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ABSTRACT

In the fast-paced evolution of industrial technology, selecting optimal automation systems is
essential for improving operational efficiency. Traditional decision-making frameworks often
fall short in addressing the complex interplay of diverse criteria, especially under conditions
of uncertainty and imprecision. This research proposes a decision-making methodology
that integrates dynamic exponential distance (DED) within the VIKOR (ViseKriterijjumska
Optimizacija | Kompromisno Resenje) framework, enhanced by neutrosophic logic. This inte-
gration provides a more accurate decision-making process by revolutionizing distance calcu-
lations with exponential transformations. The DED approach amplifies differences in extreme
values, enhancing the ability to distinguish between alternatives. The motivation behind
this research is the growing need for a more robust decision-making framework that can
better handle complex, uncertain, and contradictory information. The contributions of this
research include developing the DED approach to enhance precision in distance calculations
within neutrosophic environments using exponential transformations, introducing a compre-
hensive methodology to address uncertainty and indeterminacy in decision-making sce-
narios, and demonstrating the method’s adaptability to real-world industrial automation
challenges by improving discrimination. The comprehensive case study validates the pro-
posed method's effectiveness, showing better discrimination between alternatives and
adaptability to dynamic decision contexts. The runtime analysis highlights a balanced trade-
off between computational demands and decision-making performance compared to other
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1. Introduction

In the rapidly evolving landscape of industrial technol-
ogy, the selection of automation systems emerges as a
cornerstone in enhancing operational efficiency and
maintaining a competitive advantage. The complexity
inherent in this selection process is compounded by
the diverse and often conflicting criteria that must be
evaluated, ranging from system reliability and cost effi-
ciency to integration capability and ongoing support
(Fan et al., 2024). Traditional decision-making frame-
works often need to address the nuanced interplay of
these factors, particularly under conditions of uncer-
tainty and imprecision that characterize real-world
industrial environments (Lin, Liu, et al., 2024; Lin, Ma,
et al, 2024). The advent of neutrosophic logic
(Smarandache, 1999) offers a promising avenue for
refining decision-making methodologies. Neutrosophic
sets (NSs) can independently encode truth, indeter-
minacy, and falsity and provide a more flexible and

realistic representation of the information typically
encountered in industrial settings. However, the
challenge of integrating these sets into a robust deci-
sion-making process still needs to be solved. Several
methodologies stand out when considering decision-
making frameworks for evaluating complex systems
like industrial automation, each with distinct character-
istics. Here is an overview of popular decision-making
methods such as the Technique for Order of
Preference by Similarity to the Ideal Solution (TOPSIS)
(Hwang & Yoon, 1981), Elimination and Choice
Expressing Reality (ELECTRE) (Benayoun et al., 1966),
and VIseKriterijumska Optimizacija I Kompromisno
Resenje (VIKOR) (Opricovic, 1979), highlighting the
unique advantages of VIKOR and justifying its selec-
tion for our analysis.

TOPSIS is based on the idea that the chosen
alternative should have the shortest distance from
the ideal solution and the longest from the worst
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solution. It effectively uses geometric distances in
the criteria space to rank the alternatives. TOPSIS is
straightforward and computationally efficient. It
provides a clear rationale by considering both the
ideal and nadir points, making it intuitively appeal-
ing. However, it assumes that criteria are commen-
surately weighted and often require independent
criteria, which may not be feasible in interconnected
systems. Additionally, TOPSIS does not inherently
handle uncertainty or indeterminacy in data.
ELECTRE, which stands for Elimination and Choice
Expressing Reality, uses pairwise comparisons to
form outranking relationships among alternatives. It
is beneficial for handling qualitative data and con-
flicting criteria. ELECTRE is suitable for handling
non-compensatory criteria where trade-offs are not
allowed, allows for partial comparability, and
manages  inconsistent judgements effectively.
Nevertheless, the results can be challenging to inter-
pret due to potential incomparability. ELECTRE is
also complex to implement and requires setting sev-
eral thresholds, such as concordance and discord-
ance, which can be subjective. VIKOR ranks and
selects alternatives to determine a compromise solu-
tion. This method introduces the utility measure for
the “group utility” and the individual regret measure
for the “individual regret.” VIKOR is designed to
handle conflicting and non-commensurable (incom-
mensurable) criteria, which is common in industrial
decisions. It provides a clear ranking of alternatives
and identifies the best compromise solution, making
it highly suitable for group decision-making (GDM)
scenarios. The computation is relatively simple and
produces easy-to-understand outputs, which aid in
transparency and stakeholder communication.

Given the complexities and uncertainties inherent
in selecting industrial automation systems—where
multiple, often conflicting performance criteria
must be evaluated—VIKOR emerges as the most
appropriate method. The specific reasons for using
VIKOR are presented as follows:

1. Compromise solution orientation: VIKOR’s
methodology is inherently designed to find sol-
utions that best balance the interests of all
stakeholders involved, providing a compromise
that is often necessary in multifaceted industrial
environments.

2. Handling of conflicting criteria: Industrial auto-
mation balances performance, cost, reliability,
and integration. VIKOR excels in scenarios
where these criteria conflict, providing a sys-
tematic approach to navigating trade-offs.

3. Adaptability to uncertainty with dynamic expo-
nential distance (DED): By integrating VIKOR
with the DED, we enhance its ability to deal

with uncertainty and imprecision in criteria
assessments—a significant advantage in indus-
trial settings where inputs may be fuzzy or
incomplete.

4. Group decision facilitation: VIKOR facilitates
decision-making in a group context, where
stakeholders may prioritize different criteria.
This is particularly valuable in organizational
settings where buy-in from various departments
is crucial.

Since TOPSIS and ELECTRE have their strengths,
VIKOR’s suitability for addressing the specific chal-
lenges of industrial automation selection—signifi-
cantly when enhanced with DED—makes it the
optimal choice for our study. Its ability to synthesize
complex, conflicting criteria into a decision frame-
work that promotes compromise and consensus
aligns closely with the needs of modern industrial
enterprises.

In the realm of industrial automation, selecting
optimal systems requires a careful balance among
competing criteria such as system reliability, cost
efficiency, integration ease, and technical support.
Traditional  decision-making frameworks, like
TOPSIS and ELECTRE, predominantly use linear
distance measures such as Euclidean distance. These
methods assume criteria have equal weighting and
struggle to effectively handle uncertainty or indeter-
minacy in data, which limits their ability to capture
the complex realities of industrial decision-making
where conflicting criteria are prevalent. This meth-
odological shortcoming leaves a significant gap in
representing nuanced decision factors under condi-
tions of uncertainty, as traditional distance measures
lack the adaptability to differentiate between alterna-
tives in high-stakes industrial settings.

To address these challenges, this study introduces
a novel approach integrating DED with the VIKOR
framework, leveraging neutrosophic logic to better
handle the indeterminacy and imprecision often
found in industrial data. The DED method revolu-
tionizes distance calculations by incorporating expo-
nential transformations, which amplify differences
in critical decision factors, enabling improved dis-
crimination between closely ranked alternatives.
This advancement provides a more robust tool for
multi-attribute group decision making (MAGDM),
directly addressing the limitations in traditional
frameworks and enhancing decision accuracy and
reliability, particularly in complex industrial sce-
narios where uncertain data is prevalent.

From a practical perspective, the lack of a com-
prehensive methodology that accommodates diverse
stakeholder priorities, particularly when handling
incomplete or ambiguous information, presents a



barrier to optimized decision outcomes and consen-
sus. The DED-enhanced VIKOR framework
addresses this gap, allowing for a systematic
approach that facilitates GDM while balancing the
priorities of multiple stakeholders. Through a real-
world case study in industrial automation system
selection, this research demonstrates the practical
value of the DED-VIKOR approach, showcasing its
adaptability to changing decision contexts, its
enhanced discrimination capabilities, and its suit-
ability for achieving consensus in multifaceted
industrial settings.

1.2. Motivation of this research

In the complex realm of industrial automation,
selecting optimal systems is crucial for enhancing
operational efficiency and maintaining competitive
advantage. Traditional decision-making methods
often incorporate distance measures that fail to cap-
ture the intricate dynamics of industrial criteria, typ-
ically laden with uncertainty and imprecision.
Conventional measures like the Euclidean distance
assume linear interactions and equal weighting
across attributes, which do not adequately reflect the
true complexity of decision-making scenarios. These
shortcomings necessitate reevaluating distance meas-
ures to accommodate better the nuanced relation-
ships and varying significance of different criteria.

