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A B S T R A C T   

The purpose of this study is to identify the most essential determinants of NFT investments with a 
novel artificial intelligence based fuzzy decision-making model. First, the expert choices are 
prioritized with artificial intelligence methodology. Secondly, the criteria for multidimensional 
NFT investment decisions are weighted with Quantum picture fuzzy rough sets based DEMATEL. 
The findings denote that market trends and expected quality have the greatest weight. It is un
derstood that customer satisfaction plays the most crucial role to increase the effectiveness of NFT 
investments.   

1. Introduction 

Non-fungible tokens (NFT) are digital certificates created using blockchain technology and used to denote digital assets. NFT in
vestments also refer to investments made by purchasing these assets. These tokens represent digital assets in a unique way. Similarly, 
because blockchain technology is used, it is possible to trade these assets more securely. On the other hand, it may be easier to access 
the global market with these tokens. Due to these advantages, some actions need to be taken to develop NFT investments (Ali et al., 
2023). First, the financial performance of these projects needs to be increased. Otherwise, the continuity of these investments will not 
be possible. Ensuring customer satisfaction is another element that should be taken into consideration in this process. The competitive 
advantage of projects will decrease significantly if customer expectations cannot be met (Nobanee & Ellili, 2023). Since these projects 
involve complex processes, it is also important for businesses to have sufficient technological infrastructure. This situation allows 
problems in business processes to be resolved quickly (Aharon & Demir, 2021; Akyildirim, Corbet, Sensoy, & Yarovaya, 2020). 

Improvements regarding these factors mentioned above must be made to increase the effectiveness of NFT investments. However, 
these improvements also cause costs to increase. Therefore, it is not financially feasible for businesses to make too many improvements 
(Colicev, 2023). Hence, it is necessary for businesses to focus on the most important ones rather than improving all factors in terms of 
financial efficiency (Wang, Lee, Liu, & Hsu, 2023). It is necessary to identify key variables of NFT investments. However, there are a 
limited number of studies on this subject in the literature (Anselmi & Petrella, 2023; Boido & Aliano, 2023). In summary, a new study is 
needed to perform a priority analysis on performance indicators of NFT investments. Accordingly, the purpose of this study is to find 
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the most critical determinants of NFT investments with a novel artificial intelligence based fuzzy decision-making model. In the first 
stage, the expert choices are prioritized with artificial intelligence methodology. Secondly, the criteria for multidimensional NFT 
investment decisions are weighted (An, Mikhaylov, & Chang, 2024; Chen, Tang, Yao, & Zhou, 2022; Chirtoaca, Ellul, & Azzopardi, 
2020). 

The main motivation of this study is a novel fuzzy decision-making model regarding NFT investment decisions. Most of the models 
in the literature cannot consider the weights of the decision makers. However, the qualifications of these people can be different based 
on their demographic factors. Hence, the main contribution of this study is the integration of artificial intelligence approach with the 
fuzzy decision-making methodology. With the help of this situation, the expert choices can be prioritized. As a result of this evaluation, 
a cluster analysis is performed among decision makers. The opinions of people outside this group may not be considered. Thus, it is 
possible to obtain more accurate analysis results (Aslam, Aziz, Nguyen, Mughal, & Khan, 2020; Borri, Liu, & Tsyvinski, 2022; Bouri, 
Cepni, Gabauer, & Gupta, 2021a,; 2021b). 

On the other side, the proposed model has also some superiorities in comparison with the previously generated ones. The main 
contribution of this proposed model is that DEMATEL methodology is taken into consideration to weight the criteria. The performance 
indicators of NFT investments can have an impact on each other. Therefore, to find the most critical indicators, the causal directions of 
these factors should be considered. However, in the decision-making models with AHP and ANP, this relationship cannot be identified 
(Alkabaa et al., 2024; Khandelwal & Barua, 2024). In summary, DEMATEL is the most appropriate approach for the examination of this 
subject. On the other hand, this model was used by integrating the DEMATEL technique with Quantum picture fuzzy numbers. Thus, it 
is aimed to minimize the uncertainty problem in the process (Ante, 2022; Mikhaylov, 2023). 

