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Abstract

Necessary improvements should be made to increase the effectiveness of non-fungible tokens on the Metaverse platform without having extra costs. For
the purpose of handing this process more efficiently, there is a need to determine the most important factors for a more successful integration of non-
fungible tokens into this platform. Accordingly, this study aims to determine the appropriate the identity management choices of non-fungible tokens in the
Metaverse. There are three different stages in the proposed novel fuzzy decision-making model. The first stage includes prioritizing the expert choices with
artificial intelligence-based decision-making methodology. Secondly, the criteria sets for managing non-fungible tokens are weighted by using Quantum
picture fuzzy rough sets-based M-SWARA methodology. Finally, the identity management choices regarding non-fungible tokens in the Metaverse are
ranked with Quantum picture fuzzy rough sets oriented VIKOR. The main contribution of this study is that artificial intelligence methodology is integrated to
the fuzzy decision-making modelling to differentiate the experts. With the help of this situation, it can be possible to create clusters for the experts. Hence,
the opinions of experts outside this group may be excluded from the scope. It has been determined that security must be ensured first to increase the use
of non-fungible tokens on the Metaverse platform. Similarly, technological infrastructure must also be sufficient to achieve this objective. Moreover,
biometrics for unique identification has the best ranking performance among the alternatives. Privacy with authentication plays also critical role for the
effectiveness of this process.

1. Introduction

Non-fungible token is a type of crypto asset developed on blockchain technology. One of the most important features of these tokens is that they are
immutable and unique. In other words, each token has its own unique digital content. This provides some benefits for increasing the efficiency of
transactions to be carried out in the metaverse (Behl et al., 2024). Thanks to these tokens, it is possible to customize digital assets on the Metaverse
platform. This significantly contributes to reducing the uncertainty in the process. Investors who have more confidence in the process pay more attention to
this area. Thus, it is possible to increase investments. On the other hand, non-fungible tokens secure digital property rights within the metaverse. This
significantly helps to increase investors' confidence in the process. Moreover, it is possible to determine the value of digital assets on the Metaverse
platform by using these tokens (Lee et al., 2024). This situation supports increasing the trade volume in the process. Similarly, non-fungible tokens can be
backed by smart contracts. This situation contributes to increasing the transaction volume on the Metaverse platform.

The development of non-fungible tokens is crucial to the effectiveness of the metaverse platform. First, user convenience must be ensured to increase the
use of these tokens. Users want to use these tokens easily and quickly. In this context, interfaces must be designed in a user-friendly manner. In this
context, it would be appropriate to provide some training to use these tokens effectively (Davies et al., 2024). Ensuring the security of the process is also
very important in this context. Thanks to a secure platform, users' anxiety about using these tokens is reduced. Investors who feel safer will make more
transactions on this platform. Thus, it is possible to increase the effectiveness of the metaverse platform. In this context, some actions need to be taken to
ensure account confidentiality and payment security. To increase the use of non-fungible tokens on the Metaverse platform, sufficient technological
infrastructure must be provided (Brickman et al., 2024). Owing to the use of advanced technologies, the blockchain system can be more successfully
integrated into the metaverse platform. This practice can also significantly increase the effectiveness of the process.

To increase the effectiveness of non-fungible tokens on the Metaverse platform, necessary improvements must be made regarding these issues. However,
these improvements also cause costs to increase. This situation emerges as the most important barrier in the improvement process. Therefore, making too
many improvements will put businesses in a very difficult financial situation. To manage this problem effectively, improvements on more important issues
must be made first. Therefore, it is necessary to identify the factors that are most important in this process. However, there are a limited number of studies
focusing on this issue in the literature. This can be considered as one of the important deficiencies in the literature. In other words, a new study is needed to
determine the most important factors for a more successful integration of non-fungible tokens into this platform.

Accordingly, this study aims to determine the appropriate the identity management choices of non-fungible tokens in the Metaverse. There are three
different stages in the proposed novel fuzzy decision-making model. The first stage includes prioritizing the expert choices with artificial intelligence-based
decision-making methodology. Secondly, the criteria sets for managing non-fungible tokens are weighted by using Quantum picture fuzzy rough sets-based
M-SWARA methodology. Finally, the identity management choices regarding non-fungible tokens in the Metaverse are ranked with Quantum picture fuzzy
rough sets oriented VIKOR. The main motivation of making this study is the strong need for a new fuzzy decision-making model. The main reason is that
most of the existing models in the literature do not consider expert differentiation (Ecer et al., 2024; Mikhaylov et al., 2024). However, the qualifications of
the experts can be different based on their demographic characteristics. Hence, a new model is needed to consider this situation to reach more appropriate
results.

The main contributions of this study are demonstrated below. (i) Artificial intelligence methodology is integrated to the fuzzy decision-making modelling to
differentiate the experts. With the help of this situation, it can be possible to create clusters for the experts. Hence, the opinions of experts outside this
group may be excluded from the scope. This situation allows to reach more realistic analysis results. On the other side, this condition has a powerful
contribution to increase methodological originality. (i) M-SWARA methodology is preferred to weight the determinants. Owing to this issue, the causal
directions among these items can be considered. The classical SWARA approach cannot create impact relation map of the criteria. Due to this situation, M-
SWARA methodology is generated in the previous studies while making some improvements. As a result, the causal directions of the determinants can be
identified. The influencing factors of managing non-fungible tokens may have an impact on each other. Thus, to reach more essential items, causal
relationship among them should be considered. Because of this condition, M-SWARA is the most appropriate methodology in this framework.
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Literature review is given in the next step. The following step consists of the details of the proposed methodology. Analysis results are explained in the
fourth step. The final sections include discussion and conclusion.