Recognizing these challenges motivates us to pro-
pose a DED within a MAGDM framework. The
DED approach revolutionizes how distances are cal-
culated by incorporating exponential transforma-
tions, thus allowing for a more nuanced handling of
the degrees of truth, indeterminacy, and falsity in
NSs. This method enhances the ability to distinguish
between alternatives in a way that aligns more
closely with the practical realities of industrial auto-
mation systems, where the severity of discrepancies
can disproportionately affect outcomes. To use the
advantages of DED in decision-making, we are
motivated to present a decision-making method that
utilizes DED within its framework. This endeavour
aims to improve the outcomes of the decision-
making process, enhancing the accuracy and reli-
ability of selecting industrial automation systems.

The key advantages of using the DED in a deci-
sion-making framework, especially within the con-
text of industrial automation selection, are itemized
as follows:

1. Enhanced sensitivity to extremes: DED employs
exponential functions amplifying the differences
in extreme truth and falsity values. This allows
for a more accurate representation of the
impact of each criterion, highlighting critical
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discrepancies that could significantly influence
decision outcomes.

2. Adaptive weighting of criteria: The defined
parameters in the DED formula can be adjusted
to reflect the varying importance of truth, inde-
terminacy, and falsity in different decision-mak-
ing contexts. This adaptability makes DED
particularly useful in environments where the
relevance of criteria may change over time or
across scenarios.

3. Improved handling of uncertainty and indeter-
minacy: Traditional distance measures often
struggle to incorporate and handle indeterminacy
within the decision-making process effectively.
DED, by contrast, explicitly integrates indeter-
minacy through its mathematical formulation,
providing a more robust framework for dealing
with uncertain and incomplete information.

4. Better discrimination between options: DED
distinguish more clearly between closely ranked
alternatives by intensifying the impact of signifi-
cant differences. This improved discrimination
is crucial in decision-making processes where
minor differences can lead to divergent out-
comes, ensuring that the selected options are
the most suitable.

5. Compatibility with neutrosophic data: DED is
designed to work with neutrosophic data, char-
acterized by their representation of truth, inde-
terminacy, and falsity. This compatibility is
advantageous in complex decision environments
where data may only sometimes be precise or
reliable.

1.3. Contribution of this research

This research first introduces the concept of DED.
Subsequently, it presents an enhanced version of the
VIKOR method, which is extended to incorporate
neutrosophic triplets for improved decision-making
in complex environments. The contributions of this
research are listed as follows:

1. Introduction of DED: This research introduces
the DED, a novel distance measure explicitly
designed for use in neutrosophic settings where
components such as truth, indeterminacy, and
falsity need to be quantitatively assessed. By
applying exponential transformations, DED
enhances sensitivity to variations in these compo-
nents, particularly accentuating the importance
of extremes critical in automation technology
decisions.

2. Enhancement of VIKOR method: The integra-
tion of DED into the VIKOR method represents
a significant advancement in multi-criteria



4 A. NAFEI ET AL.

decision-making (MCDM) and multi-attribute
decision-making ~(MADM). This  hybrid
approach not only improves the accuracy of
determining compromise solutions but also
makes the VIKOR method more suitable for
environments characterized by high levels of
uncertainty and conflicting criteria.

3. Advanced handling of uncertainty and
indeterminacy: By utilizing neutrosophic logic
to manage uncertainty and indeterminacy in
decision-making, the research pushes the boun-
daries of traditional decision models that often
rely on crisp data. This allows for more realistic
and reliable decision-making in industrial auto-
mation, where input data may only sometimes
be precise or entirely specific.

4. Practical application in industrial automation:
The research provides a comprehensive frame-
work that can be directly applied to selecting
industrial automation systems. This useful
application is demonstrated through a case
study, showcasing the effectiveness of the pro-
posed method in real-world scenarios and high-
lighting its potential to improve decision
outcomes in complex industrial settings.

5. Facilitation of stakeholder consensus: The
adapted VIKOR method, incorporating DED,
facilitates greater stakeholder consensus by pro-
viding a systematic approach to balance differ-
ent priorities and minimize regrets. This aspect
is precious in industrial contexts where deci-
sions must accommodate diverse objectives and
potential trade-offs.

1.4. Structure of the research

The structure of this research paper is outlined as
follows: Section 2 presents a review of existing avail-
able literature. Section 3 presents the preliminary
concepts and foundational theories pertinent to the
study. Section 4 elaborates on developing an expo-
nential distance measure tailored for neutrosophic
triplets. Section 5 details the algorithm of the
extended VIKOR method. Section 6 provides a
numerical example to illustrate the efficacy of the
proposed method. Section 7 conducts a sensitivity
analysis of the proposed method and compares it
with existing methods in the literature. The study is
concluded in Section 8, where the main findings are
summarized, and the research implications are
discussed.

2. Literature review

In the literature, several extensions of TOPSIS meth-
ods for solving decision-making methods under

uncertainty and indeterminacy have been proposed.
For instance, Qi (2023) proposed an extended
TOPSIS model integrated with the full consistency
method (FUCOM) method within a probabilistic
hesitant fuzzy context to address the performance
evaluation of public charging service quality, a typ-
ical MAGDM issue. Jiang and Song (2024) proposed
an improved TOPSIS method, dual probabilistic lin-
guistic term—TOPSIS, that integrates the traditional
TOPSIS approach with a projection measure
designed explicitly for dual probabilistic linguistic
term sets. Xu et al. (2024) proposed an innovative
method for evaluating the operational management
performance of intangible assets in commercial
sports events, addressing the challenges posed by a
lack of experience in event hosting. Gurmani et al.
(2023) proposed a MAGDM model to select the
most suitable construction company, considering
the complexities of human judgement and the
hybrid uncertainty of fuzziness and probability. The
critical innovation is introducing a linguistic inter-
val-valued T-spherical fuzzy set framework, which
allows decision-makers to provide evaluations in a
broader space and better handle vague information.
This method integrates aspect-based sentiment ana-
lysis, single-valued neutrosophic sets (SVNSs), and
an extended TOPSIS approach.

In addition, several extensions of ELECTRE for
solving decision-making methods under uncertainty
and indeterminacy have been proposed in recent
years. Saini et al. (2024) proposed a novel MAGDM
model for selecting a female spouse, utilizing the
ELECTRE-III method within a Pythagorean neutro-
sophic environment. This model addresses the com-
plexities and uncertainties of modern partner
selection by incorporating multiple criteria and hand-
ling conflicting and uncertain information. Kang
et al. (2024) proposed a novel hybrid MAGDM meth-
odology for selecting the most suitable wave-energy
converter for a power plant, utilizing single-valued
neutrosophic probabilistic hesitant fuzzy sets to
address uncertainties in data representation. The pro-
posed methodology integrates fuzzy stepwise
weighted assessment ratio analysis to assign weights
to the selection criteria and fuzzy ELECTRE to evalu-
ate and rank the alternatives. Zhu (2023) presented
an adaptive decision model based on deep learning.
Akram et al. (2023) proposed an enhanced version of
the ELECTRE IV method, incorporating fuzzy set
theory to address the water supply problem in Iran.
The proposed fuzzy ELECTRE IV method leverages
triangular fuzzy numbers to represent linguistic pref-
erences. It uses the outranking principle to evaluate
alternatives based on three types of preferences and
five dominance relations. J. Luo et al. (2024) pre-
sented the deep neural-network-based decision



method for financial risk prediction. Udhaya Sankar
et al. (2023) proposed a fuzzy ELECTRE multi-
criteria decision-making technique to enhance
cooperation among mobile nodes in self-configuring,
decentralized networks by identifying and mitigating
the impact of malicious nodes. This technique
addresses uncertainties in node behaviour, utilizing
the ELECTRE method to categorize nodes as
cooperative or malicious based on positive and nega-
tive flow values. Sarwar et al. (2023) proposed a novel
approach for failure modes and effects analysis by
integrating rough number clouds with the ELECTRE-
IT method to handle various uncertainties and ran-
domness in the assessment information. This
approach utilizes rough integrated clouds, a form of
regular cloud evaluations, to address ambiguity and
randomness through initial parameters and supposi-
tory functions. Talib et al. (2023) presented the deci-
sion-making framework for autism patient. Aljanabi
(2023) gave the comprehensive analysis of decision-
making.

