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Abstract: Addiction to smartphones, particularly among adolescents, has reached alarming propor-
tions, rivaling or perhaps exceeding internet addiction as the most widespread kind of dependence
in modern culture. Evaluating the degree of problematic smartphone use habits by experts and
identifying the vulnerable ones to steer to the right treatment program has become a critical issue.
Since such a task may involve an abundance of criteria and candidates, as well as the inherent
subjectivity of multiple decision experts participating in the process, the assessment of smartphone
addiction can be framed as an uncertain multi-criteria decision-making (MCDM) problem. As an
extension of intuitionistic fuzzy sets, Pythagorean fuzzy sets can be used to efficiently manage am-
biguity and uncertainty during decision-making. This study provides an integrated fuzzy MCDM
methodology based on Pythagorean fuzzy sets for evaluating the smartphone addiction level of
adolescents. The Criteria Importance Through Inter-criteria Correlation (CRITIC) method is used to
determine the importance levels of criteria in an objective manner, and smartphone addiction levels
of the selected candidates are ranked using the Technique for Order of Preference by Similarity to
Ideal Solution (TOPSIS) approach. A sensitivity analysis is conducted to examine the variations in
candidate rankings caused by changes to the criteria and weights of the decision experts. Moreover,
in the context of comparative analysis, the Evaluation based on Distance from Average Solution
(EDAS) approach is used to validate the acquired findings.

Keywords: smartphone addiction; Pythagorean fuzzy; CRITIC; TOPSIS; MCDM

1. Introduction

Smartphones have become an integral part of our daily lives due to their ever-
increasing mobility, access, and availability. Apart from their benefits, smartphones are
also being attributed to addictive behaviors across all ages [1–3]. Smartphone addiction,
which is also known as problematic smartphone usage, has come to such a point that it
has become the most prevalent addiction type, even more than internet addiction [4,5]
due to smartphones’ peculiar characteristics and widespread adoption rate reported in
various countries [6–8]. This is especially true for adolescents, as they are particularly more
vulnerable as compared to their elder counterparts [9,10]. Therefore, this study focuses
specifically on adolescents in the assessment and treatment of problematic smartphone
usage. The global COVID-19 pandemic has further complicated the problem, as adoles-
cents have difficulty physically interacting with each other due to the restrictions in many
countries across the world [11].

On the other hand, it is argued that technology addiction in general and smartphone
addiction in particular are architected phenomena designed by digital
platforms [10,12,13]. Digital businesses are alleged to perform such practices in order
to maximize the time spent and thereby the profit generated in an ecosystem characterized
as the “attention economy” [14]. In this economy, be it YouTube, Instagram or WhatsApp,
the consumers do not pay for the usage of the digital platforms. Such platforms have a
rather indirect monetization model owing to the advertising companies seeking to obtain
consumers’ attention.
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The main objective of this study is to develop a new method to provide a quick
preliminary assessment of problematic smartphone usage patterns in adolescents by experts
(i.e., clinical psychologists). As such, this tool could serve as a means for easily identifying
problematic smartphone usage severity levels and readily directing them to the appropriate
treatment program.

Multi-criteria decision-making (MCDM) approaches are frequently used for ranking
the alternatives among numerous possible candidates pursuant to a set of criteria, and
prioritizing the candidates in terms of their degrees of addiction to smartphones can be
regarded as a MCDM kind of problem. On the other hand, such problems reflect the
nature of the actual world, which includes uncertainty. Since the criteria in these sorts of
problems are often qualitative in nature, decision experts may feel uncertain and be limited
to evaluating them using linguistic terms. Fuzzy systems, in this context, provide useful
methods to manage the uncertainty and convert the verbal assessments of decision-makers
to a numerical form.

1.1. Conceptual Background

Addiction, in general, is defined as “a syndrome in which a reward-seeking behavior
has become out of control” [15]. In the context of behavioral addictions, reward-seeking be-
havior is a key concept that deserves attention. Technology addiction, and more specifically
smartphone addiction, could be classified as behavioral addictions, which have similar
psychological and behavioral symptoms to other addictions, such as addiction to alcohol.
It has evolved into a disease that requires treatment. The common symptoms are loss of
control, preoccupation, withdrawal, orientation toward cyberspace to manage moods, and
conflict or negative consequences [16–18].

