, allowing for the determination of membership, non-membership, positive
membership, negative membership, and indeterminacy. Hashim et al. (2020) developed
the linguistic variable within a neutrosophic bipolar environment. Table 1 presents the
linguistic variable for neutrosophic bipolar fuzzy sets ranging from "very unimportant™ to
"very important."”

Table 1

Linguistic variable (Hashim et al., 2020)
Score Linguistic variable Scale
1 Very unimportant [0.1,0.05,0.03, -0.9, -0.45, -0.3]
2 Unimportant [0.3,0.15,0.1, -0.6.-0.3, -0.2]
3 Medium [0.55,0.27,0.18, -0.3, -0.15, -0.1]
4 Important [0.7,0.35,0.23, -0.2, -0.1, -0.06]
5 Very Important [0.85,0.42,0.28, -0.1, -0.05,-0.03]

The new linguistic variables for BPNS are constructed based on Equation (1). In the
classical AHP method, Saaty (1980) introduced a 9-degree scale with four intermediate
values. However, in this study, the linguistic variable of BPNS consists of a 7-degree
scale, with consideration given to an intermediate value only between “medium to low”
and “medium to high” aiming for enhanced precision in evaluation. A 7-degree scale can
help reduce the cognitive load on decision-makers. With fewer scale points to consider
compared to a 9-degree scale, decision-makers may find it easier to make consistent
judgments and maintain focus throughout the decision-making process. Additionally, a 7-
degree scale may provide sufficient granularity for capturing relative priorities without
overly complicating the decision model. Table 2 presents the linguistic variables for
BPNS.

Table 2

Linguistic variable of BPNS
Score Linguistic variable Scale BPNS
1 No Influence [0.1,0.8,0.9,-0.93,-0.46,-0.31]
2 Low Influence [0.2,0.7,0.8,-0.45,-0.32,-0.15]
3 Medium Low Influence [0.35,0.6,0.6,-0.38,-0.19,-0.12]
4 Medium Influence [0.5,0.4,0.45,-0.32,-0.16,-0.1]
5 Medium High Influence [0.65,0.3,0.25,-0.21,-0.1,-0.07]
6 High Influence [0.8,0.2,0.15,-0.12,-0.06,-0.04]
7 Very High Influence [0.9,0.1,0.1,-0.03,-0.015,-0.01]

The new linguistic variables are verified using all the three conditions stated in Equations
(2-5). Based on the definition stated in Equation (1), let
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WZ{Wl,Wz,Ws,W4,W5,W6,W7} then’

(w,,0.1,0.8,0.9,-0.93,-0.46,-0.31)
(w,,0.2,0.7,0.8,-0.45,-0.32,-0.15)
(w3,0.35,0.6,0.6,-0.38,-0.19,-0.12)
W =<(w,,0.5,0.4,0.45,-0.32,-0.16,-0.1)
(ws,0.65,0.3,0.25,-0.21,-0.1,-0.07)
(wg,0.8,0.2,0.15,-0.12,-0.06,—0.04)
(w,0.9,0.1,0.1,-0.03,-0.015,-0.01)

These sets comply with the conditions W™ ¢ [0,1] and W e [_1,0] .To provide
evidence and demonstrate the validity of the proposed set, conditions in Equations (2-5)
are examined as follows:

Let, (w;,0.1,0.8,0.9,-0.93,~0.46,—0.31) then,

(0")?+(B*)? <0.12+0.92 =0.82 <1 satisfy condition 2

(@) +(B7)? <(~0.93)" +(-0.31)" = 0.961 <1 satisfy condition 3

()2 +(17)% +(B")? <0.1% +0.8% + 0.92 =1.46 < 2 satisfy condition 4
(@7)2+(17)2 +(B7)% <(-0.93)° +(-0.46)° +(-0.31)° =1.23 < 2 satisfy condition 5

Table 3 shows the validation of the set BPNS that has been considered in this study.
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Validation of BPNS

approach

Linguistic - _ _
o (") + () + (@202 (@) +(0)
(B")* <1 (B1)* <1 +()* <2 +(p)?2<2
:\r']%uen o (0.10)% + (0.90)? (—0.93)? +(~0.31)2 (0.10)2 +(0.80)% + (~0.93)? + (~0.46)?
=08200 =0.9610 (0.90)° =1.4600  +(~0.31)* =1.1726
ianence (0.20)* +(0.80)* (-0.45) +(~0.15) (0.20) + (0.70)* + (-0.45)* +(-0.32)?
=0.6800 =0.2250 (0.80)° =1.1700  +(~0.15)? =0.3274
:\é'\‘fvd'“m (0.35)2 + (0.60)2 (~0.38) + (~0.12)?(0.35)2 + (0.60)2 + (~0.38)2 + (=0.19)?
influence  =04825 =0.1588 (0.60)2 =0.8425  +(-0.12)° =0.1949
:\r’]'ﬁﬂ'e“n”ge (0.50)2 +(0.45)% (~0.32)? +(~0.10)? (0.50)2 + (0.40)2 + (~0.32)2 + (~0.16)?
=0.4525 =0.1124 (0.45)2 =0.6125  +(~0.1)2 =0.1380
ﬁf&? T (065 +(0.25)° (-0.21)% +(-0.07)° (0.65)° +(0.30) + (-0.21)° +(-0.10)?
influence ~ =0.4850 =0.04%0 (0.25)% =0.5750  +(~0.07)? =0.0590
E}?Se ce  (080)°+(0.15)° (-0.12)° +(-0.04)” (0.80)? +(0.20)% + (-0.12)% +(~0.06)*
=06625 =0.0160 (0157 =0.7025  +(~0.04)? =0.0196
Very O (0,02 +(0.10)2  (-0.08)7 +(-0.00° (0.9 +(0.0% +  (-0.03)2 +(-0.02)
~0.8200 ~0.0010

(0.1)2 =0.8300

+(~0.01)? = 0.0014

3.2 BPNS-AHP express procedures

The primary purpose of this section is to explain the development of BPNS-AHP express
in detail. The proposed method's general structure is depicted in Figure 1.
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v

Step 6: Determine the
—>| final priority vector for
the alternatives

Step 4: Aggregate the
results

Step 5: Synthesize
final priorities

Figure 1 Proposed BPNS-AHP express framework

This integration of BPNS with AHP express (BPNS-AHP express) is completed with the
steps enumerated below:

Step 1: Establish the main criteria and sub-criteria in accordance with the project’s
primary objectives.