In recent years, various extensions of the VIKOR
method have been developed to address decision-
making challenges under conditions of uncertainty
and indeterminacy. The authors (H. Wang et al
2023; Z. Wang et al. 2023) presented a novel deci-
sion-making method for green and sustainable sup-
plier selection within the context of green supply
chain management. This method addresses the
MADM problem using type-2 neutrosophic number
(T2NN) sets to handle decision-making informa-
tion. The proposed method combines the TODIM
(an acronym in Portuguese for interactive Multi-cri-
teria Decision Making) and VIKOR methods with
attribute weights determined by the entropy weight
method. X. Luo et al. (2023) suggested a method
for selecting sustainable suppliers within a supply
chain, addressing the MCDM problem and associ-
ated uncertainties. This method integrates the
VIKOR technique with SVNSs to effectively handle
insufficient information. Abdul et al. (2024) pre-
sented a systematic method for determining and
ranking the benefits of adopting renewable energy
(RE) technologies in remote areas, offering potential
solutions to related challenges. The analysis is struc-
tured into four levels, beginning with a comprehen-
sive literature review to identify the benefits of RE
technologies. Mahmudah et al. (2024) presented a
study to determine the most suitable site for con-
structing nuclear power plants in Indonesia, focus-
ing on socioeconomic factors. They employ two
MCDM methods: the fuzzy analytic hierarchy pro-
cess (FAHP) and fuzzy VIKOR. Dagistanli (2024)
proposed extending the VIKOR method for MCDM
in the interval-valued intuitionistic fuzzy (IVIF)
environment, specifically applied to the defence
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industry. This approach addresses the uncertainty
inherent in evaluating high-budget, long-term
defence projects by utilizing IVIF methods to
incorporate decision-makers preferences compre-
hensively. Wan et al. (2013) proposed a method for
solving MAGDM problems with triangular intui-
tionistic fuzzy numbers, defining distance measures,
calculating attribute and decision-maker weights,
and extending the VIKOR method to rank alterna-
tives based on closeness to an ideal solution. The
method’s effectiveness is demonstrated through a
personnel selection case study. Dong et al. (2017)
proposed a new Linguistic Hesitant Fuzzy VIKOR
(LHF-VIKOR) method for MCDM problems, intro-
ducing new distance measures and optimization
models to determine criteria weights in linguistically
hesitant fuzzy environments. The method’s effect-
iveness is demonstrated through an intelligent trans-
portation system evaluation. For more details, about
the MCDM approaches and their diverse applicable,
we refer to read the articles (David & Alamoodi,
2023; Mohammed et al, 2024) and their corre-
sponding references.

Apart from that, several researchers have pro-
posed the different kinds of innovative decision-
making methods to address complex multi-attribute
and multi-criteria group decision-making
(MCGDM) challenges under conditions of uncer-
tainty and linguistic hesitation. Nafei, Azizi, et al.
(2024) proposed a novel decision-making framework
that integrates TOPSIS with Neutrosophic Triplets
(NTs) and leverages machine learning, specifically
neural networks, to improve accuracy and efficiency
in MADM under uncertainty. This approach intro-
duces a frequency analysis-based ranking strategy to
better handle indeterminate information. Wan,
Zeng, et al. (2024) proposed two new methods for
interactive MAGDM using linguistic hesitant fuzzy
sets (LHFSs) and comprehensive cloud (CC) power
geometric (PG) aggregation operators to support
ERP (enterprise resource planning) system selection.
They define the CC of LHFS, a distance measure,
and introduce CC PG aggregation operators, along
with methods to determine both decision-maker
and attribute weights. Ye et al. (2024) proposed a
MCDM technique based on trigonometric t-norm
and t-conorm operational laws for single-valued
neutrosophic numbers (SVNNs), tailored for use in
inconsistent and indeterminate environments. They
develop trigonometric operational laws using tan-
gent, arctangent, cotangent, and inverse cotangent
functions and introduce SVNN trigonometric
weighted average and geometric aggregation opera-
tors with corresponding properties. These operators
form the foundation of the proposed MCDM tech-
nique, which is validated through a case study on
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slope treatment scheme selection, demonstrating the
method’s practicality and effectiveness. Wan, Dong,
and Chen (2024a, 2024b) proposed a linguistically
hesitant fuzzy MCGDM method for selecting shared
power bank suppliers, integrating multi-objective
optimization based on a ratio analysis plus the full
multiplicative form, best and worst method (BWM),
and prospect theory. Key contributions include a
new comparison approach for linguistic hesitant
fuzzy (LHF), LHF Bonferroni mean operators, and
tri-objective  optimization for decision-makers’
weights. Subjective criteria weights are derived via
BWM, objective weights through entropy, and com-
bined wusing Jenson-Shannon divergence. Garg
(2024) introduced the exponential-logarithm SVNS,
an extension of the SVNS, which integrates expo-
nential and logarithmic operations to enhance diver-
sity and manage uncertainty in decision-making. A
unique attitude parameter allows decision-makers to
adapt evaluations to their preferences.

In addition, several innovative decision-making
strategies based on the fuzzy set and its extensions
have been developed, with a particular focus on
addressing real-world decision-making challenges.
Imran et al. (2024) proposed the Aczel-Alsina aggre-
gation operator for single-valued neutrosophic hesi-
tant fuzzy sets, combining SVNSs and hesitant fuzzy
sets to handle insufficient, unreliable, and vague
environments. This operator is more flexible in its
t-norm and t-conorm properties, offering adaptabil-
ity for MADM problems. Wan, Dong, and Chen
(2024a, 2024b) proposed a new intuitionistic fuzzy
best-worst method for GDM using intuitionistic
fuzzy preference relations (IFPRs). The method uses
intuitionistic fuzzy values for reference comparisons
of criteria and defines additive consistency for IF
reference comparisons (IFRCs). A linear goal pro-
gramming model is developed to calculate optimal
priority weights, with a new approach to enhance
IFRCs’ consistency. Nafei, Huang, et al. (2024) pro-
posed a novel decision-making framework using
neutrosophic fuzzy sets (NFSs) to address limita-
tions in handling ambiguity and inconsistency
within MADM. The authors introduce an advanced
scoring mechanism for NFSs, along with a custom-
ized distance measure for identifying inconsistencies
in datasets. The framework integrates extensions of
TOPSIS and Autocratic methods for group MADM,
with frequency-based criteria to achieve clear alter-
native rankings.

3. Preliminaries and adjustment for
consistency

This section concisely overviews critical founda-
tional aspects of NSs, providing the theoretical basis

to understand the subsequent development of the
proposed adjustment model. It covers essential defi-
nitions, properties, and key elements needed for
enhancing consistency and achieving consensus in
neutrosophic decision-making processes.

Definition 3.1. (Smarandache, 1999) Let us consider
a finite universe of goals denoted as X. A NS N in
X is indicated by Ty : X — 07,17, Iy : X — 07,17,
and Fy:X — 07,17, Which meets the constraint
0~ < Tn(x) + In(x) + Fx(x) <3%,Vx € X. In this
representation, Tn(x),In(x), and Fy(x) signify the
truth, indeterminacy, and falsity membership
functions.

Definition 3.2. (H. Wang et al,, 2010) Let X be the
universe of discourse. A SVNS N is mapped as N =
{(x, Tn(x), In(x), Fx(x)); x € X}, where Ty :X —
[0,1], Iy : X — [0,1] and Fy : X — [0,1] and condi-
tion 0 <Tn(x)+Fn(x)+Iv(x) <3, VxeX is
always satisfied. In the context of the SVNS N, the
trinary (Ty(x),In(x), Fn(x)) is called a NT. For sim-
plicity, this trinary is often represented by the sym-
bol (T,IF).

Definition 3.3. (Smarandache, 1998) Consider x =
(T\,I,,F,) and y=(T,L,F,) as two NTs.
Following is a description of the mathematical oper-
ations between x and y.

L Jx= (1 -(1- Tl)’;lf,Ff), 2> 0, (1)
II. x —|—y = (T] + T2 - T1T2,11[2,F1F2), (2)
III. xx Yy = (T] Tz,Il + L —9LL,F,+F, — Fle),

(3)
V. ¥ =(Th1-(1-1),1-(1-FE)"),
(rhr-a-ny-a-ry),
4> 0.
o Tl 11—12 Fl—Fz
v x/y_(Tz’l—Iz’ 1—F2>' )

Definition 3.4. (Ye, 2017) For any two given NTs
x = (T\,I,F;) and y = (T, I, F,), the subtraction
operation is defined as:

TI_TZ Il Fl
- s Ty 5 ] 6
xSy <1—T2 L F2> ©

Definition 3.4. (Ye, 2014) The complement of a
SVNS N is represented by N° and is calculated as
T§(x) = Fy(x), Ig(x) =1-1I(x), and F§(x)=
Tn(x) for all elements x € X. Therefore N°=
{(x, Fx(x), 1= In(x), Tn(x)); x € X}.

Definition 3.5. (Nafei et al., 2021) Assume that
(T,I,F) is a NT. The score function S for ranking
the NT (T, L, F) is equal to:



s p) = 4t T—ZI—F5)<2—I)(2 -5

Definition 3.6. (Eroglu & $ahin, 2020) Assume
N = (T,,I,,F,) and M = (T5,1,,F,). N is a subset
of M, denoted NC M if T, < T, I, >, and F, > E,.
In this case, N is considered a subset of M because
N is less true, more indeterminate, and no less false
than M.