The proposed model can also be considered to solve real world problems. Real world problems are often complex and multidi
mensional. Using the DEMATEL approach, importance weights are calculated by taking into account the causality relationship be
tween these factors. This contributes to achieving results by identifying the main causes of the problems. This allows the effectiveness 
of the results obtained to be increased. On the other hand, the use of Quantum picture fuzzy numbers in this proposed model also helps 
to manage uncertainty more successfully. In real world problems, uncertainty often exists. Therefore, to offer effective solutions to 
these problems, uncertainty must be reduced. Therefore, this proposed novel decision-making model contributes to a more effective 
analysis of these problems. In this context, this new model can be taken into consideration in many different industries. In this study, 
this model is proposed for the financial sector. Similarly, this model can also be taken into account when analyzing logistics, marketing 
and energy investments. 

2. Methodology 

In this study, a novel artificial intelligence based fuzzy decision-making model is constructed. There are two different stages of this 
model. The details are explained in the following subtitles. 

2.1. Artificial intelligence-based decision-making for expert prioritization 

In the first stage, the expert choices are prioritized by using artificial intelligence methodology. Step 1 defines the specifications of 
the decision makers by employing the elbow method. The within-cluster sum of squares (WCSS) is computed for the different values of 
k as in Eq. (1) (Gao, Tao, & Cai, 2023). 

WCSS =
∑k

j=1

∑

xi∈Cj

d
(
xi, cj

)2 (1) 

In this process, k defines the number of clusters, Cj indicates the set of data points, xi demonstrates a data point, cj shows the cluster 
center and d(xi,cj) explains the Euclidean distance between xi and cj.Step 2 computes the optimal k value for clustering the decision 
makers. Step 3 applies the K-means clustering algorithm for clustering decision makers via Eq. (2). 

d
(
xi, xj

)
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

l=1

(
xil − xjl

)2

√

(2) 

In this process, n gives information about the number of dimensions. Cluster centers are updated with Eq. (3). 

cj =
1
⃒
⃒Cj
⃒
⃒

∑

xi∈Cj

xi (3) 

Step 4 calculates the weights of the decision makers by considering the cluster weights. The mean standard deviation of each cluster 
is calculated as in Eqs. (4)–(6). 

sj =
1
n
∑n

l=1
σjl (4)  
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σjl =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
⃒
⃒Cj
⃒
⃒

∑

xi∈Cj

(
xil − xjl

)2

√

(5)  

xjl =
1
⃒
⃒Cj
⃒
⃒

∑

xi∈Cj
xil (6) 

In this context, sj defines the mean standard deviation, n denotes the number of dimensions and σjl refers to the standard deviation. 
The cluster weights wj are computed by Eq. (7). 

wj =
⃒
⃒Cj
⃒
⃒ × sj (7) 

The weights of the decision makers are defined with Eq. (8). 

wtj =
1
⃒
⃒Cj
⃒
⃒

wj
∑

wj∈Cj
wj

(8)  

3.2. Quantum picture fuzzy rough sets based DEMATEL 

The second stage consists of weighting the criteria for multidimensional NFT investment decisions by integrating Quantum fuzzy 
rough set with DEMATEL. Step 5 defines the criteria for tourism company selection. Step 6 collects the linguistic evaluations of decision 
makers for the criteria. Step 7 constructs the quantum picture fuzzy numbers for the relation matrix as in Eq. (9) (Kou et al., 2023). 

Ck =

⎡

⎢
⎢
⎢
⎢
⎣

0 C12 ⋯ ⋯ C1n
C21 0 ⋯ ⋯ C2n
⋮ ⋮ ⋱ ⋯ ⋯
⋮ ⋮ ⋮ ⋱ ⋮

Cn1 Cn2 ⋯ ⋯ 0

⎤

⎥
⎥
⎥
⎥
⎦

(9)   

Step 8 determines the quantum picture fuzzy rough sets for the relation matrix. The aggregated values can be computed via Eq. (10). 