Many studies conducted in the field of technology addiction regarded the phenomenon
as a mental health problem [19,20]. Spending too much time on online activities performed
with the use of technology has been shown to cause depressive symptoms [21]. Behavioral
addictions are generally difficult to define because they are related not only to physical
factors, but also to social and psychological factors [22]. Behavioral addictions typically
incorporate engagement in a behavior pattern in spite of their negative effects [23]. Smart-
phone addiction can be described as a specific type of behavioral addiction that could be
regarded as the overuse of smartphones to the extent that it disturbs users’ daily lives [24].

The concept of reward represents an approach that has been used for years to shape
behaviors in many fields. The variable reward mechanism is frequently adapted to various
applications by digital platforms with its reinforcing function, which inevitably results in
technology addiction. Experiments on animals in the 1950s are of great importance in order
to understand the critical importance of variable rewards in the habituation process of the
brain [25]. Stimulation of the amygdala region, which is the reward region of the brain,
with variable rewards causes the routine to enter into an endless habit loop in anticipation
of greater rewards. The same mechanism is also seen in the behaviors of individuals, which
become a continuous cycle when, for instance, people wonder how many people will like
their posts on social media (variable reward). As such, it is accepted that the habit cycle
phenomenon plays a critical role in relation to technology addiction [26].

The habit loop is a very important mechanism that explains the role of the brain in the
formation of behavioral patterns that occur on autopilot. Since the early nineties, various
neurological and anatomical studies have brought about important findings about habitual
behavior. In those studies, it has been demonstrated that subcortical loops affect behaviors
and habits through the study of synaptic connections, through different neurons activated
by dopamine [27,28].

The cycle begins when a cue triggers. As the routine is finished, if the brain senses a
reward, the dopamine hormone is released. The uninterrupted repetition of this process
brings the routine into a habit loop. The extant literature suggests that as teenagers are
exposed to new types of media, they may acquire more habitual usage problems than
adults [29].
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Problematic smartphone usage has been linked to significant problems such as dif-
ficulty socializing with peers, depression, and insomnia among adolescents. A study of
American youth [30] found a 40% decrease in the frequency of young people meeting with
their friends on a daily basis between 2000 and 2015. Adolescents who heavily use social
media have also seen a 27% increase in the prevalence of depression. The same study also
identified a 57% increase in behavior that leads to less than the recommended minimum
of 7 h of sleep per night due to technology use. There are four features that are found
on digital platforms and exacerbate technology addiction, but not on platforms such as
television, books, and magazines; these are the absence of a stop sign, fear of missing out
(FOMO), variable rewards, and the habit loop.

1.1.1. Absence of a Stop Sign

The concept of a stopping signal underlies the fact that many activities do not create
addiction. Completing a watched film or finishing a book is a natural stopping signal for
the conclusion of the relevant activity. The stopping signal informs the individual that the
activity has ended. Removing the stopping signal or creating content presentation without
an end result leads to increased consumption. Social media pages and mobile applications
have the feature of infinite scrolling. The page is updated as it is scrolled down, that is, new
content is presented. Video platforms such as YouTube and Netflix automatically start the
next video without the need to press any button. These and similar applications are typical
examples of a digital world without a stopping signal.

1.1.2. Fear of Missing Out

Fear of Missing Out (FOMO) is a phenomenon that is particularly evident in social
media use and refers to the anxiety of missing out on developments that everyone else has
learned about. The desire to quickly access information about friends, surroundings, or
things of interest, such as people, teams, etc., and the fear of being left behind, leads to the
constant keeping of mobile devices open and checking them compulsively [31]. FOMO is
defined as an individual’s fear of missing out on something that others are already doing,
knowing, or owning without being aware of it, in a way that is disturbing or takes up
all of one’s time. Research on the subject shows that three out of four young consumers
experience this anxiety.