To elaborate on the advantages of the proposed
adjustment model on consistency and consensus, we
can emphasize the following aspects to clearly high-
light the novelty of the model:

1) Enhanced consistency mechanism:

e The proposed model introduces an iterative con-
sistency adjustment mechanism that recalibrates
the NTs to ensure consistency across different
decision-makers. This is particularly crucial when
dealing with uncertain and indeterminate data.

e Dynamic adjustment of weights: The model
allows for the dynamic adjustment of the weights
(associated with truth, indeterminacy, and fal-
sity). This flexibility ensures that the model can
adjust to varying decision contexts, where differ-
ent criteria might hold different levels of impor-
tance, further improving consistency.

2) Improved consensus-building:

e The adjustment model fosters greater consensus
by balancing the judgements of multiple deci-
sion-makers through its weighted aggregation
approach. The normalization of the NTs ensures
that outlier opinions are moderated, while more
consistent opinions are reinforced, facilitating a
smoother convergence towards a consensus.

e Integration of GDM elements: The model
accounts for the varying priorities and perspec-
tives of different stakeholders. By weighting their
contributions and adjusting the final aggregation
dynamically, the model promotes consensus even
in scenarios where opinions are initially
divergent.

e Reduction of conflicting opinions: By emphasiz-
ing the indeterminacy and falsity components
appropriately in the decision-making process, the
model reduces the weight of highly conflicting or
uncertain opinions, thereby steering the group
towards a more cohesive decision.

3) Robustness in uncertain environments:

e The proposed model is particularly effective in
handling uncertainty and indeterminacy, which
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are common challenges in complex decision-
making scenarios. By explicitly accounting for
the indeterminacy and falsity components, the
model provides a more robust framework for
decision-making where data may be incomplete
or conflicting.

e Improved handling of ambiguous data: The mod-
el’s ability to integrate indeterminacy directly
into the decision-making process allows it to
manage uncertain and ambiguous data more
effectively than traditional methods, which often
rely on crisp inputs.

These advantages demonstrate the novelty of the
proposed model by addressing both consistency and
consensus in ways that are not effectively handled by
existing methodologies. The ability to manage uncer-
tainty, dynamically adjust weights, and normalize
triplet components are key features that contribute to
the overall improvement of decision-making in com-
plex, indeterminate environments.

4. A new distance measure for NTs

The section introduces a DED measure designed to
overcome the limitations of traditional distance
measures, such as Hamming and Euclidean distan-
ces, particularly in the context of NSs, which involve
degrees of truth, indeterminacy, and falsity. The
exponential distance measure aims to provide a
more nuanced and precise assessment of alternatives
in decision-making processes. The following
presents the classical distance measures for NTs.

Definition 4.1. (Aydogdu, 2015) Suppose that N =
{{x, Ty(x), In(x), Ex(x));x € X}, and M = {(x,
Ty (x), In(x), Fa(x)); x € X} are two NSs in X. The
Hamming distance and Euclidean distance between
N and M are defined respectively as follows:

an(4,) = 5 (IT(5) = T + () = )

+ |Fn(x) — FM(x)|>.
(8)

)

However, the aforementioned distances are
unable to distinguish the distances in some special
cases. The following presents some examples to

illustrate these limitations.

Example 4.1. Assume that N = (0.5,0.2,0.7), M =
(1.0,0.6,0.5) and O = (0.9,0.7,0.9). It is easy to



8 A. NAFEI ET AL.

find out dy(N,M) = dy(N,0O) = 0.367, and dg(N,
M)= dg(N, 0) = 0.3872.

Example 4.2. Assume that N = (0.1,0.2,0.3), M =
(0.5,0.9,0.2) and O =(0.2,0.6,1.0). In this case,
dH(N, M) = dH(N, O) = 0.4, and dE(N, M) =
dp(N, 0)= 0.4690.

These examples illustrate the limitations of these
traditional measures, which fail to distinguish differ-
ences in some exceptional cases. These distance
measures yield the same distance for different NSs
and are also unable to differentiate -effectively
between sets.

To overcome these shortcomings and propose an
efficient measure with the ability to distinguish dis-
tances accurately, we suggest a DED for neutroso-
phic triplets. The DED approach revolutionizes how
distances are calculated by incorporating exponential
transformations, thus allowing for a more nuanced
handling of the degrees of truth, indeterminacy, and
falsity in NSs. The proposed DED is defined as
follows:

Definition 4.2. Suppose that N = {(x, Ty(x), Iy(x),
Fy(x));x € X}, and M = {(x, Tap(x), Im(x), Fm(x));
x € X} are two NSs in X. The suggested DED for N
and M are defined respectively as follows:

dp(N, M)

= \/62 (et — eTn)? 4 1 (In— IM)2 +p-(eFy — e~Fu)?.
(10)

The parameters J, 4 and u are used to balance the
importance of truth, indeterminacy, and falsity in the
DED framework. These parameters are crucial for
adapting the decision-making process to specific con-
texts, but practical considerations should guide their
selection. Below is a more refined explanation with
professional examples to illustrate their importance:

1. Contextual importance:

a. Example 1 (Quality control in manufactur-
ing): In a manufacturing process where
accurate detection of defects is paramount,
the truth component (6) holds greater sig-
nificance. For instance, if the automation
system needs to ensure the highest reliabil-
ity in detecting product defects, then a
higher & should be assigned, emphasizing
the importance of truth. On the other
hand, in a scenario where the system is
newly implemented and data uncertainty is
high, the indeterminacy component (4)
should be weighted more heavily. This
accounts for the inherent uncertainty in the
system’s performance during initial stages.

Similarly, if the data quality is questionable
and prone to errors, the falsity component
(1) could be emphasized to address the risk
of erroneous information influencing
decisions.

b. Example 2 (Decision-making in financial
risk assessment): In the context of assessing
investment risks, a higher /1 might be
chosen when indeterminacy, or uncertainty
about market trends, is of critical concern.
Conversely, if the analysis is based on well-
established financial models with highly
reliable data, the truth component (J)
should be prioritized to reflect the confi-
dence in the data and analysis.

2. Sensitivity analysis:

a. Example 1 (Industrial automation system
selection): In selecting an industrial auto-
mation system, sensitivity analysis can be
performed to examine how variations in 9,
A, and p influence the overall decision. For
instance, by increasing 6 by 10%, the deci-
sion-maker can observe whether this
change significantly alters the ranking of
automation systems. If it does, it suggests
that the decision is highly sensitive to the
truth component, indicating that the accur-
acy of the data plays a critical role.
Similarly, decreasing 4 (indeterminacy)
might show whether the system can tolerate
uncertain data inputs, which is vital for
decisions in volatile environments.

b. Example 2 (Health care resource alloca-
tion): In healthcare, where decision-making
involves uncertain patient outcomes and
varying reliability of medical data, a higher
weight for indeterminacy (4) may be cru-
cial. Sensitivity analysis could reveal that
small changes in A significantly affect
resource allocation decisions, underscoring
the need to carefully consider how uncer-
tainty impacts the overall effectiveness of
the allocation strategy.

These examples demonstrate how selecting
the appropriate values for 6, 4, and p is not
arbitrary, but depends on the specific deci-
sion context and the relative importance of
truth, indeterminacy, and falsity in that sce-
nario. Sensitivity analysis further aids in
understanding the robustness of the decision
model and how the adjustments in these
parameters affect the decision outcomes.
3. Normalization: Ensure that the values of §, A,
and p are normalized relative to each other to
maintain a balanced contribution from each



component. For example, setting 6 + 4+ u =1
can be a useful normalization approach.

Proposition 4.1. The distance measure dp(N, M)
satisfies the following conditions:

L 0<dp(N,M).
II. dp(N,M) =0, if and only if N = M.
L dp(N, M) = dp(M,N).
IV. If NCMCO (Oe SVNSs in X), then
dD(N, O) 2 dD(N,M), and dD(N, O) Z dD
(M, 0O).

Proof. The properties I, II, and III are straightfor-
ward. Thus, it remains necessary to prove statement
IV. Based on Definition 3.6, since N C M C O, if
Tn < Ty < To,In > In > Io, and Fy > Fuy > Fo.

To prove dp(N,O) > dp(N,M): Firstly, given
that e’ is an increasing function and Ty < Ty < To,
we have eIV <elm <efo  and subsequently
(eTv — eTO)Z > (eTv — eTM)Z. Secondly, since Iy >
Iy > Iop, (IN - Io)z > (IN - IM)Z. Thlrdly, given that
e F' is a decreasing function and Fy > Fy > Fp, we
have: e~ ¥ < e < ¢7Fo, and subsequently (e="v—
e'FO)ZZ (eFv — e'FM)z.