2. Literature Review

NFTs, digital representations of items stored in the blockchain that cannot be exchanged with each other, feature uniqueness by utilizing smart contracts
(Bonnet & Teuteberg, 2023). The development and expansion of NFT applications are directly linked to blockchain and Metaverse innovations. In this
context, structural innovations in blockchain technologies are carried out on the axis of data collection, storage, sharing, interoperability, and privacy
protection (Huynh-The et al., 2023). For example, Wu L. et al. (2023) developed a waste material passport as NFT, which allows cross-border trade of
construction waste materials using blockchain infrastructure. With these suggestions, they aimed to ensure that waste materials have a digital and unique
identity, to ensure information transparency, to increase trade efficiency, and to ensure the security of transaction records. On the other hand, Rani et al.
(2023) developed an innovative blockchain-based NFT payment system for academic payment systems. In this way, an online payment model has been
introduced to increase security by eliminating the lack of transparency and traceability in traditional payment methods. Ko et al. (2023) emphasize ongoing
research on developing innovative NFT technologies, especially fractional NFTs, non-transferable and soul bound tokens.

Security is another issue that will increase the effectiveness of Blockchain and Non-Fungible Tokens. With the increase in its use and value, the concern
that NFTs can be used to launder illegal revenues has also increased (Mosna & Soana, 2023). As a matter of fact, Rahman and Jin (2023) suggested
establishing tax control to develop the Chinese NFT market and eliminate tax irregularities. They emphasized that in this way, the legality of the
transactions will be ensured, as well as their security. Schlatt et al. (2023) emphasized that research on the cyber security of blockchain applications
focuses on the technical infrastructure, but it is also essential to investigate the socio-technical aspects. On the other hand, since blockchain-based NFT
applications provide security, they can be integrated into production processes in many different sectors. For example, Alkhader et al. (2023) found that
these applications resist security attacks in their study investigating the use of blockchain and NFTs in digital production systems. Furthermore, Delgado-
von-Eitzen et al. (2024) have presented a proposal for publishing and verifying academic information by the General Data Protection Regulation by taking
advantage of NFTs' unique and secure structures.

Increasing the infrastructure efficiency of Non-Fungible Tokens is not enough on its own. It is a process that proceeds in parallel with the strategic
establishment of business models and achieving profitability to increase innovations in this field. Thanks to NFTs, new business models can be developed
focusing on digital ownership, digital assets that can be moved and combined, and decentralized communities (Li &Chen, 2023). At this point, as stated by
Cohan and Paschen (2023), marketing professionals need to be guided in persuading consumers to increase their interest in NFTs. Belk et al. (2022)
contributed to the field by theorizing new forms of ownership so that NFT and web 3.0 applications can become widespread, especially in the art world,
and artists can earn money. Similarly, Mancuso et al. (2023) presented a framework for companies to create added value by supporting their investments
in Metaverse and Web 3.0 technologies with new business models. On the other hand, Lee et al. (2024) evaluated the effectiveness of the opportunities
provided by the platforms in their research on the effect of NFT use on customer loyalty. Accordingly, they emphasized that customer loyalty increases
thanks to the opportunities provided by NFT platforms and that it is essential to design a user-centered experience.

As mentioned above, another criterion that increases the effectiveness of NFTs is user experience. Ali et al. (2023) stated that these tools will be adopted
more as the interfaces of NFT platforms are designed to be user-friendly. For instance, Lee (2023) investigated the factors affecting users' adoption of
NFTs. Accordingly, usability is among the technical factors that affect users. Moreover, the research conducted by Sun (2023) revealed that one of the
leading reasons for choosing NFT platforms is ease of use. However, Wu C. et al. (2023) emphasized in their research on end NFT users that usability is
one of the biggest challenges of current applications. Finally, Meyns and Dalipi (2022) investigated the concerns of end NFT users about the platform in
their research. According to research findings, users are concerned about access to NFT platforms by special invitation, verification processes, restricting
account access, or removing their own NFTs. As a result, eliminating access barriers and usage concerns of end users is one of the crucial criteria for
increasing NFT effectiveness.

The diversity and effectiveness of Web 3.0 applications is increasing day by day. It is seen that these technologies change the way different sectors do
business. Blockchain-based NFT applications are among the most frequently emphasized and researched investments in recent years. In this respect, it is
essential to understand and develop NFT technology, which also appeals to end consumers with its structures and the opportunities it offers. Therefore,
developing technical infrastructure and blockchain technology ensures NFT activity. Various model and system suggestions for these technologies, used in
different sectors such as education, construction, and health, are shared above. On the other hand, security and compliance are also issues that NFTs offer
and that users may still have concerns about. Among the prominent issues are ensuring tax control, introducing a socio-technical perspective on cyber
security issues, using it as a security tool in digital production systems, and verifying personal information. Diffusion of innovations is possible by
integrating them into corporate strategies and business models. At this point, issues such as developing business models specific to NFT technology and
adapting them to the system as an active income source also come to the fore. Finally, the literature research showed that user experience also plays a role
in NFT activity. Providing convenience to the user experience, addressing user concerns, and providing ease of system use may increase NFT activity. No
studies have evaluated the prominent criteria for making NFT activity more effective by integrating other Web 3.0 technologies. In other words, it has been
determined that a model is needed to evaluate the prominent criteria in studies to increase NFT effectiveness. To address this gap in the literature, a model
proposal has been developed that helps identify critical factors for increasing NFT activity.