Identify and define the main criteria and sub-criteria relevant to the decision-making
problem. This foundational step ensures that all significant aspects of the decision are
comprehensively considered, providing a structured framework for thorough evaluation.

Step 2: Create a decision tree with the goal (alternatives) at the bottom and the objective,
main criteria, and sub-criteria at the top.

Develop a hierarchical structure by creating a decision tree. Place the overall goal at the
top, followed by the main criteria, sub-criteria, and alternatives. This organization
facilitates a systematic and logical evaluation process, ensuring that all elements of the
decision are analyzed in a coherent manner.

Step 3: Conduct the pairwise comparison and priority calculation.

Step 3 involves performing pairwise comparisons for each criterion and sub-criterion to
determine their relative importance and calculate their priority vectors. This step is
essential for establishing the weights of the criteria in the decision-making process.

Create Decision Matrices

For each level of the decision hierarchy, pairwise comparison matrices are constructed.
These matrices allow decision-makers to compare each criterion with every other
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criterion to assess their relative importance. The comparison is done using a predefined
scale, often utilizing BPNS linguistic variables to capture nuanced judgments about the
criterion's importance.

Assign BPNS Linguistic Variables

In each pairwise comparison, BPNS linguistic variables are used to rate the importance of
one criterion relative to another. These variables, defined in a previous step, enable the
decision-makers to express their preferences in terms that can handle uncertainty and
bipolarity. For example, a decision-maker might compare the importance of “cost” versus
“quality” using linguistic terms like “very high influence,” “medium influence,” or “low
influence”.

Calculate Priority Vectors
Once the pairwise comparisons are made, the next step is to calculate the priority vectors
(weights) for each criterion. This involves converting the linguistic judgments into

numerical values using the BPNS framework. The priority vector for each criterion is
calculated using the following formula:

aijzu Qi
k

where 3 is the comparison value between elements i and i and Pr, is the priority of

(13)

the main element j This calculation provides a set of weights that reflect the relative
importance of each criterion based on the pairwise comparisons.

Deneutrosophication Process
In the deneutrosophication process of the BPNS-AHP express method, the parameter

represents the level of confidence and ranges from 0 to 1. It adjusts the influence of
positive and negative indeterminacy degrees on the crisp value. The formula is:
o +(@L-W)I- H

o +WIF
- |+ 1_
15 15

%= (14)

n
2
i=1

Where 4+and ¢~ are the positive and negative membership degrees, while 1" and |I”are
the positive and negative indeterminancy degrees. When \y high (close to 1), the

positive indeterminacy 1" has a greater impact, emphasizing the positive aspects.
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Conversely, a low value \y, (close to 0) increases the influence of negative
indeterminancy, |~ highlighting the negative aspects.

Step 3 is crucial for several reasons. It ensures that the subjective judgments of decision-
makers are systematically quantified, allowing for an accurate assessment of the relative
importance of each criterion. By using BPNS linguistic variables and the
deneutrosophication process, this step also accounts for the inherent uncertainty and
bipolarity in human judgments. The resulting priority vectors provide a robust foundation
for aggregating the criteria's weights in subsequent steps, ensuring that the final decision
reflects the true priorities of the decision-makers.

Step 4: Aggregate the results.
In Step 4, the priority vectors calculated in Step 3 are aggregated to determine the overall
priorities of the alternatives. This involves combining the weights of criteria and sub-

criteria to provide a comprehensive evaluation.

Formation of pac Matrix: The pac matrix is formed by multiplying the priority
vectors of sub-criteria (PSC) with the priority vectors of the alternatives (PASC) :

PAC = PSC*PASC (15)

Where psc represents the priorities of the sub-criteria for each main criterion and
PASC represents the priorities of the alternative for each sub-criterion.

This matrix integrates the weighted priorities of sub-criteria under each main criterion,
reflecting their influence on the overall decision. For each main criterion, the weighted
priorities of its sub-criteria are aggregated to reflect their influence on the overall
decision.

Step 5: Synthesize final priorities.
Step 5 involves synthesizing the aggregated priorities to determine the overall priorities
of the alternatives. This final step combines the priorities of the main criteria with the

PAC matrix to calculate the final priority vector.

Calculate final priorities (PA): The final priority vector PA s calculated by combining
the priorities of the main criteria with the paC matrix:

PA=PC*PAC (16)
Where PC represents the priorities of the main criteria

This synthesis ensures that the overall decision reflects the importance of each criterion
and sub-criterion as judged by the decision-makers. The integration process involves
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combining the weights of the main criteria (PC) with the aggregated scores from the

PAC matrix. This step ensures that the final decision accurately reflects the relative
importance of all criteria and sub-criteria.

Step 6: Determine the final priority vector for the alternatives.

In Step 6, the final priority vector for the alternatives is determined by aggregating the
weighted priorities from previous steps. This vector provides a clear ranking of the
alternatives, indicating which option is most suitable based on the evaluated criteria and
sub-criteria. Verification and validation, including consistency checks and optional
sensitivity analysis, ensure the reliability and robustness of the decision. This step
consolidates all evaluations into a final decision, enabling informed and rational choices
while enhancing the transparency and reliability of the decision-making process.

4, Numerical applications

In this section, an example is used to show the applicability of the linguistic variable in
decision-making under BPNS-AHP express, which follows the six steps of the proposed
framework model previously discussed. Leal (2020) presents a case study from a basic
numerical scenario that introduces new concepts using AHP-express. The study considers
three levels of hierarchy: two main criteria (C1, C2), four sub-criteria (SC11, SC12,
SC21, SC22), and four alternatives (Al, A2, A3, A4). Tables 4, 5, and 6 show the
pairwise comparison of each main criteria, sub-criteria, and alternative.