Combining all for any n € N,m € M, and 0o € O
and considering coefficient 6,4, and p as positive
values, we have: dp(N, O) > dp(N, M).

To prove dp(N,O) > dp(M,0): Firstly, given
that e’ is an increasing function and Ty < Ty <
To, we have e~ <efm <efo, and subsequently
(eTv — eT“)z > (e — eTO)z. Secondly, since Iy >
Iy > Io, (Iy —Io)* > (Iy — Io)*. Thirdly, given that
eFisa decreasing function and Fy > Fy > Fo, we
have ¢ < e < ¢~Fo, and subsequently (eFv—
¢7F0)?> (¢=Fu — ¢~Fo)> Combining all for any n €
N,m &M, and o € O and considering coefficient
0,7, and p positive values, we have: dp(N, 0)>
dp(M, O).

4.1. Importance of proposed exponential
distance measure

By using the exponential distance measure in the
same case of numbers (Example 4.1), one has (for
o= u> ;\,)I

Example 4.3. Assume that N = (0.5,0.2,0.7), M =
(1.0,0.6,0.5) and O = (0.9,0.7,0.9). By using the
Hamming distance and Euclidean distance, we have:
dy(N, M) = dy(N,0) = 0.367, and dg(N,M) =
dg(N,0) = 0.3872. Also, by using the proposed
exponential distance measure, we have: Dg,(N,
M)= 0.4686, and Dg,(N,O) = 0.3981.
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Also, by using the exponential distance measure
in the same case of numbers (Example 4.2),
one has:

Example 4.4. Assume that N = (0.5,0.2,0.7), M =
(1.0,0.6,0.5) and O = (0.9,0.7,0.9). By using the
Hamming distance and Euclidean distance, we have:
dH(N,M) = dH(N, O) = 0.367, and dE(N,M) =
dp(N,0) = 0.3872. Also, by using the proposed
exponential distance measure, we have: Dg(N,
M)= 0.384, and Dg,(N,O) = 0.2997.

Unlike previous distance criteria, the introduced
exponential distance measure can effectively classify
and distinguish distances between the provided
numbers within the framework of NTs.

The DED measure effectively differentiates
between alternatives that traditional measures fail to
distinguish. It does so by:

1. Amplifying differences in extreme values
through exponential transformations.

2. Providing a balanced contribution from truth,
indeterminacy, and falsity components tailored
to specific decision-making contexts.

3. Enhancing the sensitivity to component varia-
tions, particularly the extremes, is critical in
practical decision-making scenarios involving
uncertainty and variability.

By adopting the exponential distance measure,
decision-makers can achieve more reliable and
accurate assessments of alternatives, leading to bet-
ter-informed decisions. This analysis justifies the
preference for the exponential distance measure
over traditional linear and quadratic measures in
applications involving neutrosophic data, highlight-
ing its effectiveness in handling complex and uncer-
tain information.

The DED measure offers a robust solution for
distinguishing distances between NSs, addressing the
shortcomings of traditional distance measures. By
incorporating exponential transformations and bal-
ancing the contributions of truth, indeterminacy,
and falsity, the DED measure provides a more pre-
cise and reliable assessment framework, crucial for
decision-making in environments characterized by
high variability and uncertainty.

5. The neutrosophic VIKOR method

This section proposes an extension VIKOR method
(Opricovic, 1979) for ordering the alternatives
ap;n=1,2,...,N evaluated by DMs Dy;;l =1,2,...,L
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based on {cu|m =1,2,..,M}. Assume that the
decision matrix #;, which is given by decision-maker
Dy is presented as follows:

C1 (%) (573
a (Til’I{I’F{I) (Tiz’I{Z’Fiz) (T{M’IiMJ:{M)
a (Tél’lél’Fél) (Téz’léz»Féz) (TéM’ IéM’FéM)

(Thass Tonss Fone)

(11)
We denote 2! = (T' .I'.F. ). In MAGDM,
determining the weights of decision-makers and attrib-
utes is crucial for accurate decision outcomes. To
address this, we propose using an extended BWM to
derive the weights of decision-makers and attributes
systematically. Wan, Dong, and Chen (2024a, 2024b)
suggested a BWM for GDM with IFPRs. The BWM
has received extensive attention because of its fewer
pairwise comparisons and maintenance of consistency.
Extending it to various fuzzy environments has become
a hot research spot (Dong & Wan, 2024). The distinc-
tion is that while the weights for decision-makers are
crisp values, the weights for attributes are represented
by NTs (T, I, F) which capture the truth (T), indeter-
minacy (I), and falsity (F) of each attribute’s impor-
tance. The process of using the BWM is presented as
follows:

an (TI Il Ff,,l) (Tf\]rlg\]Z’F}\IZ)

nl>“nl>

First: Identify best and worst elements:

e TFor decision-makers: Decision-makers identify
the most critical (best) and least critical (worst)
decision-makers.

e For attributes: The decision-makers identify the
most important (best) and least important
(worst) attributes.

Second: Pairwise comparison matrices:

The decision-makers make pairwise comparisons
between the best decision-maker and all other deci-
sion-makers, and similarly for the worst decision-
maker. These comparisons are done using a scale
from 1 (equal importance) to 9 (extreme importance).

Let:

e op represent the comparison of the best deci-
sion-maker D, with decision-maker D;.

e oy represent the comparison of decision-maker
D; with the worst decision-maker D,,.

We create the vectors based on the comparisons
as follows:
0 = (OB1> AB2> --» ABL)> 0w = (1w 02 W5 «os ALW )-

The weights of the f3,, attributes are represented
by NTs. Pairwise comparisons are made between

the best attribute and all other attributes, and simi-
larly for the worst attribute.
Let:

o g, represent the comparison of the best attri-
bute ¢, with attribute c,,.

e B, represent the comparison of attribute ¢,
with the worst attribute c,,.

The pairwise comparisons yield vectors with NTs:

ﬂB = (ﬁBpﬁBz) ""ﬁBM)’ ﬁw = (ﬁlW’ﬂzw’ ""ﬁMW)‘

In these matrices, each entry fg,, and f,, is a
NT (T,I,F) representing the truth, indeterminacy,
and falsity in the pairwise comparisons.

Third: Optimization for weight calculation

The optimization problem for decision-makers’
crisp weights is formulated to minimize the max-
imum absolute differences between pairwise com-
parisons and the derived weights. The optimization
problem is defined as:
W W, H

T T aw

B o
— — g
Wi

, max
I

min | max
w 1 Ww

where:

e Wpg and Wy, represent the weights of the best
and worst decision-makers, respectively.

W) represents the weight of decision-maker D;.
The final solution presents W = (W, W,, ...,
W) is a crisp vector and Y7, W) = 1.

For attributes, the optimization is extended to han-
dle NTs. The goal is to minimize the inconsistency in
pairwise comparisons of the attributes while consider-
ing their neutrosophic nature. The optimization prob-
lem for attribute weights is presented as follows:

Vin
Vi ﬁmWH .

VB
v ﬁBm

, max
m m

min |max
14 m

where:

e vp and vy are the NT weights of the best and
worst attributes, respectively.
e v, represents the NT weight of c,,.

The solution provides the neutrosophic weight
vector v = (vl,vz, ...,VM).

The following presents an extension of the VIKOR
method for solving the aforementioned problem.

Step 1. Create the aggregated decision matrix
(ADM) for considering the opinion of all DMs as
follows:



D, D, --- D
a |Au An - Ayl

ADM = % | An An - Ay | (12)
an | Ayt An2 - AN

where Ay =[(Z,0v)®(Z,2v) &
(2@ Vi)l

Step 2. By normalizing the NTs in ADM and
applying the score function S presented in Equation
(7), we can create the score matrix with crisp com-

ponents as follows:

Dy D, Dy
ap | Ku Ko -+ Ky
Score(ADM) = % | Ka K -+ Ky
aN KNI KNZ “e . KNL

(13)
Step 3. Obtain the positive ideal solution (I*) and
negative ideal solution (I7) as follows:

I = Ay, Max (ky), 1<I1<IL, (14)
n

I" = Ay, Min (ky), 1<I1<L. (15)

Step 4. Calculate the values of utility measure
(U,) and regret measure (R,) as follows:

L d(I", Au)
U=, W) (16)
and
(1 An)

A | (7

R, = Max [W,

where W) represents the weight of each DM (deci-
sion maker).

Step 5. Calculate the values of UT,U™,R", and
R~ as follows:

U" =Min(U,),U” =Max(U,), n=12,..,N.
R* = Min(R,),R™ = Max(R,), n=1,2,..,N.
(18)

Step 6. Obtain the value of P, and rank the exist-
ing alternatives based on the obtained values of P,.