3. Methodology
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The aim of the study is to determine the most appropriate strategy in choosing identity management for NFT in Metaverse. For this purpose, first, criteria
for NFT management need to be determined and weighted. The criteria determined in the literature review are weighted with the M-SWARA method. In the
second stage of the study, strategies are evaluated based on the criteria. This evaluation is carried out by the VIKOR method. The two-stage proposed
method is carried out based on expert opinions. Therefore, it is recommended to consider fuzzy numbers in order to include uncertainty in linguistic
expressions in the analysis. Therefore, QPFR numbers have been integrated into these two methods. The most current version for QPFR numbers is the
form in which the golden ratio is used. In this way, it will be possible to handle uncertainty in the most realistic way. In addition, since the selection of
experts and their equal importance is a matter criticized in the literature, artificial intelligence-based expert selection is recommended. The details of the
proposed model are shown in Fig. 1.

3.1. Al-based decision-making for expert prioritization

In the dynamics of decision-making process, diversity in the demographic information and experience of experts has become important in recent years to
be taken into account in the analysis process. However, difficulty in prioritizing experts and diversity also create complexity of analysis. The proposed
solution for this complexity is the Al-based k-means clustering algorithm. Clusters are created based on basic demographic characteristics of experts such
as education, salary, age and sector. In determining the optimal number of clusters, the elbow method is preferred. The elbow method is a strategic
visualization technique in finding the effective point in determining the effectiveness of the model. After this, the weights of the clusters are defined. These
weights reflect the sizes and diversity of the clusters. Finally, the weights of individual experts in each cluster are calculated proportionally based on their
proximity to the cluster centre. With an artificial intelligence-based methodology, an innovative approach to expert prioritization is achieved. Artificial
intelligence-based expert prioritization steps are presented below.

In the Step 1, the number of optimal clusters are determined using the elbow method. The elbow method, an important component of methodology of
study, serves as a guidance for defining the optimal number of clusters in decision-maker grouping (Liu et al, 2024). According to plotting the Within-Cluster
Sum of Squares (WCSS) against the number of clusters (k), this method systematically reveals the point at which additional clusters cease to significantly
increase the effectiveness of the model, elbow-shaped in the graph. On the basis, the elbow technique enables us to reconcile the granularity of clustering
with the declining rewards of further complexity by serving as a strategic navigator (Costantiello and Leogrande, 2024). This ensures that the selected
number of clusters encapsulates the essential patterns within the demographic data, providing a robust foundation for subsequent steps in our
prioritization methodology.

In Step 2, the Within-Cluster Sum of Squares (WCSS) is computed for the different values of k using Eq. (1).

k
WesS= Y Y dix; c)?
Jj=1x;e C;

1

Where k is the number of clusters, C;is the set of data points in cluster j, x;is a data point, c;is the cluster center of cluster j, and d(x; ¢)) is the Euclidean
distance between x; and Cj. The elbow is determined as an optimal k value where the reduction in WCSS slows down by plotting the values of WCSS and k.

In the Step 3 of the Al-based expert prioritization, the K-means clustering algorithm is used for clustering decision makers. The optimal k value is applied
for initial cluster centres as ¢y, ¢5, . . ., ¢; and each data point x; to the nearest cluster center is assigned to define the cluster assignments with Eq. (2).

n
d(x; x) = '\/2 (xy— x;?
i=1

2

Where n represents the number of dimensions of the data. The cluster assignment of each data point x;is denoted by a;, where a; = jis that x; belongs to

cluster j (Yang, 2024; Kong et al, 2024). Cluster centers are updated by taking the average of data points in each cluster by Eq. (3).
1
Cj = m 2 X;
J x;€ C;

3

where CJ means the set of data points in cluster j, and |Cj| is the number of data points in cluster j. Egs. (2) and (3) are applied iteratively until no data
point changes its cluster assignment, or until a maximum number of iterations is reached.

In Step 4, the weights of the decision makers are calculated by considering the cluster weights of the decision makers. The mean standard deviations of
each cluster are computed with the help of Equations (4)-(6).
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where, s;is the standard deviation of cluster j. nis the number of features or dimensions of the data, and ;s the standard deviation of feature in cluster
J. Xj] is the mean of feature Iin cluster j. Then, the cluster weights w;are obtained with Eq. (7).
W=l Gl x s,
7
where |C} is the magnitude of cluster j (Lee, 2024). The weights of the decision makers are calculated with Eq. (8).

1 W;

W L= T o =
7] | .
|CJ| EVVJE CJWJ

8

where, t means the number of decision makers w; represents the weight of decision maker tin cluster j.

3.2. Neuro Computing with Facial expressions

Facial expressions such as anger, happiness and sadness are important elements in human communication. For decision makers, this is also an effective
factor in their decision making. The network of facial muscles forms our judgments about individuals based on their emotional expressions. Neuro
Decision Making Concept is a new decision-making methodology for classifying facial expressions and emotions (Géller et al, 2024). The basis of the
neurodecision-making method lies in Darwin's research on the non-verbal display of emotions. Facial action coding system (FACS) is a classification
algorithm consisting of 46 different action units developed in the 1970s (Rahadian et al, 2024). The FACS algorithm is used as a reliable and valid method
in areas requiring nonverbal behavior and social interaction (Westermann et al, 2024; Cakir and Arica, 2024).