C =

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

[

mink
i=1

(

Lim
(

Cμij

))

,maxk
i=1

(
Lim
(

Cμij

))]

e
j2π⋅

[

mink
i=1

(
αij
2π

)

,maxk
i=1

(
αij
2π

)
]

,

[

mink
i=1

(

Lim
(

Cnij

))

,maxk
i=1

(
Lim
(

Cnij

))]

e
j2π⋅

⎡

⎣mink
i=1

⎛

⎝
γ
ij

2π

⎞

⎠,maxk
i=1

(
γij
2π

)
⎤

⎦

,

[

mink
i=1

(

Lim
(

Cvij

))

,maxk
i=1

(
Lim
(

Cvij

))]

e
j2π⋅

⎡

⎣mink
i=1

⎛

⎝
β

ij
2π

⎞

⎠,maxk
i=1

(
βij
2π

)
⎤

⎦

,

[

mink
i=1

(

Lim
(

Chij

))

,maxk
i=1

(
Lim
(

Chij

))]

e
j2π⋅

[

mink
i=1

(
Tij
2π

)

,maxk
i=1

(
Tij
2π

)]

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

(10)   

Step 9 computes the defuzzified values for the criteria by using Eq. (11). 

Defci =

⎛

⎜
⎜
⎜
⎜
⎜
⎝

Lim
(
Cμi

)
− Lim

(
Cni

)
+ Lim

(
Cμi

)
⋅
(

Lim
(
Cvi

)
− Lim

(
Chi

)
)

+

(
αij

2π

)

−

⎛

⎝
γij

2π

⎞

⎠+

(
αij

2π

)

⋅

⎛

⎝

⎛

⎝
βij

2π

⎞

⎠ −

(
Tij

2π

)⎞

⎠+

Lim
(
Cμi

)
− Lim

(
Cni

)
+ Lim

(
Cμi

)
⋅
(
Lim
(
Cvi

)
− Lim

(
Chi

))
+
(αij

2π

)
−
( γij

2π

)
+
(αij

2π

)
⋅
((

βij

2π

)

−

(
Tij

2π

))

⎞

⎟
⎟
⎟
⎟
⎟
⎠

2
(11)   

Step 10 normalizes the relation matrix with the help of Eqs. (12) and (13). 

B =
C

max1≤i≤n
∑n

j=1Cij
(12) 
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0 ≤ bij ≤ 1 (13)   

Step 11 constructs the total relation matrix by Eq. (14). 

T = lim
k→∞

(
B+B2 +… + Bk) = B(I − B)− 1 (14)   

Step 12 calculates the effects and the weights of the criteria. Eqs. (15) and (16) are considered to define cause (D) and effect factors 
(E). 

D =

[
∑n

j=1
eij

]

nx1

(15)  

E =

[
∑n

i=1
eij

]

1xn

(16)   

Also, the impact-relation directions are represented by using a threshold value (α) via Eq. (17). 

α =

∑n
i=1
∑n

j=1
[
eij
]

N
(17)  

3. Analysis 

The analysis results of all stages are given in the following subsections. 

3.1. Prioritizing the expert choices with artificial intelligence-based decision-making method (Stage 1) 

In this stage, the first four steps are conducted by considering the Eqs. (1)–(8). Table 1 gives information about the details of the 
decision makers for different decision makers with education (Bachelor, Master, PhD), experience (18–20 years), salary (2400–2750 
USD), age (40–45 years). 

Table 1 explains that DM1 has the best education level because he has PhD degree. On the other side, DM5 and DM 6 have the 
master’s degree. In addition to them, the working experience is quite similar for all people. Moreover, DM1 has the highest salary 
whereas DM4 has the lowest amount. In the following step, the values of the WCSS are computed for the different number of clusters. In 
this case, the number of clusters is 6, from 1 to 6, the set of WCSS values are presented for the different k values. Also, the elbow point is 
defined for selecting the optimal number of clusters for the dataset. 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. 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. The cluster assignment results are same with initial cluster centers and average of data points for iteration 1. Thus, the cluster of 
the decision makers is considered as DM1 is considered in cluster 1; DM2 and DM6 are listed in cluster 2; DM3 DM4, and DM5 are 
stated in cluster 3. It is seen that DM3, DM4 and DM5 have the best priorities with the value of 0.31 in the cluster 3. So, the evaluations 
of these 3 decision makers are considered only to assess the criteria and alternatives. 