1.1.3. Variable Reward

The concept of reward has been used for many years to shape behavior in various
fields. The reward element is often adapted to various applications by digital platforms
due to its consistently influential role in the development of smartphone addiction. The
stimulation of the amygdala region, which is the brain’s reward region, with variable
rewards leads to the formation of a never-ending habit cycle with the expectation of a larger
reward. The same mechanism is also observed in behaviors that become a continuous cycle
due to the curiosity of how many people will like the shares made on social media (variable
reward). It is therefore considered that the habit cycle plays a critical role in technology
addiction [26].

1.1.4. The Habit Loop

The Habit Loop is a highly significant mechanism that explains the role of the brain
in the formation of automatic behavior patterns. The cycle begins with the brain being
triggered by a cue, after which a specific routine is carried out, and if the brain senses
a reward at the end of the routine, the hormone dopamine is released. The continuous
repetition of this process leads to the routine becoming an addictive one. Eyal [32], taking
the power of habits and variable rewards as a starting point, has developed a method of
designing digital products that will turn the experience into a habit and therefore create
addiction, by adding a fourth element to the three-step addiction cycle. The “Hook” method,
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consisting of trigger, action, variable reward, and investment steps, aims to create a cycle
that is addictive.

1.2. Motivation and Contribution

Regarding smartphone addiction evaluation, there are no studies except one under-
taken by [33]. In contrast to the existing study, our suggested study handles the problem in
a MCDM setting, includes a more comprehensive fuzzy set for capturing the uncertainty in
the problem, sensitivity analyses for criterion and decision expert weights, a comparative
study, and the calculation of criterion weights in an objective manner.

The primary motivation for this study can be seen from two perspectives. The first
objective is to present a novel methodology that is not currently available in the literature,
and the second objective is to apply the proposed method by addressing a current and criti-
cal issue. In this context, Pythagorean fuzzy CRITIC-TOPSIS is established and smartphone
addiction levels of adolescents are evaluated with the proposed approach.

In order to determine criterion weights, rank the candidates, and simulate the un-
certainty inherent in the nature of the problem, we integrate the CRITIC and TOPSIS
approaches in a Pythagorean fuzzy environment in order to maximize their respective
advantages. The main motivation for employing the CRITIC approach in this study is
as follows: In MCDM problems, the assigning of weights is an important stage in the
whole decision-making process. In certain cases involving decision-making, the extraction
of subjective preferences is either difficult or undesirable. A separate criterion weight
assignment is not required by the CRITIC technique, which might increase the reliance of
the results on the subjective judgments of the decision-makers. The CRITIC method obtains
these weights objectively from the contrast intensity measurement and the conflicting
character of the assessment criteria. In conclusion, CRITIC enables the user to objectively
determine the weights of criteria. TOPSIS [34], on the other hand, is a MCDM method for
determining solutions from a set of criteria and alternatives. The fundamental premise is
that the selected alternative must be closest to the ideal positive ideal solution and farthest
from the negative ideal solution. The following are the main motivations for selecting the
TOPSIS method for ranking the candidates: It is simple over many other decision-making
methods, it can account for any form of subjective and objective criteria, it adheres to
a reasonable logic and is simple for practitioners to comprehend, and the mathematical
procedure is quite straightforward [35]. In the proposed methodology, the decision matrix
is constructed using the acquired weights obtained with Pythagorean fuzzy CRITIC, and
the candidates are then prioritized using the Pythagorean fuzzy TOPSIS approach. The key
contributions of this study, which may also be seen as its innovative features or advantages,
are as follows:

• A CRITIC-integrated TOPSIS technique is used for the first time in a Pythagorean
fuzzy environment.

• The evaluation of adolescent smartphone addiction is addressed for the first time
within a comprehensive fuzzy MCDM framework.

• The proposed approach addresses the demand for objective criterion weighting in
addition to providing a quick and accurate ranking of candidates. The proposed
technique does not need a separate criterion weight assignment, which may make the
results more reliant on the decision expert’s subjective evaluations.

• Through this research, we want to enlighten practitioners about the state of the art in
this field and call attention to the importance of MCDM application in identifying the
highest-risk candidates with regards to their smartphone addiction. Additionally, the
set of criteria that can be applied to the assessment of smartphone addiction offered
within the study’s purview, together with their relative weights, can be seen as a useful
manual for academics and professionals working in this area.