3.3. Modelling Uncertainty with Quantum picture fuzzy rough sets with golden cuts

Quantum picture fuzzy rough sets with gold dashes are used to determine the lower and upper limits in the subjective evaluations of experts. Quantum
mechanics and the golden ratio are used in the boundary determination process used here. Quantum mechanics is the branch of physics that investigates
matter and energy at the subatomic level. The theory takes into account wave functions, quantum states (Du et al, 2024; Hou, 2024). Additionally, fuzzy
number sets in mathematics are one of the set theories that take uncertainty into account. Fuzzy sets can create structures that contain uncertainty in
analysis by defining the belonging of the elements with numbers between 0 and 1. In quantum mechanics, the uncertainty in the position of a massless
particle is integrated into fuzzy number systems. The particle's ownership of momentum is proportional to the size of the wave function (Kou et al, 2023;
Fan et al, 2023). The algorithm combining quantum mechanics, golden ratio and fuzzy numbers is given by Equations (9)-(11).

Qu>) = ¢e/®
9
|IC> = {|u1 >, |u2>,..., |un>}
10
> loGus)i=1
lu>C|C>
11
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In Equations (9)—(11), Crepresents a collection of exhaustive events represented with |uj > . The squared magnitude of the wave function,

|Q(u > )| = ¢? provides the amplitude-based result for the probability of occurrence of event [u > as determined. The value of ¢2 must lie within the

range of 0 to 1, and 62 represents the phase angle of event |u > . Furthermore, |¢1 | 2 serves as the degree of belief in event |u > , with 0 representing its

phase angle, which can range from 0 to 360 degrees (Carayannis et al, 2023).

Picture fuzzy sets (PFSs) is one of fuzzy sets and the intuitionistic fuzzy sets are determined in 1980s (Rani et al, 2024). This method is determined by
Cuong and his colleague in the last decade to provide more compherensive fuzzy-based evaluations for the complex decision-making problems (Ahmad et
al, 2024). For this purpose, PFSs considers the positive, netural, negative, refusal membership degrees of the fuzzy sets on a universe. The conventional
fuzzy sets in Eq. (12) include the membership function.

A= {x n )xe x}

12

Where A isa fuzzy set, X is a universe of discourse and 1 4 represents the membership degree of x in the fuzzy set A. 1 4: X — [0,1]. However, intuitionistic

fuzzy sets in Eq. (13) are formulated with membership and non-membership functions.
A= {x 1,0, vax)ix € X}

13

Where v, is the non-membership function of fuzzy set, 0 < 11,4(x) + v4(%) < 1, Vx € X Picture fuzzy sets are shown in Eq. (14). The sets are by
considering the additional function parameters of the universe X with the following statement.

A= {(x, 1 A(0), Dy(x), V4(%), hy(x))x € X}

14

Where n 4 represents the neutral and 1, means the refusal degrees of membership function of xin A. 11 4(x) + ny(x) + VA(X) + hyx) =1,VxeX

Picture fuzzy sets also answers the complex models including several types of expert opinions entitled the membership value 1 4 for 'yes’, neutral value n4
for ‘abstain’, non-membership value v, for ‘nd, the refusal value h , for ‘ignoring’. So that, it is possible to obtain results that are more consistent with the
real world (Kahraman, 2024). Some operations of picture fuzzy set A and B are shown with Equations (15)-(19).

A C Bif py(x) = pg(x) and ny(x) < ng(x) and vy4(x) = vg(x), Vx € X(15)

A= BifAC Band BC A(16)

AUB= { (X, maX(pA(X), pB(X) ) min(nA(X), nB(X) ) min (VA(X), VB(X) ) )lxe X}

17
ANB= { (X, min (]JA(X), b p(x) ) mjn(nA(X), np(x) ) maX(VA(X), vg(X) ) )lxe X}
18
COA = ;4 = {(X VA(X), ny(x), 14(x) )|Xe X}
19

The purpose of the rough number scope is to reduce the subjective and ambiguous assessments of decision-making analysis. It comprises a rough

boundary interval, upper and lower bounds. Lower (Apr(Cj) ) upper (Apr(Cj) approximation, and boundary region (Bnd(Cj) ) of C;are
presented in Equations (20)-(22).

apr(c;) = u{vex/RY) = ¢}

20
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A;DI'(CI») = u{rex/rm = ¢}
21

Bnd(C;) = u{Ye X/R(Y) + C}
22

Where Y means an arbitrary object of the universe X, Ris the set of Nclasses (Cy, .. Cp). Crepresents the objectsin X. VY € X, C; € R. However, lower

(ij (CI-) ) upper (ij (Cj) ) limits and the rough number (RN(CI-) ) of C;are given by Equations (23)-(25).

L1m JH YeApr(C)

m(c) =TI 4ve apr(c)
~ () = reim(c,) Lim(c,)

Where N; and N;;are the number of objects for Apr| C; ) and Apr | C; ). In this study, golden-cut fuzzy rough numbers based on quantum mechanics
L U 1 1

are proposed to obtain more comprehensive and consistent results than classical fuzzy-based modelling. One of the important advantages of these
numbers is that they can take into account both the evaluations of different experts and the opinions of experts with specific characteristics. Quantum
picture fuzzy rough sets (QPFRS) represent the degree of membership of an element by a complex number. Formulations of membership value are
expressed by Equations (26)-(44).