Table 4
Pairwise comparison for the main criteria
C1 C2
C2 7 1
Table 5
Pairwise comparison for the sub-criteria
Cl SC11 SC12
SC11 3 7
C2 SC21 SC22
SC22 6 1
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Table 6
Pairwise comparison for the alternatives
SC11 Al A2 A3 A4
Al 1 3 6 7
SC12 Al A2 A3 A4
A2 5 1 5 7
SC21 Al A2 A3 A4
A3 7 5 1 3
SC22 Al A2 A3 A4
Al 1 7 5 9

The proposed BPNS-AHP express with a new linguistic variable was tested using a
simple numerical example provided by Leal (2020) as follows:

Step 1: Establish the main criteria and sub-criteria in accordance with the project’s
primary objectives.

In this study, there are 2 main criteria (Level 1), C1 and C2; 4 sub-criteria (Level 2):
SC11, SC12, SC21 and SC22; and 4 alternatives (Level 3): Al, A2, A3 and A4.

Step 2: Create a decision tree with the goal (alternatives) at the bottom and the objective,
main criteria, and sub-criteria at the top.

Figure 2 illustrates the decision tree for the identified problems. The objectives of the
problem are delineated at the top level, followed by the secondary objective (main
criteria) which collectively contributes to the primary objective at the second level.
Additionally, the third level is made up of sub-criteria that align with the second
objective of the priority structure. Alternatives are then considered at a lower level.
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Objective
C1 c2
SC11 sC12 5C21 5C22
Al A2 A3 Ad

Figure 2 Example of objective hierarchy with two levels of criteria and alternatives in the
third level

Step 3: Conduct pairwise comparison and priority calculation.
Create Decision Matrices with BPNS Linguistic Variables

Develop a decision matrix with BPNS linguistic variables for each level by identifying
the criteria deemed more significant than others as the primary elements.

Tables 7-9 show the decision matrix of levels 1 to 3 with the proposed BPNS linguistic
variable. The primary element is the most important element compared to the other
elements. For example, for decision matrix level 1, as in Table 7, C2 is the primary
element because C2 is more important than C1.

Table 7
Decision matrix for level 1 incorporating the proposed BPNS linguistic variable

C1 C2
C2 <0.9,0.1,0.1,-0.03,-0.015,-  <0.1,0.8,0.9,-0.93,-0.46,-
0.01> 0.31>

In Level 2, within the main criteria C1, the primary element is identified as SC11, while
for C2, the primary element is SC22.
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Table 8

Decision matrix for level 2 incorporating the proposed BPNS linguistic variable
Cl SC11 SC12
SC11 <0.35,0.6,0.6,-0.38,-0.19,-0.12 <0.9,0.1,0.1,-0.03,-0.015,-0.01>
C2 Sc21 SC22
SC22 <0.8,0.2,0.15,-0.12,-0.06,-0.04> <0.1,0.8,0.9,-0.93,-0.46,-0.31>

In Level 3, the primary elements for the sub-criteria SC11, SC12, SC21, and SC22 are

designated as Al, A2, A3, and Al respectively.

Table 9

Decision matrix for level 3 incorporating the proposed BPNS linguistic variable

SCl11 Al A2 A3 Ad

Al <0.1,0.8,0.9,- <0.2,0.7,0.8,- <0.5,0.4,0.45,-0.32,- <0.8,0.2,0.15,-
0.93,-0.46,-0.31> 0.45,-0.32,-0.15> 0.16,-0.1> 0.12,-0.06,-0.04>

SC12 Al A2 A3 Ad

A2 <0.5,0.4,0.45,- (0.1,0.8,0.9,- <0.5,0.4,0.45,-0.32,- <0.8,0.2,0.15,-
0.32,-0.16,-0.1>  0.93,-0.46,-0.31)) 0.16,-0.1> 0.12,-0.06,-0.04>

SC21 Al A2 A3 Ad

A3 <0.8,0.2,0.15,- <0.5,0.4,0.45,- (0.1,0.8,0.9,-0.93,- <0.2,0.7,0.8,-
0.12,-0.06,-0.04> 0.32,-0.16,-0.1> 0.46,-0.31) 0.45,-0.32,-0.15>

SC22 Al A2 A3 Ad

Al <0.1,0.8,0.9,- <0.8,0.2,0.15,- <0.5,0.4,0.45,-0.32,- <0.9,0.1,0.1,-
0.93,-0.46,-0.31> 0.12,-0.06,-0.04> 0.16,-0.1> 0.03,-0.015,-

0.01>

Calculate Priority Vectors

Compute the vector of priorities for the criterion using Equation (13).

The results are presented in Tables 10-16.

PR11_Al=<
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1.25

1.111
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-2.174 -3.226

, , , , , >
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=<0.2520,0.0315,0.0280,0.0122,0.0247,0.0367 >
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Table 10