3.2. Weighting the criteria for multidimensional NFT investment decisions (Stage 2) 

The analysis results of the steps 5–12 are presented in this section with the help of Eqs. (9)–(17). For this purpose, the criteria for 
NFT investment decisions are defined. Multidimensional factors of NFTs investment decisions are defined as financial real data (PRF: 
NFT profitability, LQD: NFT liquidity, RAT: NFT risk-adjusted returns), customer data (MTN: Market trends, SFF: Social effects, EQT: 

Table 1 
Specifications of the decision makers.  

Decision maker (DM) Education Experience (year) Salary (USD) Age 

DM1 3 (PhD) 20 2750 42 
DM2 1 (Bachelor) 22 2600 45 
DM3 1 (Bachelor) 20 2500 40 
DM4 1 (Bachelor) 18 2400 41 
DM5 2 (Master) 20 2500 42 
DM6 2 (Master) 19 2600 40  
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Expected quality), internal process (RBL: Reliability, SCT: Smart contracts, RGS: Regulations), and data about learning and growth 
(INT: Innovative solutions, SLG: Self learning and steady education, SWW: Synergy with team working). Scales in Table 2 are taken 
into consideration with 3 scales of criteria (no, little, standard, effective, perfect). 

Table 2 gives information about the scales, possibility degrees and fuzzy sets. There are five different scales that are no, little, 
standard, effective, and perfect. Similarly, five different possibility degrees are defined for each scale. In the rightmost column, the 
fuzzy numbers required for these values are given. The details of the linguistic evaluations of decision makers for each criterion are 
given in Table 3. 

Table 3 gives information about the evaluations. Although there are five different decision makers, only three of them (DM3, DM4 
and DM5) are taken into consideration as a result of artificial intelligence analysis. The evaluations of these people for 12 criteria are 
obtained. In this process, 132 questions are created by analyzing the causal relationship between these 12 criteria. 132 different 
questions are created by analyzing the relationship between 12 criteria. Since none of the criteria can be compared with each other, 
these values in the table are left blank. After that, the values are defuzzified and normalized. Finally, total relation matrix is created (An 
et al., 2020). The values in this matrix are considered to weight the criteria. The details of the total relation matrix and the weights are 
denoted in Table 4. 

Table 4 demonstrates that market trends (C4) and expected quality (C6) have the greatest weight. On the other side, regulations 
have the lowest significant weight. This situation gives information that customer satisfaction plays the most crucial role to increase 
the effectiveness of NFT investment (Mikhaylov, Dinçer, Yüksel, Pinter, & Shaikh, 2023; Umar, Abrar, Zaremba, Teplova, & Vo, 2022a, 
; 2022b; Urquhart & Lucey, 2022; Valeonti et al., 2021). Customer satisfaction increases customers’ loyalty to the brand. Therefore, 
investors need to take the necessary actions to meet customer expectations. The important thing in this process is to clearly determine 
the expectations of different types of customers. To achieve this goal, a comprehensive analysis must be carried out. Since satisfied 
customers increase the brand’s reputation, the sales volume of businesses can be increased. This significantly contributes to increasing 
the competitiveness of businesses. In this context, it would be appropriate to take some actions to increase customer satisfaction. First, 
communication with customers should be highly transparent. This increases customers’ trust in the brand. On the other hand, different 
communication channels should be established to ensure that customers can easily communicate with the business. The satisfaction of 
customers whose questions are resolved quickly will increase significantly. Similarly, feedback from customers regarding services 
should be received at certain times. Thanks to this feedback, it is possible to clearly identify the flaws in the process. This allows 
solutions to these problems to be implemented in a timely manner. 