U, - Ut R, — R*
p=i(g o) ro-0 (@) 0o

where v represents the weight for the maximum
group utility, and 1 — 9 represents the weight of the
individual regret. Typically, ¥ = 0.5. In this case, if
¥ > 0.5, the index of P,, will tend to a majority
agreement. Also, if ¥ < 0.5, the index of P, indi-
cates a majority negative attitude.
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6. Case study related to industrial
automation selection

To demonstrate the above-mentioned approach,
we illustrate it with a case study involving select-
ing an industrial automation system. For this,
we structured a comprehensive scenario using
MAGDM that
attributes,

includes five alternatives, four
and evaluations from three decision-
makers. The objective is to select the most
appropriate industrial automation system for a
manufacturing plant to optimize various perform-
ance metrics, including reliability, cost, integration,
and support. The considered attributes are listed

as follows:

1. System reliability (R): Probability of performing
without failure.

2. Cost efficiency (C): Initial costs and long-term
operational costs.

3. Ease of integration (I): The ability to integrate
with existing systems and processes.

4. Technical support (S): Availability and quality
of customer and technical support.

Also, the existing decision-makers are considered
as follows:

1. Technical manager (TM): Focuses on system
reliability and ease of integration.

2. Financial analyst (FA): Focuses on cost effi-
ciency and long-term value.

3. Operations manager (OM): Prioritizes ease of
integration and technical support.

Five alternatives exist in this case study that
should be ranked. These alternatives are five differ-
ent systems as presented as follows:

e System A: High reliability, high cost, moderate
integration, excellent support.

e System B: Moderate reliability, low cost, high
integration, good support.

e System C: High reliability, moderate cost, excel-
lent integration, moderate support.

e System D: Moderate reliability, moderate cost,
moderate integration, excellent support.

e System E: Low reliability, low cost, good integra-
tion, poor support.

The evaluating values given by each decision-
maker are provided in Table 1.

Then the steps of the proposed algorithms are
implemented as below.
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Table 1. The evaluating values.

Alternatives System reliability

Cost efficiency

Ease of integration Technical support

System A D, (0.4,0.2,0.9) (0.3,0.4,0.3) (0.6,0.6,0.6) (0.3,0.3,0.3)
D, (0.3,1.0,0.1) (0.5,0.3,0.2) (0.5,0.6,0.6) (0.1,0.6,0.8)
Ds (0.7,0.4,0.2) (0.3,0.8,0.6) (0.5,0.7,0.6) (1.0,0.9,0.5)
System B D, (0.3,0.1,0.2) (1.0,1.0,0.2) (0.0,0.2,0.7) (0.8,0.0,0.6)
D, (0.3,1.0,0.5) (1.0,0.4,0.5) (1.0,0.2,1.0) (0.0,0.0,0.2)
Ds (0.7,0.8,0.4) (0.8,0.1,0.7) (0.9,0.5,0.7) (0.9,0.4,0.7)
System C D, (0.0,0.5,0.6) (1.0,0.3,0.8) (0.9,0.9,0.0) (0.5,1.0,0.4)
D, (0.0,0.4,0.7) (0.7,0.3,0.8) (1.0,0.5,0.4) (0.5,0.8,0.3)
Ds (0.6,0.9,0.6) (0.8,0.3,0.7) (0.1,1.0,0.0) (0.5,1.0,0.5)
System D D, (0.8,0.5,0.8) (0.5,0.1,0.1) (0.1,0.3,1.0) (0.6,0.8,0.6)
D, (0.2,0.6,0.6) (0.8,0.9,0.8) (1.0,0.6,0.0) (0.1,0.5,0.7)
Ds (0.0,0.8,0.8) (0.9,0.6,0.4) (0.9,0.9,0.5) (0.5,0.1,0.6)
System E D, (0.6,0.8,0.9) (0.9,0.8,0.1) (0.4,0.0,0.5) (0.8,0.1,0.2)
D, (0.7,0.7,1.0) (0.4,0.5,0.9) (0.4,0.4,0.4) (0.3,0.9,0.5)
Ds (0.8,0.4,0.3) (0.8,1.0,0.2) (0.2,0.7,0.6) (0.4,0.0,1.0)

Using the BWM, and considering Ds; as the best decision-maker (most important) and D, as the worst decision-maker (least
important), the weights of decision-makers D,D,, and D; are determined to be to 0.2, 0.1, and 0.7, respectively. While, the

weights of the attributes are provided in Table 2.

Table 2. Weight of attributes.

Decision-makers System reliability

Cost efficiency

Ease of integration Technical support

D, (0.2,0.5,0.3) (0.9,0.6,0.2) (0.2,0.8,0.1) (0.9,0.5,0.7)
D, (0.3,0.6,0.2) (0.2,0.4,0.1) (0.3,0.4,0.7) (0.7,0.0,0.9)
Ds (0.2,0.3,1.0) (0.4,0.7,0.9) (0.1,0.4,0.6) (0.9,0.3,0.7)

Step 1. Create the ADM as follows:

D, D, D;
(0.40,0.41,0.26)  (0.30,0.44,0.06) (0.28,0.44,0.80)
(0.90,0.46,0.11)  (0.49,0.33,0.33) (0.46,0.43, 0.85)
ADM =1 (0,91,0.52,0.06) (0.39,0.30,0.51) (0.40,0.73,0.58)
(0.54,0.38,0.24) (0.44,0.60,0.39) (0.41,0.71,0.75)
(0.84,0.66,0.14)  (0.36,0.39,0.74) (0.41,0.47,0.77)

Step 2. By normalizing the components of ADM
and then applying the score function S to the nor-
malized triplets, we can obtain the following matrix
with crisp components.

D, D, Ds
1.9132 1.7902 1.5494
2.5380 2.0894 1.7408

Score(ADM) = | 51503 1.8770 1.5943
2.1604 1.7533 1.5912
22171 1.6801 1.6897

Step 3. Obtain the positive ideal solution (I) and
negative ideal solution (I7) as follows:

I'* = (0.90,0.46,0.11), (0.49,0.33,0.33), (0.46, 0.43,0.85),

I~ = (0.40,0.41,0.26), (0.36,0.39,0.74), (0.28, 0.44, 0.80).

Step 4. Calculate the values of U, (utility meas-
ure) and R, (regret measure) for an alternative a, as
follows:

U; =1.5902, U, = 1.3609, U; = 1.6317,
Uy = 1.5887, Us = 1.4819.
Ry =1.2826,R, = 1.1997, R3 = 1.4353,
R4 = 1.3400, R5 = 1.2254.

Step 5. Calculate the values of U™, U™,R", and
R~ by using Equation (18) as

Ut =1.3609; U™ = 1.6317
RT =1.1997; R~ = 1.4353

Step 6. Obtain the value of P, by using Equation
(19) with ¥ = 0.5 and get

P, =0.5993,P, =0.0,P; = 1.0,P4 = 0.7181,
Ps = 0.2779.

Therefore, the final ranking for existing alterna-
tives is a, as, ai, a4, and as.

7. Sensitivity analysis and comparison

This section begins with a detailed sensitivity ana-
lysis of the proposed method, evaluating its robust-
ness and reliability under various conditions. A
comprehensive comparative analysis is conducted,
juxtaposing our method with several other estab-
lished methodologies. This comparison aims to
highlight our approach’s strengths and potential
advantages, providing a thorough evaluation of its
performance in contrast to existing techniques.

7.1. The importance of the weight of decision-
makers

To analyse the sensitivity of the proposed method,
we have considered different styles of weights of
decision-makers and then considered their effect on
the ranking of alternatives. Since we have three



decision-makers, we have considered seven different

modes, as follows:
W
|4
W»
W,
W3
W3

< W, < Ws,
< W3 < Wy,
< W) < W3,
< W3 < Wy,
< W, < Wy,
< W < Wy,

W1:W2:W3.

The results are provided in Figure 1.

The radar chart in Figure 1 visualizes the per-
formance rankings of five alternatives (a; to as)
based on the VIKOR method. The analysis consid-
ers different weight orders (W;,W,, and W)
assigned by decision-makers. By altering the weight
order, the impact on the final ranking of each alter-
native is examined, highlighting the sensitivity and
robustness of the alternatives under varying deci-
sion-making scenarios.

This study uses the VIKOR method to rank alterna-
tives based on their performance across multiple crite-
ria. The weights (W), W,, and W3;) represent the
importance assigned to these criteria by decision-mak-
ers. Different permutations of these weights were con-
sidered to understand how weight priority changes
affect the alternatives’ final rankings. The radar chart
allows for a comparative visual analysis of how each

Wy < W, < W,
Wy <Wy<W,
Wy <W, <W,
Wy <Wy<W,
Wy<W;<W,;
— Wy<W;<W;
Wi=W;=W,

Figure 1. Rankings of alternatives with different weight orders.
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alternative ranks under different weight permutations.
The results are presented in Table 3.