Calculation of priority for alternatives associated with sub-criterion SC11

SC11 Al A2 A3 A4
Al <0.1,0.8,0.9,- <0.2,0.7,0.8,- <0.5,0.4,0.45,- <0.8,0.2,0.15,-
0.93,-0.46,-0.31> 0.45,-0.32,-0.15> 0.32,-0.16,-0.1> 0.12,-0.06,-0.04>
1/A1 <10,1.25,1.111,- <5,1.429,1.25,- <2,25.2.222,- <1.25,5,6.667,-
1.075,-2.174,- 2.222,-3.125,- 3.125,0.071,0.134> 8.333,-16.6667,-
3.226> 6.667> 25>
PR11 <0.252,0.0315,0. <0.126,0.036,0.0 <0.0504,0.063,0.05 <0.0315,0.126,0.1
028,0.0122,0.024 315,0.0253,0.03  6,0.0356,0.0711,0. 68,0.0948,0.1897,0
7,0.0367> 56,0.0759> 1128> .2845>
PR12 Al— < 2 , 2.5 ,2.222 , —3.125’ —6.25 , -10 S
- 38.722 38.722 38.722 -95.225 —95.225 -95.225
=<0.0516,0.065,0.0574,0.0328,0.0656,0.105 >
Table 11
Calculation of priority for alternatives within the sub-criterion SC12
SC12 Al A2 A3 A4
A2 <0.5,0.4,0.45,- (0.1,0.8,0.9,- <0.5,0.4,0.45,-0.32,- <0.8,0.2,0.15,-
0.32,-0.16,-0.1>  0.93,-0.46,-0.31)) 0.16,-0.1> 0.12,-0.06,-0.04>
1/A2 <2,25,2.222,- <10,1.25,1.111,- <2,2.5,2.222,- <1.25,5,6.667,-
3.125,-6.25,-10>  1.075,-2.174,- 3.125,-6.25,-10> 8.333,-16.667,-
3.226> 25>
PR12 <0.0516,0.065,0. <0.2582,0.0323,0 <0.0516,0.0645,0.0 <0.0323,0.1291,0
0574,0.0328,0.06 .0287,0.0113,0.02 574,0.0328,0.0656, .1721,0.0875,0.1
56,0.105> 28,0.0339> 0.105> 75,0.2625>
PR2L Al < 1.25 , 5 , 6.667 , -8.333 '—16.667, -25 S
- 39.679 39.679 39.679 -87.864 —87.864 —87.864
=<0.0315,0.126,0.168,0.0948,0.1897,0.2845 >
Table 12
Priority calculation for alternatives pertaining to sub-criterion SC21
SC21 Al A2 A3 A4
A3 <0.8,0.2,0.15,- <0.5,0.4,0.45,- (0.1,0.8,0.9,-0.93,-  <0.2,0.7,0.8,-
0.12,-0.06,-0.04> 0.32,-0.16,-0.1>  0.46,-0.31) 0.45,-0.32,-0.15>
1/A3 <1.25,5,6.667,- <2,2.5,2.222,- <10,1.25,1.111,- <5,1.4286,1.25,-
8.333,-16.667,- 3.125,-6.25,-10>  1.0753,-2.1739,- 2.222,-3.125,-
25> 3.2258> 6.667>
PR21 <0.0315,0.126,0. <0.0504,0.063,0. <0.252,0.0315,0.02 <0.126,0.036,0.0
168,0.0948,0.189 056,0.0356,0.071 8,0.0122,0.0247,0.0 315,0.0253,0.035
7,0.2845> 1,0.114> 367> 6,0.0759>
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10 125 1111 -1.075 -2.174 -3.226 g
53.111'53.111'53.111' —275.85 —275.85 —275.85
=<0.1882,0.0235,0.0209,0.0039,0.0079,0.0117 >

PR22 Al=<

Table 13

Calculation of priority for alternatives associated with sub-criterion SC22

SC22 Al A2 A3 A4

Al <0.1,0.8,0.9,- <0.8,0.2,0.15,- <0.5,0.4,0.45,-0.32,- <0.9,0.1,0.1,-
0.93,-0.46,-0.31> 0.12,-0.06,-0.04> 0.16,-0.1> 0.03,-0.015,-

0.01>

1/A1 <10,1.25,1.111,- <1.255,6.667,- <2,2.5,2.222,- <1.111,10,10,-
1.0753,-2.174,- 8.333,-16.667,- 3.125,-6.25,-10> 33.333,-66.667,-
3.2258> 25> 100>

PR22 <0.1882,0.0235,0 <0.0235,0.0941,0 <0.0377,0.047,0.04 <0.0209,0.1882,0
.0209,0.0039,0.0  .1255,0.0302,0.06 18,0.0113,0.0227,0. .1882,0.1208,0.2
079,0.0117> 04,0.0906> 0362> 417,0.3625>

10 1.25 1.111 -1.075 -2.174 -3.226 g
20.04'20.04'20.04" —18.489 —18.489 ' —18.489
=< 0.499,0.0624,0.0554,0.0582,0.1176,0.1745 >

PSC1_SCll=<

Table 14

Priority calculation for sub-criteria within the main criterion C1 (PSC)

Cl SC11 SC12

SC11  <0.1,0.8,0.9,-0.93,-0.46,-0.31> <0.2,0.7,0.8,-0.45,-0.32,-0.15>

1/SC11 <10,1.25,1.111,-1.0753,-2.174,- <5,1.4286,1.25,-2.222,-3.125,-6.667>
3.2258>

PSC1  <0.499,0.0624,0.0554,0.0582,0.1176,0 <0.2495,0.0713,0.0624,0.1202,0.169,
.1745> 0.3601>

1.111 10 10 33333 -66.667 100 _
33.472'33.472'33.472" —206.475 —206.475 —206.475
=< 0.0332,0.299,0.299,0.1614,0.323,0.4843 >

PSC2_SC21=<
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Table 15

Priority calculation for sub-criteria within main criteria C2 (PSC)

C2 SC21 SC22

SC22 <0.9,0.1,0.1,-0.03,-0.015,-0.01> <0.1,0.8,0.9,-0.93,-0.46,-0.31>

1/SC22 <1.111,10,10,-33.333,-66.667,-100> <10,1.25,1.111,-1.0753,-2.174,-

3.226>

PSC2 <0.0332,0.299,0.299,0.1614,0.323,0.4  <0.2988,0.0373,0.0332,0.0052,0.010

843> 5,0.0156>

1.111 10 10 -33.333 -66.667 -100 g
33.472'33.472'33.472 " —206.475 —206.475' —206.475
=<0.0332,0.299,0.299,0.1614,0.323,0.4843 >

PC_Cl=<

Table 16

Priority calculation for main criteria (PC)
Cl C2

C2 <0.9,0.1,0.1,-0.03,-0.015,-0.01> <0.1,0.8,0.9,-0.93,-0.46,-0.31>

1/C2 <1.111,10,10,-33.333,-66.667,-100> <10,1.25,1.111,-1.0753,-2.174,-

3.226>

PC <0.0332,0.299,0.299,0.1614,0.323,0.4  <0.2988,0.0373,0.0332,0.0052,0.010

843> 5,0.0156>

Deneutrosophication Process

The deneutrosophication process for obtaining crisp values uses Equation (14) to yield a
crisp value, as demonstrated in Tables 17-19.