4. Conclusion 

In this study, it is aimed to define the most essential determinants of NFT investments with a novel artificial intelligence based fuzzy 
decision-making model. First, the expert choices are prioritized with artificial intelligence methodology. Secondly, the criteria for 
multidimensional NFT investment decisions are weighted. The findings demonstrate that market trends and expected quality have the 
highest weight. This situation explains that customer satisfaction plays the most crucial role to increase the effectiveness of NFT in
vestments. The popularity of NFT investments increases especially in the last years. According to the reports created by Statista.com, 
the revenue in the NFT market is projected to reach 2.4 billion USD. Similar to this issue, it is also estimated that this revenue will 
exceed 3.4 billion USD. These figures show that NFT investments may have a very important place in the financial sector in the coming 
years. Therefore, taking the necessary measures to ensure customer satisfaction is of key importance to increase the success of these 
investors. The main limitation of the proposed model is that the weights of the experts are not calculated in this proposed model. 
However, the qualifications of the experts can be different according to their demographical factors. Therefore, in the following 

Table 2 
Scales for evaluation.  

Scales for criteria Possibility degrees Fuzzy numbers 

No (n) 0.40 ⎡

⎢
⎢
⎣

̅̅̅̅̅̅̅̅̅̅
0.16

√
ej2π.0.4,̅̅̅̅̅̅̅̅̅̅

0.10
√

ej2π.0.25,̅̅̅̅̅̅̅̅̅̅
0.46

√
ej2π.0.22,̅̅̅̅̅̅̅̅̅̅

0.28
√

ej2π.0.13

⎤

⎥
⎥
⎦

Little (LTL) 0.45 ⎡

⎢
⎢
⎣

̅̅̅̅̅̅̅̅̅̅
0.20

√
ej2π.0.45,̅̅̅̅̅̅̅̅̅̅

0.13
√

ej2π.0.28,̅̅̅̅̅̅̅̅̅̅
0.42

√
ej2π.0.17,̅̅̅̅̅̅̅̅̅̅

0.25
√

ej2π.0.10

⎤

⎥
⎥
⎦

Standard (STD) 0.50 ⎡

⎢
⎢
⎣

̅̅̅̅̅̅̅̅̅̅
0.25

√
ej2π.0.50,̅̅̅̅̅̅̅̅̅̅

0.15
√

ej2π.0.31,̅̅̅̅̅̅̅̅̅̅
0.37

√
ej2π.0.12,̅̅̅̅̅̅̅̅̅̅

0.23
√

ej2π.0.07

⎤

⎥
⎥
⎦

Effective (EFV) 0.55 ⎡

⎢
⎢
⎣

̅̅̅̅̅̅̅̅̅̅
0.30

√
ej2π.0.55,̅̅̅̅̅̅̅̅̅̅

0.19
√

ej2π.0.34,̅̅̅̅̅̅̅̅̅̅
0.32

√
ej2π.0.07,̅̅̅̅̅̅̅̅̅̅

0.19
√

ej2π.0.04

⎤

⎥
⎥
⎦

Perfect (PFC) 0.60 ⎡

⎢
⎢
⎣

̅̅̅̅̅̅̅̅̅̅
0.36

√
ej2π.0.6,̅̅̅̅̅̅̅̅̅̅

0.22
√

ej2π.0.37,̅̅̅̅̅̅̅̅̅̅
0.26

√
ej2π.0.02,̅̅̅̅̅̅̅̅̅̅

0.16
√

ej2π.0.01

⎤

⎥
⎥
⎦
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Table 3 
Linguistic evaluations of decision makers for the criteria.  