(u,([ij( ) le( )J(u) [LJm( ) L1m( )J(u)

|CA> =l
ue 2l

[Lim (chA), Lim (CI»VA)J(U), [Lim (cjhA), Lim (cj,,A)J(u))

26

Where, CiﬂA defines the membership, CmA gives information about the neutral degree, C;,, |s about the non-membership, and Ch explains the refusal

degrees and their definitions in the picture fuzzy rough numbers are given as follows

27

28

29
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31
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32
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33
_ 1 NUHA _
Lim(thA) = N ;1 Ye Apr(C,»hA)
34

Where Ny, N1y, Ny, Nrp, are the number of elements in Apr ( Cin, ) Apr (CmA), Apr (CjVA ) Apr (thA ) respectively while Ny, N, Ny

NUhA are defined for Apr (CjuA ), Apr (CI-HA ), Apr (CjVA ), Apr ( CihA )

35

Apr(cmA) - U{YE X/R(Y) = CmA}
36

Apr(civA) = U{YE X/R(Y) = CI-VA}
37

Apr(C,-hA) = U{YE X/IE(Y) = thA}
38

Aj-or(cmA) = U{YG X/R(Y) < ijA}
39

Apr(CmA) = U{Ye X/R(Y) = CjHA}
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40

Apr(Cj A) = U{Ye X/R(Y) = chA}

41

Apr(CihA) = U{Ye X/]NQ(Y) < thA}

42

iny “ing “ivy n iny “ivy

Where C; = (C- C.,C; CibA) and R is the collection of{Cl, Cy, ... C } CI-“A, C..,C; CihA are the picture fuzzy sets of class C;. However,

the general formulation of the quantum picture fuzzy sets (QPFSs) with the amplitude and the angle results of event is presented below.
— j217. 211, 211 2. T
c=[c, e?m 9 c, o7, C, o P, Cp o2 T |
43
2
¢ = |Cu(|”1’> )|
44

The amplitudes of quantum membership, neutral, non-membership, and refusal degrees, symbolized by C“, C, C,and C, respectively, are given with
terms of phase angles a, y, B, T. The amplitude of the membership value Cp of QFS’s is symbolized by ¢2. The utilization of the golden ratio in multi-
objective optimization problems allows for a harmonious balance between two opposing objectives, such as maximizing profit while minimizing risk. The
golden ratio is approximately 1.618 and the value is symbolized by ¢ (phi). In the context of the membership and non-membership degrees, the golden
ratio can be utilized to establish the ideal weighting between these two objectives. Therefore, a compromise is achieved between the components of fuzzy
sets. The representation of the degrees by the golden ratio could be expressed through amplitude with Equations (45) and (46).

CIJ
C,= el
45
CV
Ch = E
46

In conclusion, the phase angle for the suggested sets is obtained. The phase angle of the membership in realm of QPFS’s is symbolized by the symbol a
with the Equations (47)-(49).

47
a
V=3
48
49
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X; and X, mean two universes, and A .and B , respectively represented by

R a. ;N R v ;»
_A A _A A
[Lim(C,- |, Lim(C, - |1€?7 1 |2z |- | == |}, [Lim|C,- |, Lim 1200 |z | |z |,
Ha Ha
- % 5 - o 7
rij( )Lzm( )Jeﬂﬂf w | | = J,[ij(Ch;),ij(Ch;)Jeﬁ”'[ || |

V- o
_B VB
J,rLim( )Lzm( )Jeﬂﬂ-f |

21

B-
rij(cV;),ij(cf)Jeﬁ”f P

2
B

5 T
J,[ij(ch;),ij(ch;)Jeﬂ“ |

21

[ij(Cp;),Lim(Cp;)Jeﬂ”'[ E)' o

and, they are two QPFRS's derived from the universes of discourse X; and X,. The operations of QPFR numbers are detailed with Equations (50)-(53)

R a_ - B} v -
_A ay _A Ya
[Lim|C,- |2, Lim|C, ~ |Aje27-1 |2z |2 |zz |2!, [Lim|C.- |2, Lim|C - |A1e”7-T |2z |2 | z= |2],
Ha Ha ny ny
A*AC
- b 5 - ~ T
[Lim|C.- |A, Lim|C,- |A)e27-T |2z |4 |2z |2, [Lim(C,- |A, Lim|C,- |A1e27-T |2z |2 |2z | 2]
Va Va hy hy
A>0

2

i ]

i o\ [\
_A A

oa . A g e[ | = |,

2 J,[LJm(Ch;‘) ,L1m(Ch;) 1e2- T

b 1

A>0
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T % - a; - aj
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3.4. M-SWARA with Quantum picture fuzzy rough sets

SWARA method is referred to as the progressive weighting method in the multi-criterion decision-making literature. The basis of the SWARA method is the
establishment of a hierarchical proportional structure in the evaluation of criteria. M-SWARA is an extension of the SWARA method, and its details are
presented under this title (Rahadian et al, 2024; Mikhaylov et al, 2024).

Step 5 covers defining the criteria set for NFT management. Criteria affecting NFT management are defined from literature. In Step 6, dependency degrees
between the criteria are defined from experts. Linguistic opinion is obtained to create relation matrix. Step 7 involves constructing QPFMs for the
relationship matrix. Quantum picture fuzzy rough relation matrix is formulated by considering the linguistic evaluations of decision makers and the

quantum spherical fuzzy numbers. Cp;‘ C= [ij]nxn are the relationship each criterion. Cij is about influence value of i-criterion over the j-criterion. The

detail of matrix is given by Eq. (54).
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Where C determines QPFR direct relation matrix.
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makers.Step 8 is about defining QPFRS's for the relationship matrix. The C matrix of the experts is calculated with QPFR numbers in Eq. (55).