(0.499 + (0.0624*0.5)) {1_ (0.0582 + (0.1176*0.5))

15 15 J
=0.5476

PSC11_Cl=
- 2.3291

Table 17
Crisp values of priority for the sub-criteria within each criterion (PSC)

SC11 SC12 SC21 SC22
C1 0.5476 0.4524 0 0
C2 0 0 0.4294 0.5706
(0.252+(0.0315%05)) [1_ (0.0122 + (0.0247 *0.5))J
15 15
PSC11_Al= =0.3742
3.1058
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Table 18
Crisp values of priority for the alternatives within each sub-criterion (PASC)
Al A2 A3 A4
SC11 0.3742 0.3436 0.3243 0.3015
SC12 0.2445 0.2821 0.2445 0.2290
SC21 0.2244 0.2413 0.2785 0.2558
SC22 0.2768 0.2470 0.2516 0.2246
(0.0332 + (0.2988*0.5)) N (1_ (0.1614 + (0.3229*0.5))}
15 15
PC_Cl= =0.4294
- 2.111

Table 19
Crisp values of priority of the main criteria

Cl C2

0.4294 0.5706

Step 4: Aggregate the results.

Table 20 shows the priority of PSC versus PASC. The priorities of the alternatives of
each main criterion (PAC) were obtained using Equation (15). The PAC results are
displayed in Table 21.

Table 20
Priority of the sub-criteria for each criterion (PSC) versus priority of the alternative for
each sub-criterion (PASC)

PSC PASC

SC11 SC12 SC21 SC22 Al A2 A3 A4

05476 04524 |0 0 0.3742 ]0.3436 | 0.3243 | 0.3015

0 0 04294 | 05706 |0.2445 |0.2821 |0.2445 |0.2290
0.2244 10.2413 | 0.2785 | 0.2558
0.2768 |0.2470 | 0.2516 | 0.2246

PAC_ CIAL= (0.5476*0.3742) + (0.4524*0.2445) + (0*0.2244) + (0*0.2768) = 0.3155

Table 21
Priorities of the alternatives in each criterion (PAC)

Al A2 A3 A4
C1 0.3155 0.3099 0.2882 0.2687
C2 0.2543 0.2446 0.2632 0.2380
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Step 5: Synthesize final priorities.

Create a schematic representation of the matrix calculation for the final priorities. Table
22 illustrates the matrix multiplication schema used to derive the final priorities. The
priorities of each criterion have been calculated using Equation (16). The final priority for
the alternatives is depicted in Table 23.

Table 22
Schema of the matrix multiplication

PC PAC

Cl C2 Al A2 A3 Ad

0.4294 0.5706 0.3155 0.3099 0.2882 0.2687
0.2543 0.2446 0.2632 0.2380

PA_Al=(0.4294*0.3155) + (0.5706*0.2543) = 0.2806

Table 23
Final priorities of the alternatives

Al A2 A3 A4
PA 0.2806 0.2540 0.1725 0.1519

Step 6: Determination of final priority vector for the alternatives

In Step 6, the final priority vector for the alternatives is determined by aggregating the
weighted priorities from the previous steps. Table 24 shows the final ranking of the
alternatives.

Table 24
Ranking of the alternatives

Al A2 A3 A4
PA 0.2806 0.2540 0.1725 0.1519
RANK 1 2 3 4

The findings of the decision-making problem indicate that the priority of Al is 0.2806,
which is higher than the priorities of the other alternatives. Following Al, the priorities of
A2 and A3 are lower, with A4 having the lowest priority.

5. Discussion

The suggested method was validated, and its accuracy was observed through comparative
analysis and sensitivity analysis to see the robustness and reliability of the BPNS-AHP
express method.
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5.1 Comparative analysis

The comparative results between the AHP-express and BPNS-AHP express approaches
are presented in Table 25.

Table 25

Comparative analysis
Method Priorities Ranking
AHP-express 0.108<0.159<0.245<0.488 A4<A2<A3<Al

BPNS-AHP express 0.1518<0.1725<0.2540<0.2806 A4<A3<A2<Al

The ranking order for BPNS-AHP express and AHP-express exhibits significant
agreement for rank 1 and rank 4 but differs for ranks 2 and 3. This differentiation arises
due to the use of crisp numbers in AHP-express, leading to a substantial gap between the
values of linguistic variables, thereby impacting the ranking. A crisp number represents a
precise and definite value without any uncertainty or vagueness. BPNS-AHP express
provides a more accurate value by representing a range of possible values with varying
degrees of membership. The conventional method, utilizing crisp numbers, fails to
adequately address uncertainty, whereas the proposed model considers elements that
handle indeterminacy, thereby enhancing differentiation between positive and negative
uncertainties.

Furthermore, BPNS-AHP express introduces a novel linguistic variable that encompasses
degrees of truth, falsity, and indeterminacy, as well as positive and negative influences.
This empowers decision-makers to navigate intricate decision scenarios with enhanced
precision and flexibility. In real-life situations, certain complex problems may remain
unsolved when employing conventional linguistic variables, often due to overlooked
elements. Therefore, the development of a new linguistic variable is crucial for accurately
representing the opinions of decision-makers.

5.2 Sensitivity analysis

The sensitivity analysis helps explain how changes in the confidence level can impact the
final decision. By adjusting the parameter, \\ within its range, the robustness of the
decision-making process is tested. If the rankings of the alternatives remain consistent
across different values of yy, it indicates a robust and reliable decision model. This step
is crucial in validating the decision-making framework and ensuring that the chosen
alternative remains the best option under varying levels of confidence and uncertainty.
These adjustments and verification enhance the credibility of the decision-making
process, providing decision-makers with a thorough understanding of how changes in key
parameters affect the outcome.