• To evaluate the consistency of our approach, a sensitivity analysis for criteria and
decision-maker weights is conducted. In addition, a comparative study is provided to
validate the methodology.
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This study seeks to address the following research question: What is the effective-
ness of using a Pythagorean fuzzy CRITIC-TOPSIS model for the ranking of smartphone
addiction in adolescents while calculating the criteria weights in an objective manner,
and how does the proposed methodology behave against different criteria and decision
expert weight distribution scenarios, and how consistent are the results obtained with other
accepted MCDM methods?

The rest of the paper is organized as follows: Section 3 summarizes the related work.
Section 3 presents the methodology by providing the preliminaries of Pythagorean fuzzy
sets and explaining the detailed steps of the proposed Pythagorean fuzzy CRITIC-TOPSIS.
Section 4 is concerned with the application. Descriptions of the criteria, the numerical
solution of the problem, sensitivity and comparative analyses are included in this section.
Section 5 finalizes the paper with the limitations and future research avenues.

2. Literature Review

MCDM models are used in a variety of problems, e.g., the prioritization of renewable
energy projects [36], assessment of information system governance [37], selection of ideal
structural systems [38], evaluation of seismic strengths of educational and hospital build-
ings [39,40], performance ranking of brands [41], logistics quality analyses [42] and even
pandemic readiness analyses [43].

Pythagorean fuzzy sets [44] are an efficient and significant extension of the intuitionis-
tic fuzzy sets, with a broader space than the intuitionistic fuzzy sets, and therefore provide
a more comprehensive method for modeling the uncertainty and vagueness of real-life
applications [45,46]. Pythagorean fuzzy sets have drawn the interest of many academics
due to their relaxed fuzziness modeling environment and have been frequently used for a
variety of MCDM problems. Ayyildiz and Taskin Gumus [47] developed a Pythagorean
fuzzy AHP-based risk assessment framework for transporting hazardous materials. Zeng
et al. [48] used averaging operators of Pythagorean fuzzy sets and developed a MCDM
framework for ranking unmanned vehicles. On the other hand, Liu et al. [49] suggested a
Pythagorean fuzzy CoCoSo and handled a technology evaluation problem for the treat-
ment of medical waste. Rani et al. [50] provided a Pythagorean fuzzy SWARA VIKOR for
assessing solar panels, and Akram et al. [51] developed a Pythagorean fuzzy ELECTRE
and addressed a problem in risk assessment for the healthcare industry.

Moreover, Bulut and Özcan [52] proposed an AHP TOPSIS in a Pythagorean fuzzy
atmosphere and prioritized advertising goals. Mishra et al. [53] evaluated agriculture
crop patterns based on a Pythagorean fuzzy CRITIC-VIKOR methodology. Liu et al. [54]
suggested a Pythagorean fuzzy EDAS technique for manufacturing supplier selection.
Molla et al. [55] suggested a Pythagorean fuzzy PROMETHEE and illustrated it through a
medical diagnosis problem, and Zhao et al. [56] extended TODIM with Pythagorean fuzzy
sets and handled a technology-related problem.

In MCDM applications, the allocation of weights is an important stage in the whole
decision-making process, and in some cases, the extraction of subjective preferences for
assigning criterion weights is either difficult or undesirable. Based on the measurement
of contrast intensity and the conflicting character of evaluation criteria, the CRITIC [57]
approach generates these weights objectively. The CRITIC method has been incorporated
into MCDM applications in several domains, and some of the notable ones are as follows:
by providing a triangular fuzzy CRITIC approach, Mitrović Simić et al. [58] built a decision-
making model for assessing the safety of roads. Mishra et al. [59] presented a Fermatean
fuzzy MCDM framework for choosing logistics suppliers and utilized CRITIC to calculate
the attribute weights. Kamali Saraji et al. [60] used a Fermatean fuzzy-based strategy to
investigate the barriers to the adoption of Industry 4.0 and claimed that their method
lessens subjectivity by using the CRITIC technique.