B .k - ajj
[miﬂf';l (le(cpy) ), maxﬁl (le (Cpij) Jeﬂn. [ minj_q b ,maXf‘=1 5 J

2 2 ,
- V y
.k -y i
[mink_, (ij (cn,,) ) maxk_, (ij (CH,,) Jei2m Tminiey | o [omaxicy | 37 |
ij 7
C =
: 3 .
.k - g
[minf';l (Lim (CVU,) ) maxﬁl (Lim (Cvjj) |e2m- Tminizy | 57 ,maxi_y | 5 I
\ - T T,
K - i
[min¥_, (ij (ch__) ) max<_, (Lim (Ch--) jerm Tminley | o |Lmaxsy |57 |
ij 7
55
In Step 9, defuzzified values are calculated. The Defc of QPFRS's are calculated with Eq. (56).
a y a B T
. . . . . _g i i =) i
L1m(Cp_) — Lim (Cni)+L1m (Cp_). (Lzm(CV_)—Lun(Chi) ) + - lzm 1t |l | o Bl T +
) ) ) ) ) ajy Vi a Bjj Ty
Lim (Cuj) — Lim (C“i) + Lim (Cuj)' (Lun (C"i) — Lim (Chj) ) +lm -1t 12z | 7 11— |22
Defc; = 5
56

In Step 10, the normalized relationship matrix is obtained. Then, in Step 11, it continues with the calculation ofsj, kj, qj,and ijalues for the relationship
value of each criterion.
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sjmeans the comparative importance rate by QPFRS’s and provides the importance value of the criterion c;on the following criterion Ciy 14kj represents
the coefficient value of the S; and q; defines the recalculated weight of kj. w; gives knowledge about the weights of the criteria in the fuzzy sets. The
values are sorted. Step 12 involves constructing the relation matrix and the directions between the criteria. Stable values of relation matrix with the values
of w; is obtained by transposing and limiting the matrix to the power of 2t+1. tis an arbitrarily biggest. Thus, the weighting results of w;are obtained with
the stabilization process in the M-SWARA method. Impact-relation degrees of the criteria are constructed by the threshold value that is the average value of
relation matrix. Greater values than the threshold in the column is influenced by the criteria in the row (Mikhaylov et al, 2023). So, the impact directions of

the criteria can be showed properly.

3.5. VIKOR with Quantum picture fuzzy rough sets

VIKOR is a decision-making method based on closeness to the ideal solution through consensus. The VIKOR method aims to rank the alternatives,
considering the criteria. Compromise solution in the VIKOR method implies consensus with mutual concessions (Hu et al, 2024; Razzaque et al, 2024). The
step of the extended VIKOR method is given below.

In Step 13, emotional expressions are collected for the alternatives. Linguistic evaluation is obtained. In Step 14 is about constructing the QPFNs for the
decision matrix. In Step 15, QPFRS sets are determined for the decision matrix. The decision matrix is defined as X, with ij representing the alternative i
with respect to criterion j based on the QPFRNs-based linguistic opinions of experts. The matrix is illustrated by Eq. (60).

0 Xpp - - X

m
X21 0 sz
Xk= :
an an 0

60

Step 16 involves computing the defuzzified decision values. The defuzzified of the QSFS’s for the decision matrix are obtained with the help of Eq. (56). In

Step 17, Si, Ri and Qi values are constructed. First, fj values need to be calculated. The best f] and worst fj values for each criterion function are
calculated by formula (61).

*

fJ = maxx ;;, and fJ- = minx
i i

1:]'; jj;

61

The mean group utility and maximal regret are calculated with Equations (62)—(63).
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The final scores of alternatives is obtained using Eq. (64).
~ ~ ~ % ~— * * - ~k

64

The weight of the strategy of maximum group utility is v = 0.5. The weight of individual regret means (1 - v). Each case is considered. The final ranking of
alternatives requires the fulfillment of two requirements once the values of S, R, and Q are sorted. Condition 1 is calculated with Eq. (65). The situation
considers the second position of the alternatives ranked according to Q value. Next condition requires that the alternative must be ranked by either S or R,
or both.

o(a®)-o(aM)=1/G-1

65

If any of these conditions are not met, a compromise solution is preferred. These alternatives are preferred based on their close ranking scores. It is
calculated with the maximum value of M (Yue, 20024). In Step 18, comparative raking values are calculated for consistency of results with sensitivity
analysis.

4. Analysis

In this section, the findings obtained in determining strategies for NFT management in the Metaverse are presented under subtitles.

4.1. Prioritizing the expert choices with Al-based decision-making method

Five experts with academic or industry experience are determined. Artificial intelligence is used to determine the people to be included in the analysis
among these experts. Firstly, in Step 1, the demographic information of the experts is defined. The demographic information of the experts is displayed in
Table 1.