A sensitivity analysis was conducted to ascertain the impact of various model parameters
and inputs on the ultimate decision outcome. These characteristics were schematically
adjusted to see how adjustments affected the alternatives’ rankings or preferences.
Parameter W, where {W = 0.1, 0.3, 0.5, 0.7, 0.9, 1}, was regarded as a variable. Table 26
displays the findings of the sensitivity study and Figure 3 shows the sensitivity analysis
graph.
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Table 26
Sensitivity analysis

PA

W Al A2 A3 Ad RANK
0.1 0.3134 0.3079 0.2877 0.2520 A1>A2>A3>A4
0.3 0.3160 0.3101 0.2881 0.2609 A1>A2>A3>A4
05 0.2806 0.2540 0.1725 0.1519 A1>A2>A3>A4
0.7 0.3103 0.3045 0.2863 0.2738 A1>A2>A3>A4
0.9 0.3071 0.3012 0.2852 0.2795 Al1>A2>A3>A4
1.0 0.3056 0.2996 0.2847 0.2823 A1>A2>A3>A4

Table 26 presents the results of the sensitivity analysis to show the impact of varying the
confidence level parameter \y on the final priority rankings of alternatives Al, A2, A3,
and A4. The parameter \y ranges from 0.1 to 1.0, representing different levels of
confidence in the decision-making process. As \y changes, the priorities for each
alternative are recalculated. Despite these changes, the ranking order of the alternatives
remains consistent, with Al consistently ranked highest, followed by A2, A3, and A4.
For instance, at \ = (.1, the priorities are 0.3134 for A1, 0.3079 for A2, 0.2877 for A3,
and 0.2520 for A4, resulting in the ranking A1 > A2 > A3 > A4. This pattern holds true
across all tested values of \y/, indicating that Al is the most preferred alternative under
varying confidence levels. This consistent ranking demonstrates the robustness and
stability of the decision model, suggesting that the final decision is reliable and less
sensitive to changes in the confidence parameter \y .
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Figure 3 Graph of sensitivity analysis

Figure 3 shows how the priorities pa of alternatives Al, A2, A3, and A4 change with
varying confidence levels, \y from 0.1 to 1.0. The graph indicates that Al consistently
has the highest priority, followed by A2, A3, and A4, regardless of the value of \y .
While the priority values fluctuate slightly, the overall ranking of the alternatives remains
stable (Al > A2 > A3 > A4). This stability suggests that the decision model is robust and
reliable, as the preferred alternative Al remains consistent across different levels of
confidence.

6. Managerial implications

The integration of the BPNS with AHP-express has significant implications for decision-
making processes. By enhancing the accuracy and reliability of these processes, this
method allows for more informed and balanced decisions through comprehensive
evaluations that consider both positive and negative influences. It effectively handles
uncertainty and imprecise information, particularly in complex scenarios like strategic
planning, project evaluation, and risk assessment. The simplified AHP-express method
reduces the number of pairwise comparisons required, saving time and computational
resources, thus allowing a focus on critical decision-making aspects and quicker
responses to changing business environments. The structured framework of BPNS-AHP
express ensures consistency in judgments across different stages, mitigating individual
biases and enhancing decision quality.

Moreover, the method’s scalability and flexibility make it adaptable to various decision-
making scenarios across different industries, allowing for customization of criteria and
sub-criteria according to specific organizational needs. This adaptability makes the
method highly applicable in diverse contexts. The use of linguistic variables that align
with natural expressions of preferences and judgments enhances stakeholder engagement,
fostering active participation in the decision-making process and securing greater buy-in
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and support for final decisions. By clearly defining and prioritizing criteria, the method
helps align decisions with organizational strategic objectives, ensuring that decisions
contribute to achieving long-term goals and enhancing overall performance.

Additionally, the BPNS-AHP express method includes a robust sensitivity analysis
component, allowing an understanding of the impact of varying parameters on the final
decision. This analysis ensures the robustness and stability of decisions, confirming that
the chosen alternatives remain optimal under different scenarios. In summary, integrating
BPNS with AHP-express offers a powerful tool to improve decision-making quality,
efficiency, and flexibility.

7. Limitations and future research directions

While the integration of BPNS with AHP-express offers significant improvements in
decision-making processes, several limitations should be noted. First, the method’s
reliance on linguistic variables and fuzzy logic, while beneficial for handling uncertainty,
may introduce subjectivity in the interpretation of these variables. This subjectivity can
potentially affect the consistency and reliability of the results. Additionally, the accuracy
of the BPNS-AHP express method depends on the quality and comprehensiveness of the
input data. Inadequate or biased data can lead to suboptimal decision outcomes.

Another limitation is the computational complexity involved in the deneutrosophication
process and the handling of large datasets. As the number of criteria and alternatives
increases, the method may require significant computational resources and time, which
could be a constraint in real-time decision-making scenarios. Furthermore, while the
method is adaptable to various decision-making contexts, its effectiveness in extremely
dynamic environments with rapidly changing variables has not been fully tested.

Future research should focus on addressing these limitations by developing more refined
techniques for interpreting and standardizing linguistic variables to reduce subjectivity.
Additionally, exploring methods to streamline the computational processes involved in
BPNS-AHP express will be crucial for enhancing its applicability in real-time and large-
scale decision-making scenarios. Further studies should also investigate the integration of
BPNS-AHP express with other advanced decision-making frameworks and technologies,
such as artificial intelligence and machine learning, to enhance its robustness and
adaptability in dynamic environments.

8. Conclusion

The integration of the BPNS with AHP-express (BPNS-AHP express) provides a
powerful and flexible approach to multi-criteria decision-making. By incorporating both
positive and negative influences and utilizing fuzzy logic, this method addresses the
inherent uncertainty and imprecision in real-world decision scenarios. The simplified
AHP-express reduces the number of required comparisons, saving time and
computational resources, while maintaining the accuracy and reliability of the decision-
making process. The method's adaptability allows for its application across various
industries and decision-making contexts, from strategic planning and project evaluation
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to risk assessment. By enhancing stakeholder engagement using natural linguistic
expressions and aligning decisions with organizational strategic objectives, BPNS-AHP
express ensures that decisions are both comprehensive and aligned with long-term goals.

Despite these advantages, the method’s reliance on linguistic variables and fuzzy logic
requires a high degree of computation. Future research should aim to refine the
interpretation of linguistic variables, reduce computational complexity, and explore the
integration with other advanced decision-making frameworks. In conclusion, BPNS-AHP
express represents a significant progress in the field of multi-criteria decision-making,
offering a robust, efficient, and adaptable tool for handling complex decision scenarios.
Its ability to incorporate uncertainty and provide a structured framework for evaluation
makes it an asset for enhancing decision quality and effectiveness in various
organizational contexts. Further research and development will continue to improve its
applicability and performance, ensuring its relevance and utility in an ever-evolving
decision-making landscape.