This analysis highlights the sensitivity of alternative
rankings to the weights assigned by decision-makers.
The radar chart effectively illustrates how different
weight orders impact the final rankings, providing
insight into the robustness and stability of each alterna-
tive. Decision-makers can use this information to
understand the implications of their weight preferences
and make more informed choices that account for the
variability in rankings due to weight changes. Using
radar charts to visualize the results of the VIKOR
method under different weight permutations provides
a comprehensive and clear comparison of alternative
performances. This approach underscores the impor-
tance of considering multiple weight scenarios in
MCDM processes, ultimately contributing to more
resilient and well-rounded decision outcomes.

7.2. The impact of various distance measures on
alternative rankings

This section delves into the impact of different weight-
ing strategies on the final ranking of alternatives using
the VIKOR method integrated with the DED measure.
The analysis considers four distinct scenarios, each
corresponding to a different configuration of the
weighting parameters 0,4, and p. The objective is to
observe how the five alternatives’ rankings (System A

Table 3. Comparative visual analysis of alternative ranks under different weight permutations.

Alternative a,

Exhibits consistently high performance in most scenarios except for when Wjs is highly weighted (purple dashed line).

Highest performance is seen when W; is given the least weight (blue and orange lines).

Alternative a,

Performance is variable, with moderate to high rankings when W, is given higher weights (green and red lines).

Shows a significant drop in performance when W; is the highest weight (purple dashed line).

Alternative as

Consistently performs well across all weight permutations.

Represents a peak performance when W; or W, are given higher weights.

Alternative a,4

Demonstrates moderate to low performance in most scenarios.

Best performance is seen when W is highly weighted (green dash-dot line).

Alternative as

Demonstrates variability in performance, with the highest rankings when Wj; is given higher weights (brown dash-dot line).

Lowest performance is observed when W is highly weighted.
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to System E) vary across these scenarios. The consid-
ered scenarios are listed as follows:

Scenario 1: u > d = 4.
Scenario 2: 6 > 4 = u.
Scenario 3: 0 > p > A.
Scenario 4: 6 = p > A.

Lol

The radar chart in Figure 2 and its results in
Table 4 visualize the variations in rankings across
the different scenarios, providing a clear depiction
of how changes in the weighting parameters impact
the final outcomes.

The analysis reveals the following insights:

1. System B’s dominance:

e System B consistently ranks first or second
across all scenarios, highlighting its robust-
ness and high performance regardless of the
weighting strategy. This indicates that
System B is a reliable alternative in various
decision-making contexts.

2. System A’s variability:

o System A exhibits significant variability in its
ranking, moving from the bottom to the top
depending on the scenario. This sensitivity
suggests that System A’s performance is
highly dependent on the specific configur-
ation of the weighting parameters.

3. Stability of System D and E:

e Systems D and E show stable performance,
maintaining their ranks with minor fluctua-
tions. This stability indicates that these sys-
tems are less sensitive to changes in the
weighting parameters, making them reliable
choices in a range of scenarios.

4. System C’s decline:

o System C consistently ranks lower in most

scenarios, suggesting it is less competitive

ay/

than the other alternatives under different
weighting strategies.

The analysis underscores the importance of
selecting appropriate weighting parameters in the
VIKOR method, as they significantly influence the
ranking of alternatives. Decision-makers must care-
fully consider the relative importance of truth, inde-
terminacy, and falsity components in their specific
context to ensure that the chosen weighting strategy
aligns with their priorities and objectives.

7.3. Analysis of the VIKOR ranking with different
threshold values

Figure 3 displays the ranking of five alternatives
(a1,4a2,a3,a4,a5) using the VIKOR method. The
x-axis represents different threshold values () used
in the final step of the VIKOR method, while the
y-axis shows the rank of each alternative.

The aforementioned graph can be interpreted as
follows:

1. Ranking stability: a, (orange line with circles)
and as (purple line with stars) consistently
maintain their ranks at 1 and 2, respectively,
across all threshold values from 0 to 1. This
indicates high stability and dominance of a,
and as regardless of the threshold value applied
in the VIKOR method.

Table 4. The factor coefficients in four scenarios.

Rank

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Alternatives pu>8=A d>A=p d>p>h d=p>h
System A 5 1 5 3
System B 1 2 1 1
System C 3 5 4 5
System D 4 4 3 4
System E 2 3 2 2

a\

—— Scenario 1
Scenario 2
—-= Scenario 3
Scenario 4

Figure 2. Rankings of alternatives in different scenarios.
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0.0 0.1 0.2 03 0.4

Figure 3. Rankings of alternatives with varying thresholds.

2.  Moderate stability: a; (blue line with stars) con-
sistently ranks 3 for threshold values from 0 to
0.9. However, at the threshold value of 1.0, a;
improves its rank to 2. This suggests that a;’s
ranking is relatively stable but can improve
under certain threshold conditions.

3. Ranking variability: a; (green line with squares)
consistently maintains the rank 5 across all
threshold values from 0 to 1. This indicates a;
is the least preferred alternative in all scenarios.

4. Significant change: a4 (red line with triangles)
holds the rank 4 for threshold values from 0 to 0.9.
At the threshold value of 1.0, a4’s rank drops sig-
nificantly to 3. This shows that a,’s ranking is sen-
sitive to changes in the threshold value, indicating
variability in its performance relative to the other
alternatives under different threshold settings.

The threshold value in the VIKOR method plays a
crucial role in determining the final ranking of alter-
natives. While some alternatives show stable rankings
across different threshold values, others exhibit
sensitivity to threshold changes. Understanding the
stability and sensitivity of rankings can help decision-
makers better interpret the robustness of their choices
under varying decision criteria.

Alternatives a, and as can be considered robust
choices as their rankings remain consistently high
regardless of the threshold value. Alternatives like a,
and a4 require more careful consideration, especially
under specific threshold conditions that may affect
their rankings. Alternative a; consistently ranks the
lowest, indicating it is the least favourable option
among the five alternatives considered. By analysing
the impact of different threshold values in the
VIKOR method, decision-makers can gain a deeper
understanding of the robustness and sensitivity of
their rankings, leading to more informed and resili-
ent decision-making processes.

7.4. Comparative analysis

In order to make a comparison between the proposed
method and other existing methods, we have com-
pared the run time in our proposed VIKOR method
and other methods proposed by Nafei et al. (2021)
(TOPSIS-NS), Gulum et al. (2021) (TOPSIS-NS), Nafei

et al. (2019) (Autocratic MAGDM-INS), and Lee
(2023) (Autocratic MAGDM-INS). The selection of
VIKOR, TOPSIS, and Autocratic as benchmarking
methods is carefully justified based on several key con-
siderations. First, these methods are among the most
widely recognized and validated MCDM approaches,
making them ideal benchmarks for evaluating the
performance and robustness of new methods. Their
extensive use in academic research and industrial deci-
sion-making ensures that the benchmarking results are
reliable and meaningful for comparison. Additionally,
these methods offer complementary methodological
characteristics: VIKOR provides compromise solutions
in situations with conflicting objectives, making it suit-
able for multi-objective optimization in complex envi-
ronments; TOPSIS focuses on evaluating alternatives
based on their proximity to an ideal solution, which is
effective for ranking options when clear-cut solutions
are needed; and the Autocratic approach excels in sce-
narios where centralized decision-making is required.
The selected methods align closely with the study’s
objectives, particularly in the context of Industry 5.0,
which emphasizes human-machine collaboration, sus-
tainability, and efficiency. Each method’s ability to
handle multi-dimensional decision-making ensures a
holistic evaluation of the proposed approach. Finally,
by using these three complementary methods, we
ensure a comprehensive and robust benchmarking
process, allowing us to identify the strengths of the
proposed method and how it performs relative to well-
established techniques. The results are shown in
Figure 4. The x-axis represents the number of alterna-
tives, while the y-axis represents the runtime in
seconds.

VIKOR (blue line with stars) demonstrates a steady
increase in runtime with the number of alternatives,
remaining relatively low compared to other methods.
TOPSIS-NS (orange line with triangles) shows a similar
runtime trend to VIKOR, with slightly lower runtimes
in some cases.

TOPSIS-INS (TOPSIS with Interval Neutrosophic
Sets) exhibits a moderate runtime increase, higher
than both VIKOR and TOPSIS-NS (TOPSIS with
Neutrosophic ~ Sets). AMAGDM-NS (Autocratic
Multi-Attribute  Group  Decision-Making  with
Neutrosophic Sets) displays a substantial runtime
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Figure 4. Runtime comparison of different methods.
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Figure 5. Runtime reduction comparison across methods.

increase, significantly higher than VIKOR and
TOPSIS methods. AMAGDM-INS (Autocratic Multi-
Attribute Group Decision-Making with Interval
Neutrosophic Sets) demonstrates the highest runtime
among all methods, indicating the least efficiency.