Table 1
Specifications of the decision makers

Decision Maker  Education Experience (year) Salary (USD) Age Industry

DM1 1 (Bachelor) 24 3000 46 1 (Service)
DM2 2 (Master) 20 4000 53 2 (Production)
DM3 3 (PhD) 17 4500 42 3 (Education)
DM4 3 (PhD) 15 4000 44 3 (Education)
DM5 2 (Master) 15 2500 46 2 (Production)
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In Step 2, the optimal k value is calculated for cluster analysis using Eq. (1). The values of the WCSS are computed for the different number of clusters. In
this case, the number of cluster is 5, from 1 to 5, the set of WCSS values are presented for the different k values as seen in Table A1. Also, the elbow point
is defined for selecting the optimal number of clusters for the dataset. Accordingly, Fig. 2 illustrate the plot of the values of WCSS against the number of k.

According to the results, for K = 3, the WCSS value is minimized and optimized as adding more clusters will not significantly reduce the WCSS value. In
Step 3, k-means clustering algorithm is applied for decision makers with Equations (2)-(3). The optimal value for K number is applied for defining the
clusters of decision makers. In this example, the optimal value of K is 3. The iteration results of different 3 clusters are given in Table A2. As seen in Table
A2, the cluster assignment results are same with initial cluster centers and average of data points for iteration 1. So, the cluster of the decision makers is
considered as DM1 and DM5 are considered in cluster 1; DM2 and DM4 are listed in cluster 2; DM3 is stated in cluster 3. In Step 4, the weights of the
decision makers are computed by considering the cluster weights of the decision makers in Table A3. The weights of the decision are calculated with the
help of Equations (4)-(8). The weights of the decision makers for expert prioritization are given in Table 2.

Table 2
Weights of the decision
makers
Decision Maker  Weights
DM1 48
DM2 .02
DM3 .00
DM4 .02
DM5 48

In Table 2, it is seen that DM1 and DM5 have the best priorities with the value of 0.48 as DM2 and DM4 have relatively the weakest priorities among the
decision makers. However, DM3 has no priority in the expert team. Thus, in the decision-making process, the decision makers excluding DM3 are
considered for collecting their linguistic evaluations for assessing the criteria and alternatives.

4.2. Weighting the criteria set for managing Non-Fungible Tokens with QPFR-M-SWARA

Step 5 is about defining the criteria set for NFT management. As a result of the literature review, four criteria that are effective on managing NFT are
determined. The determined criteria are given in Table 3.

Table 3
Criteria set for managing Non-Fungible Tokens
Criteria Code
C1: User Experience EXP
C2: Security and Compliance SEC
C3: Monetization and Business Strategy MBS
C4: Technical and Blockchain Infrastructure  TBI

Step 6 involves collecting emotional expressions for the criteria. In this process, opinions are taken from determined experts. The emotional expressions
are shown in Table A4. Action unit combinations is shown in Table 4.
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Table 4

Observed action unit combinations of
emotional expressions

DM1

EXP SEC MBS TBI
EXP (525) (725 (1,12)
SEC  (5.25) (7.25)  (525)
MBS (75)  (7.25) (1.12)
TBI (75 (525 (146)
DM2

EXP SEC MBS TBI
EXP (112) (525 (525)
SEC  (525) (725) (525)
MBS (75  (7.25) (1,12)

TBI (146) (1,12) (14,6)

DM4
EXP SEC MBS TBI
EXP (525) (7.25) (7.25)
SEC  (1,12) 75  (525)
MBS (75) (7.9) (14,6)
TBI  (75) (525) (7.25)
DM5
EXP SEC MBS TBI
EXP (525) (7.25) (525)
SEC  (6,26) (7.25)  (6,26)
MBS  (14,6) (14,6) (1,12)

TBI (725) (112) (7,25)
In Step 7, QPFN for the relation matrix is constructed using Eq. (54). The detail of result is given in Table A5. In Step 8, the quantum picture fuzzy rough
sets for the relation matrix are determined with Eq. (55). Table A6 presents the relevant results. Step 9 is the step defuzzified the values for the criteria using
Eq. (56). The defuzzified values is shown in Table A7. In Step 10, the relationship matrix is normalized with Equations (57)-(59). The results are exhibited in
Table A8. In Step 11, sj, kj, gj, and wj values are calculated. The values are given in Table A9. In Step 12, relation matrix and the directions among the
criteria are constructed. The details of results are presented in Table A10. Finally, the matrix is stabilized. The result is shown in Table 5.

Table 5
Stable Matrix

EXP SEC MBS TBI

EXP 233 233 233 .233
SEC 275 274 275 275
MBS .231 231 231 231
TBI 261 261 261 261

According to Table 5, the most important criterion is SEC, while the second most important criterion is TBI. Because the Stable matrix values of these two
criteria are the highest. In the order of importance of the criteria, MBS ranks last.
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4.3. Ranking the identity management choices for Non-Fungible Tokens in the
Metaverse with QPFR-VIKOR

In Step 13, emotional expressions for the alternatives are collected. For this purpose, alternatives are determined first. The alternatives considered in the
study are presented with their codes in Table 6.