International Journal of the 27 Vol 16 Issue 2 2024
Analytic Hierarchy Process ISSN 1936-6744
https://doi.org/10.13033/ijahp.v16i2.1182



IJAHP Article: Ahmad, Rodzi, Ahmad, Razak/ Bipolar Pythagorean Fuzzy Neutrosophic Set
(BPNS) integrated with AHP express (BPNS-AHP express) with linguistic variables: a new
approach

REFERENCES

Abdel-Basset, M., Gunasekaran, M., Mohamed, M., & Smarandache, F. (2018). A novel
method for solving the fully neutrosophic linear programming problems. Neural
Computing and Applications, 31(5), 1595-1605. http://dx.doi.org/10.1007/s00521-018-
3404-6

Ahmad, N., Rodzi, Z., Al-Sharqi, F., Al-Quran, A., Lufti, A., Yusof, Z., & Hassanuddin,
N. (2024). Innovative theoretical approach: Bipolar Pythagorean Neutrosophic Sets
(BPNSSs) in decision-making, International Journal of Neutrosophic Science, 23, 249-
256. http://dx.doi.org/10.54216/ijns.230122

Akman, G., Boyaci, A. | & Kurnaz, s. (2022). Selecting the suitable e-commerce
marketplace with neutrosophic fuzzy AHP and EDAS methods from seller’s perspective
in the context of Covid-19. International Journal of the Analytic Hierarchy Process,
14(3), 1-36. https://doi.org/10.13033/ijahp.v14i3.994

Aly, M., & Maher, H. (2014). Integrating AHP and Genetic Algorithm model adopted for
personal selection. International Journal of Engineering Trends and Technology, 6(5),
246-256.

Alam, N., Khalif, K., & Jaini, N. (2023). Analytic hierarchy process based on the
magnitude of z-numbers. International Journal of the Analytic Hierarchy Process, 15(1),
1-17. https://doi.org/10.13033/ijahp.v15i1.1063

Awang, A., & Ali, M. (2019). Hesitant bipolar-valued neutrosophic set: formulation,
theory and application. IEEE Access, 7, 176099-176114.
https://doi.org/10.1109/ACCESS.2019.2946985

Cruz, A. & Hayos, J. M. C. (2024). Analyzing public policy responses to the covid-19
pandemic in Mexico: An application of Analytic Hierarchy Process (AHP) techniques,
International Journal Analytic Hierarchy Process, 16(1), 1-32.
https://doi.org/10.13033/ijahp.v16i1.992

Deli, 1., Ali, M. & Smarandache, F. (2015). Bipolar neutrosophic sets and their
application based on multi-criteria decision making problems. Proceedings of the 2015
International Conference on Advanced Maehatronic Systems, Beijing, China.

Francozo, R., Junior, L., Carrapateira, E., Pacheco, B., Oliveira, M., Torsoni, G., & Yari,
J. (2023). A web-based software for group decision with analytic hierarchy process.
MethodsX, 11,102277. https://doi.org/10.1016/j.mex.2023.102277

Haktanir, E., & Kahraman, C. (2024). Integrated AHP & TOPSIS methodology using
intuitionistic Z-numbers: An application on hydrogen storage technology selection,
Expert Systems with Applications, 239, 122382.
https://doi.org/10.1016/j.eswa.2023.122382

International Journal of the 28 Vol 16 Issue 2 2024
Analytic Hierarchy Process ISSN 1936-6744
https://doi.org/10.13033/ijahp.v16i2.1182


https://doi.org/10.13033/ijahp.v15i1.1063
http://dx.doi.org/10.1109/ACCESS.2019.2946985
https://doi.org/10.1016/j.mex.2023.102277

IJAHP Article: Ahmad, Rodzi, Ahmad, Razak/ Bipolar Pythagorean Fuzzy Neutrosophic Set
(BPNS) integrated with AHP express (BPNS-AHP express) with linguistic variables: a new
approach

Hashim, R. M., Gulistan, M., Rehman, I., Hassan, N., & Nasruddin A. M. (2020).
Neutrosophic bipolar fuzzy sets and its application in medicines preparations.
Neutrosophic Sets and System, 31, 86-100.

Imansyah, F., &Karnaningroem, N. (2020). Environmental pollution impact analysis on
faecal sludge process using life cycle assessment and analytic hierarchy process. The
Journal for Technology and Science, 31(2), 211-222.
https://doi.org.10.12962/j20882033.v31i2.6333

Ismail, J. N., Rodzi, Z., Hashim, H., Al-Sharqi, F., Al-Quran, A., & Ahmad, A. G.
(2023a). Enhancing decision accuracy in DEMATEL using Bonferroni mean aggregation
under Pythagorean neutrosophic environment. Journal of Fuzzy Extension and
Application, 4, 281-298. https//.doi.org.10.22105/jfea.2023.422582.1318

Ismail, J. N., Rodzi, Z., Al-Sharqi, F., Al-quran, A., Hashim, H. & Sulaiman N. H.
(2023b). Algebraic operations on Pythagorean Neutrosophic Sets (PNS): Extending
applicability and decision-making capabilities. International Journal of Neutrosophic
Science, 2, 127-134. http://dx.doi.org/10.54216/ijns.210412

Kebir, G., Larbes, C., llinca, A., Obeidi, T., & Kebir, S. (2018). Study of the intelligent
behavior of a maximum photovoltaic energy tracking fuzzy controller. Energies, 11(12),
3263. https://doi.org/10.3390/en11123263

Lanbaran, N., Celik, E., & Yigider, M. (2020). Evaluation of investment opportunities
with interval-valued fuzzy topsis method. Applied Mathematics and Nonlinear Sciences,
5(1), 461-474. https://doi.org/10.2478/amns.2020.1.00044

Leal, J. E. (2020). AHP-express: A simplified version of the analytical hierarchy process
method, MethodsX, 7, 100748. http://dx.doi.org/10.1016/j.mex.2019.11.021

Li, F., Phoon, K. K., Du, x., & Zhang, M. (2013). Improved AHP method and its
application in risk identification. Journal of Construction Engineering and Management,
139(3), 312-320. https://doi.org/10.1061/(ASCE)C0.1943-7862.0000605