The comparative analysis highlights VIKOR’s effi-
ciency in terms of runtime, especially as the number
of alternatives increases. While TOPSIS-NS shows
similar or slightly better performance, TOPSIS-INS,
AMAGDM-NS, and AMAGDM-INS exhibit signifi-
cantly higher runtimes, making them less suitable
for time-sensitive applications. Decision-makers
should consider these findings when selecting
MCDM methods, particularly when computational
efficiency is critical. The figure demonstrates that
VIKOR is the most efficient method in terms of
runtime compared to other evaluated MCDM meth-
ods. TOPSIS-NS shows similar or slightly better

efficiency, while TOPSIS-INS, AMAGDM-NS, and
AMGDM-INS are significantly less efficient, with
AMAGDM-INS being the least efficient. This ana-
lysis underscores the importance of selecting
VIKOR for applications requiring high computa-
tional efficiency, particularly in complex decision-
making environments with many alternatives.

Figure 5 presents a comparative analysis of the
runtime performance of various MCDM methods
relative to the VIKOR method. In this analysis, we
used the proposed VIKOR method as the baseline for
comparison. We then calculated different methods’
runtime reductions (or increases) relative to VIKOR.
Therefore, VIKOR is not displayed in the figure; it
serves as the reference point (origin) for the runtime
comparisons. The x-axis represents the number of
alternatives, while the y-axis represents the percent-
age runtime reduction compared to VIKOR.



The results are analysed as follows:

1. TOPSIS_NS (blue dashed line): A minimal run-
time reduction indicates a comparable time
complexity to VIKOR.

2. TOPSIS_INS (orange dash-dot line): A moder-
ate runtime increase indicates worse time com-
plexity than VIKOR, with percentages ranging
from approximately 0.1% to 0.4%.

3. AMGDM-NS (green dotted line): Displays a sig-
nificant runtime increase, showing inefficiency
compared to VIKOR, with percentages around
0.5-0.8%.

4. AMGDM-INS (red solid line): Demonstrates
the highest runtime increase, indicating it is the
least efficient among the compared methods,
with percentages around 0.7-1.2%.

The comparative analysis highlights VIKOR’s effi-
ciency in terms of runtime. While TOPSIS-NS shows
comparable or slightly better performance, TOPSIS-
INS, AMAGDM-NS, and AMAGDM-INS exhibit sig-
nificantly higher runtimes, making them less suitable
for time-sensitive applications. Decision-makers
should consider these findings when selecting
MCDM methods, particularly when computational
efficiency is critical.

0.4

. 0.2
=
2
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g
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Figure 6 clearly demonstrates that VIKOR is a
more efficient method in terms of runtime com-
pared to other evaluated MCDM methods. TOPSIS-
NS shows similar or slightly better efficiency, while
TOPSIS-INS, AMAGDM-NS, and AMAGDM-INS
are significantly less efficient, with AMAGDM-INS
being the least efficient. This analysis underscores
the importance of selecting VIKOR for applications
requiring high computational efficiency, particularly
in complex decision-making environments with
many alternatives.

In this context, using an array of inputs, as demon-
strated in the case study in Section 6, we thoroughly
compared the performance of our suggested methods
against various other decision-making methods
derived from NSs and their enhancements as proposed
by Biswas et al. (2016), Nafei et al. (2019, 2021), Eroglu
and Sahin (2020), Tanaji and Roychowdhury (2024),
and Kang et al. (2024). The outcomes of this analysis
are displayed in Table 5.

7.5. Multi-criteria method performance review

To strengthen the credibility and convincingness of
analysis, the proposed neutrosophic VIKOR method
is compared with popular MCDM methods: analytic
hierarchy process (AHP), TOPSIS, FAHP, and the

AMAGDM-NS

AMAGDM-INS

Figure 6. Comparison of runtime reduction percentages across different methods.

Table 5. Comparative analysis.

Methods

The order of alternatives

The proposed VIKOR method

TOPSIS method (Biswas et al., 2016)

TOPSIS method (Nafei et al., 2021)

VIKOR method (Eroglu & Sahin, 2020)

Autocratic method (Nafei et al., 2019)

BWM integrated VIKOR (Tanaji & Roychowdhury, 2024)
ELECTRE method (Kang, et al., 2024)

a; > 0ds > ayp > as> a3
a; >0as > dg > 01> a3
dy >0y > as > dg> a3
a; =0ds > a1 > 03> 0y
ds >0y > adg > 01> 43
as = ay > 4y > 04> 03
dy >0ds > a3 > a1> Aa
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traditional BWM across four key criteria: consistency,
consensus, handling uncertainty, and efficiency.

7.5.1. Consistency

e AHP: High inconsistency due to numerous pair-
wise comparisons.

e FAHP: Improved consistency over AHP but still
complex.

TOPSIS: Cannot directly address consistency.
Traditional BWM: Fewer comparisons improve
consistency.

e Proposed model: Enhances consistency by reducing
comparisons and incorporating neutrosophic logic
to handle uncertain or ambiguous information.
Therefore, the proposed model outperforms

AHP, FAHP, and TOPSIS in maintaining consist-

ency while improving on traditional BWM with the

addition of neutrosophic flexibility.

7.5.2. Consensus

e AHP and FAHP: Difficult to achieve consensus
in group settings.

e TOPSIS:  Lacks
mechanisms.

e Traditional BWM: Simpler consensus through
best/worst comparisons.

e Proposed model: Fosters better consensus with
neutrosophic logic, allowing decision-makers to
express partial agreement and handle uncertainty
collaboratively.

So, the proposed model excels in consensus-

explicit  consensus-building

building, outperforming other methods by allowing
flexibility in decision-maker inputs.

7.5.3. Handling uncertainty

e AHP and TOPSIS: Cannot handle uncertainty
effectively.

e FAHP: Incorporates fuzzy logic, but not as
robust as neutrosophic logic.
Traditional BWM: Limited uncertainty handling.
Proposed model: Uses NTs to account for truth,
indeterminacy, and falsity, providing superior
uncertainty management.
Therefore, the proposed model offers the best

handling of uncertainty among all methods.

7.5.4. Efficiency
e AHP and FAHP: Inefficient due to numerous
comparisons and complexity.

e TOPSIS: Efficient but lacks uncertainty
management.

e Traditional BWM: Efficient due to reduced
comparisons.

e Proposed model: Maintains efficiency while

incorporating neutrosophic logic for greater
flexibility.

So, the proposed model is efficient while provid-
ing more comprehensive decision-making compared
to other methods.

8. Conclusion

This research introduces a novel decision-making
methodology integrating DED within the VIKOR
framework, leveraging neutrosophic logic to enhance
decision accuracy and reliability. The proposed DED
approach revolutionizes distance calculation by
incorporating exponential transformations, allowing
for a more nuanced handling of truth, indetermin-
acy, and falsity degrees in NSs. This method enhan-
ces the ability to distinguish between alternatives by
amplifying differences in extreme values, accommo-
dating varying criteria significance, and explicitly
integrating uncertainty and indeterminacy. This
research contributes by introducing the DED
approach, which improves the accuracy of distance
calculations in neutrosophic environments through
exponential transformations. It also provides a com-
prehensive methodology for managing uncertainty
and indeterminacy in MAGDM contexts, while
showcasing the method’s ability to effectively
address real-world industrial automation challenges
by enhancing discrimination between alternatives.
The effectiveness of the enhanced VIKOR method
combined with DED is demonstrated through a
comprehensive case study involving the selection of
industrial automation systems. The results highlight
improved discrimination between closely ranked
alternatives and the method’s adaptability to chang-
ing decision-making contexts. Additionally, the run-
indicates that while VIKOR is
moderately efficient, it offers a balanced trade-off
between computational demands and decision-mak-
ing effectiveness, making it a viable option for prac-
tical applications in industrial settings.

Despite these contributions, the research has cer-
tain limitations. One notable area for improvement
is the assumption of consistent decision-maker pref-

time analysis

erences and the static nature of the weighting
parameters, which might not fully capture real-
world decision-making environments’ dynamic and
evolving nature. Furthermore, the case study is lim-
ited to a specific industrial context, which may affect
the generalizability of the findings to other sectors.
Future research should explore the dynamic adjust-
ment of weighting parameters in response to chang-
ing decision contexts and preferences. Additionally,
extending the application of the proposed method-
ology to other domains, such as healthcare or
finance, could provide further validation and refine-
ment of the approach.
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