Table 6
Strategies of managing NFT in Metaverse
Alternatives Codes
A1: Biometrics for unique identification BIO
A2: User verification using real identities VER

A3: Decentralization by removing central authorities DEC

A4: Privacy with authentication PRI

Then, the observed unit combinations of emotional expressions for the alternatives are obtained using Eq. (60). The obtained values are presented in
Table 7.
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Table 7

Observed action unit combinations of emotional
expressions for the alternatives

DM1

EXP SEC MBS  TBI
BIO (612  (27.26) (7.6) (12)
VER (2726) (225)  (7.6) (15,1)
DEC  (1,2) as1)  (151)  (1427)
PRI (225) (225) (1,2 (27,26)
DM2

EXP SEC MBS  TBI
BIO (225 (27.26) (1425) (1,2)

(
VER (225)  (27.26) (7.6) (12)
DEC  (7,6) (1427) (1427) (151)
PRI (125) (
DM4

EXP SEC MBS  TBI

27,26) (1425) (7,6)

BIO (125) (27.26) (27.26) (1,2)
DEC  (7,6) 7,6) (1427)  (1527)
PRI (1,2) 1,2) (12) (12)
DM5
EXP SEC MBS  TBI
BIO (612)  (27.26) (1,2) (12)
VER (225) (27.26) (1425) (12)
(7,6) (12) (7,6)
PRI (1,25) (225) (1,2) (27,26)

In Step 14, QPFN for the decision matrix is constructed in Table A11. Step 15 involves determining the quantum picture fuzzy rough sets for the decision
matrix. The set is given in Table A12. With Step 16, the defuzzified decision values in Table A13 are calculated. In Step 17, S, R and Q values are
constructed using Equations (61)-(65). The value is given in Table A14. Step 18 is about comparison of results with sensitivity analysis. In this step, the
results of two methods are compared with four different cases. The results obtained are shared in Table 8.

(

VER (225) (225 (1425 (1427)
(
(

DEC  (2,25)
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Table 8
Comparative ranking values with sensitivity

analysis

Extended VIKOR (v:0.5)

gl:ase Case Case Case
BIO 1 1 1 1
VER 3 3 3 3
DEC 4 4 4 4
PRI 2 2 2 2
Extended TOPSIS

?ase Case Case Case
BIO 1 1 1 1
VER 3 3 3 3
DEC 4 4 4 4
PRI 2 2 2 2

In case of maximum group utility, veto, and consensus, biometrics for unique identification has the best ranking performance among the alternatives.
Privacy with authentication plays also critical role for the effectiveness of this process.

5. Discussion

It has been determined that security must be ensured first to increase the use of non-fungible tokens on the Metaverse platform. A secure platform allows
users to feel safe regarding these tokens. In other words, if personal data can be securely protected, investors' anxiety will decrease, and they will prefer this
platform more. Moreover, non-fungible tokens can represent assets of very high value. Thanks to the security of the platform, the risk of theft of these
assets can be minimized. In addition, these tokens also contribute to ensuring payment security. These issues allow investors to prefer this platform more.
In this context, it is appropriate to take some precautions to increase security. For example, authentication methods need to be strengthened to ensure the
security of user accounts. Cruz et al. (2024) mentioned that the application of a double control system helps minimize the risks in the process. On the other
hand, Lekhi (2024) underlined that security audits should be performed on the system at regular intervals. As a result of the findings obtained in these
inspections, more effective security measures should be designed. Similarly, Kizza (2024) identified that educating users on security issues raises
awareness about these measures. This situation helps to significantly reduce security problems.

It is also identified that the technological infrastructure must be sufficient to increase the use of non-fungible tokens on the Metaverse platform. High
technological infrastructure allows faster solutions to possible problems. On the other hand, businesses must have sufficient technological infrastructure
so that many people can operate smoothly on this platform. Moreover, the development of technological infrastructure helps to implement transactions on
the blockchain system more securely. This allows the trading volume on the platform to be increased. Due to these issues, businesses need to take some
actions to improve the technological infrastructure. In this context, Messina et al. (2024) concluded that performance analysis should be carried out by
performing regular checks on the platform. As a result of these analyses, necessary steps can be taken to use more up-to-date technology. Additionally, Alt
et al. (2024) and Pineda et al. (2024) stated that appropriate mobile applications should be developed so that users can access the platform via mobile
devices. This situation allows more investors to trade on this platform.

6. Conclusion

In this study, it is aimed to identify the appropriate the identity management choices of non-fungible tokens in the Metaverse. There are three different
stages in the proposed novel fuzzy decision-making model. The first stage includes prioritizing the expert choices with artificial intelligence-based decision-
making methodology. In the second stage, the criteria sets for managing non-fungible tokens are weighted by using Quantum picture fuzzy rough sets-
based M-SWARA methodology. Thirdly, the identity management choices regarding non-fungible tokens in the Metaverse are ranked with Quantum picture
fuzzy rough sets oriented VIKOR. It is concluded that security must be ensured first to increase the use of non-fungible tokens on the Metaverse platform.
Furthermore, technological infrastructure must also be sufficient to achieve this objective. Moreover, biometrics for unique identification has the best
ranking performance among the alternatives. Privacy with authentication plays also critical role for the effectiveness of this process.

The main contribution of this study is that artificial intelligence methodology is integrated to the fuzzy decision-making modelling to differentiate the
experts. With the help of this situation, it can be possible to create clusters for the experts. Hence, the opinions of experts outside this group may be
excluded from the scope. Similarly, M-SWARA methodology is preferred to weight the determinants. Owing to this issue, the causal directions among these
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items can be considered. The main limitation of this study is making a general evaluation with respect to the effectiveness of the non-fungible tokens in
Metaverse platform. Thus, in the following studies, an industry-specific examination can also be performed. With the help of these analysis results, more
specific strategies can be presented for these industries. On the other side, there are also some limitations in the proposed model. In this study, artificial
intelligence methodology is integrated to the fuzzy decision-making modelling to differentiate experts. However, the weights of these experts are not
calculated. Therefore, for the future research direction, these weights can also be identified by considering artificial intelligence theory.
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The plot of the WCSS values and k numbers
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