Lin, C. L., Fan, C. L., & Chen, B. K. (2022). Hybrid analytic hierarchy process—artificial
neural network model for predicting the major risks and quality of Taiwanese
construction  projects,  Applied  Sciences,  12(15), 7790.  https:doi.org/
10.3390/app12157790

Nabeeh, N., Abdel-Basset, M., El-Ghareeb, H., & Aboelfetouh, A. (2019). Neutrosophic
multi-criteria decision making approach for iot-based enterprises. IEEE Access, 7,
59559-59574. https://doi.org.10.1109/ACCESS.2019.2908919

Nahavandi, B., Homayounfar, M & Daneshvar, A. (2023). A fuzzy analytical hierarchy
process for evaluation of knowledge management effectiveness in research centers.
Journal of the Analytic Hierarchy Process, 15(1), 1-30.
https://doi.org/10.13033/ijahp.v15i1.978

International Journal of the 29 Vol 16 Issue 2 2024
Analytic Hierarchy Process ISSN 1936-6744
https://doi.org/10.13033/ijahp.v16i2.1182


http://dx.doi.org/10.22105/jfea.2023.422582.1318
https://doi.org/10.3390/en11123263
https://doi.org/10.2478/amns.2020.1.00044
http://dx.doi.org/10.1109/ACCESS.2019.2908919

IJAHP Article: Ahmad, Rodzi, Ahmad, Razak/ Bipolar Pythagorean Fuzzy Neutrosophic Set
(BPNS) integrated with AHP express (BPNS-AHP express) with linguistic variables: a new
approach

Namin, F., Askari, H., Ramesh, S., Hassani, S., Khanmohammadi, E., & Ebrahimi, H.
(2019). Application of anp network analysis process method in swot model. Civil
Engineering Journal, 5(2), 458-465. https://doi.org.10.28991/cej-2019-03091260

Norddin, N. I., Ahmad, N., & Yusof, Z. (2015). Selecting best employee of the year using
analytical hierarchy process, Journal of Basic and Applied Science Research, 5, 72—76.

Rodzi, Z., & Hazri, A. N., Azri, N. A. S., Rhmdan N. D. F., Zaharudin, Z. A. & Saladin,
U. (2023). Uncovering obstacles to household waste recycling in Seremban, Malaysia
through Decision-Making Trial and Evaluation Laboratory (DEMATEL) analysis.
Science & Technology Indonesia, 8, 422-428.
http://dx.doi.org/10.26554/sti.2023.8.3.422-428

Rodzi, Zahari & Ahmad, Abd. (2020). Application of parameterized hesitant fuzzy soft
set theory in decision making. Mathematics and Statistics, 8, 244-253.
http://dx.doi.org/10.13189/ms.2020.080302

Saaty, T.L. (1980). The Analytical Hierarchy Process. New York: McGraw-Hill.

Saaty, T. L. (2005). Theory and Applications of the Analytic Network Process.
Pittsburgh, PA: RWS Publications

Sahoo, L. (2018). Solving matrix games with linguistic payoffs. International Journal of
Systems  Assurance  Engineering and  Management,  10(4),  484-490.
http://dx.doi.org/10.1007/s13198-018-0714-0

Saména, M., Dasril, Y., & Muslim, M. A. (2021). The new fuzzy analytical hierarchy
process with interval type-2 trapezoidal fuzzy sets and its application. Fuzzy Information
and Engineering, 13(3), 391-419. http://dx.doi.org/10.1080/16168658.2021.1952760

Samanlioglu, F. (2019). Evaluation of influenza intervention strategies in turkey with
fuzzy ahp-vikor. Journal of Healthcare Engineering, 1-9.
https://doi.org.10.1155/2019/9486070

Sooksaksun, N. & Chanta, S. (2023). Application of analytic hierarchy process in
decision making of processed banana products for community enterprises. International
Journal of the Analytic Hierarchy Process, 15(2), 1-21.
http://dx.doi.org/10.13033/ijahp.v15i2.1091

Vargas, R.V. (2010). Using the Analytic Hierarchy Process (AHP) to select and prioritize
projects in a portfolio. Paper presented at PMI® Global Congress 2010—North America,
Washington, DC. Newtown Square, PA: Project Management Institute.

Valaskova, K., Bartosova, V., & Kubala, P. (2019). Behavioural aspects of financial
decision-making. Organizacija, 52(1), 22-31. http://dx.doi.org/10.2478/orga-2019-0003

Xincheng, G., & Xiang, L. (2023). Research on the development strategy of e-business
green logistic based on AHP, 4th International Conference on Urban Engineering and

International Journal of the 30 Vol 16 Issue 2 2024
Analytic Hierarchy Process ISSN 1936-6744
https://doi.org/10.13033/ijahp.v16i2.1182


https://doi.org/10.28991/cej-2019-03091260
https://doi.org/10.1155%2F2019%2F9486070

IJAHP Article: Ahmad, Rodzi, Ahmad, Razak/ Bipolar Pythagorean Fuzzy Neutrosophic Set
(BPNS) integrated with AHP express (BPNS-AHP express) with linguistic variables: a new
approach

Management  Science, E3S Web of Conferences 372, 02003 (2023).
https://doi.org/10.1051/e3sconf/202337202003

Zadeh, L. A. (1965). Fuzzy sets. Information and Control, 8, 338-353.

Zadeh, L. A. (1975). The concept of a linguistic variable and its application to
approximate reasoning, Information Sciences, 8, 199-249. https://doi.org/10.1016/0020-
0255(75)90036-5

Zhang, W.R. (1994). Bipolar fuzzy sets and relations: a computational framework for
cognitive modeling and multiagent decision analysis. Proceedings of the First
International Joint Conference of the North American Fuzzy Information Processing
Society Biannual Conference, 305-309. https://doi.org/10.1109/1JCF.1994.375115

Zouhair, S. (2020). Fuzzy logic control contribution to the rotor speed control of the
doubly fed induction generator. International Journal of Innovative Technology and
Exploring Engineering, 9(4), 540-546. http://dx.doi.org/10.35940/ijitee.n6846.029420

International Journal of the 31 Vol 16 Issue 2 2024
Analytic Hierarchy Process ISSN 1936-6744
https://doi.org/10.13033/ijahp.v16i2.1182