DM3  

PRF LQD RAT MTN SFF EQT RBL SCT RGS INT SLG SWW 

PRF  PFC PFC EFV STD LTL LTL STD LTL STD LTL STD 
LQD EFV  PFC STD LTL LTL LTL LTL LTL LTL LTL LTL 
RAT PFC EFV  STD LTL LTL STD LTL LTL STD LTL LTL 
MTN EFV EFV EFV  EFV EFV STD STD STD EFV EFV STD 
SFF EFV STD STD PFC  EFV STD LTL EFV EFV STD LTL 
EQT STD STD EFV PFC PFC  EFV STD LTL EFV EFV EFV 
RBL STD LTL PFC EFV STD STD  STD LTL LTL LTL LTL 
SCT LTL EFV STD EFV STD STD EFV  LTL PFC STD STD 
RGS LTL STD EFV EFV STD STD EFV EFV  STD LTL LTL 
INT STD STD LTL EFV STD EFV STD PFC LTL  STD LTL 
SLG LTL LTL STD STD STD EFV EFV LTL LTL STD  PFC 
SWW STD LTL LTL STD STD EFV STD LTL LTL STD PFC   

DM4  

PRF LQD RAT MTN SFF EQT RBL SCT RGS INT SLG SWW 

PRF  EFV EFV EFV STD LTL LTL STD LTL STD LTL STD 
LQD EFV  EFV STD LTL LTL LTL LTL LTL LTL LTL LTL 
RAT EFV EFV  STD LTL LTL STD LTL LTL STD LTL LTL 
MTN EFV EFV EFV  EFV EFV STD STD STD EFV EFV STD 
SFF STD STD STD PFC  EFV STD LTL EFV EFV STD LTL 
EQT STD STD EFV PFC PFC  EFV STD LTL EFV STD EFV 
RBL STD LTL PFC STD STD STD  STD LTL LTL LTL LTL 
SCT LTL EFV STD STD STD STD STD  LTL PFC STD STD 
RGS LTL STD EFV EFV STD STD EFV STD  STD LTL LTL 
INT STD STD LTL EFV STD EFV STD PFC LTL  STD LTL 
SLG LTL LTL STD STD STD EFV EFV LTL LTL STD  PFC 
SWW STD LTL LTL STD STD EFV STD LTL LTL STD STD   

DM5  

PRF LQD RAT MTN SFF EQT RBL SCT RGS INT SLG SWW 

PRF  PFC PFC EFV STD LTL LTL STD LTL STD LTL STD 
LQD EFV  PFC STD LTL STD LTL LTL LTL LTL LTL LTL 
RAT PFC EFV  STD LTL LTL STD LTL STD STD LTL LTL 
MTN EFV EFV EFV  EFV EFV STD STD STD EFV EFV STD 
SFF EFV STD STD PFC  EFV STD LTL EFV EFV STD LTL 
EQT STD STD EFV PFC PFC  EFV STD STD EFV EFV EFV 
RBL STD STD PFC EFV STD STD  STD STD LTL LTL LTL 
SCT STD EFV STD EFV STD STD EFV  LTL PFC STD STD 
RGS LTL STD EFV EFV STD STD EFV EFV  STD LTL LTL 
INT STD STD LTL EFV STD EFV STD PFC LTL  STD LTL 
SLG STD STD STD STD STD EFV EFV LTL LTL STD  PFC 
SWW STD STD LTL STD STD EFV STD LTL LTL STD PFC   

Table 4 
Effects and the weights of the criteria.   

D E D + E D-E Weights Priorities 

PRF 17.074 17.395 34.469 − 0.321 0.083 6 
LQD 16.425 17.520 33.945 − 1.094 0.082 10 
RAT 16.677 17.898 34.575 − 1.222 0.084 5 
MTN 18.053 18.138 36.191 − 0.085 0.088 1 
SFF 17.571 17.1926 34.764 0.379 0.084 3 
EQT 18.158 17.4436 35.602 0.714 0.086 2 
RBL 16.873 17.2812 34.154 − 0.408 0.083 7 
SCT 17.406 16.7335 34.139 0.672 0.083 8 
RGS 17.171 16.2409 33.412 0.930 0.081 12 
INT 17.227 17.4765 34.704 − 0.249 0.084 4 
SLG 17.216 16.7688 33.985 0.448 0.082 9 
SWW 16.903 16.6668 33.570 0.236 0.081 11  
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studies, a new decision-making model can be created while calculating the weights of the decision makers. 
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