On the other hand, Yang et al. [61] used an integrated q-Rung orthopair fuzzy MCDM
approach to handle a problem in the manufacturing industry and used CRITIC to estimate
the weights of the criteria. Peng et al. [62] evaluated a smart healthcare management system
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based on a fuzzy soft decision-making technique in which the CRITIC objectively deter-
mines the weights of the criteria. Furthermore, Naik et al. [63] developed a classical EDAS
model for a contractor prequalification review and determined the weights of the criteria
using the CRITIC method. Biswas et al. [64] selected passenger autos, determined the
relative importance of several factors for selecting vehicles using the CRITIC method, and
ranked the candidates using the CoCoSo technique. Finally, using the CRITIC technique,
Pan et al. [65] assessed the operational characteristics of junctions under high traffic.

3. Methodology

In this section, the proposed methodology is presented. In Section 3.1, the basic
operators of Pythagorean fuzzy sets are summarized, and in Section 3.2, the flowchart and
details of the suggested methodology are provided.

3.1. Preliminaries of Pythagorean Fuzzy Sets

Zadeh [66] introduced the fuzzy set that is characterized by a membership function that
gives each target a membership value ranging from 0 to 1 in order to dispose of ambiguous
or unclear information while making decisions. Intuitionistic fuzzy sets [67], on the other
hand, are associated with not only a membership function, but also a non-membership
function whose sum is less than or equal to one. Therefore, it is more precise and decisive
than a fuzzy set. In some actual situations, however, the total of the membership degree
and nonmembership degree of an element meeting an expert’s given characteristic may
be greater than one, but their square sum may be less than or equal to one. Therefore,
intuitionistic fuzzy sets cannot handle such a circumstance. Therefore, Yager [44] proposed
a new fuzzy set known as the Pythagorean fuzzy set. In comparison to intuitionistic fuzzy
sets, Pythagorean fuzzy sets can characterize uncertain information more extensively and
effectively.

The definition, basic operators, aggregation operator and defuzzification operator
developed for Pythagorean fuzzy sets [44,68] are given below:

Definition [44,68]. A Pyhtagorean fuzzy set X̃P of the universe of discourse ∪ is given
in Equation (1).

X̃P = {u, µX̃P
(u), νX̃P

(u) | u ∈ ∪} (1)

where µX̃P
(u): ∪ → [0,1], νX̃P

(u): ∪ → [0,1], and

0 ≤ µ2
X̃P

(u) + ν2
X̃P

(u) ≤ 1 | ∀u ∈ ∪ (2)

where µX̃P
(u) and νX̃P

(u) are the degrees of membership and non-membership.
πX̃P

(u) is the hesitancy of u to X̃P.

πX̃P
(u) = (1− µ2

X̃P
(u)− ν2

X̃P
(u))1/2 (3)

Addition [68]. Addition of two Pythagorean fuzzy numbers is given in Equation (4).

X̃P ⊕ ỸP = {(µ2
X̃P

+ µ2
ỸP
− µ2

X̃P
µ2

ỸP
)1/2, ν2

X̃P
ν2

ỸP
} (4)

Multiplication [68]. Multiplication of two Pythagorean fuzzy numbers is given in
Equation (5).

X̃P ⊗ ỸP = µX̃P
µỸP

, (ν2
X̃P

+ ν2
ỸP
− ν2

X̃P
ν2

ỸP
)1/2} (5)
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Multiplication by a scalar. (λ > 0) [68]. Multiplication of a Pythagorean fuzzy number
by a scalar (λ > 0) is given in Equation (6).

λ · X̃P = {(1− (1− µ2
X̃P

)λ)1/2, νλ
X̃P
} (6)

Power of X̃P. (λ > 0) [44].

X̃P
λ
= {µλ

X̃P
, (1− (1− ν2

X̃P
)λ)1/2} (7)

Pythagorean weighted geometric mean operator [44].

PWGMw( ˜XP1, . . . , ˜XPn) = ˜XP1
w1

+ ˜XP2
w2

+ . . . .+

˜XPn
wn = {

n

∏
i=1

µ
wi
X̃Pi

,
n

∏
i=1

ν
wi
X̃Pi
}

(8)

where w = (w1, w2, . . . , wn); wi ∈ [0, 1]; ∑n
i=1 wi = 1

Defuzzification operator, i.e., score function [69].

S(X̃P) = µ2
X̃P
− ν2

X̃P
(9)

Normalized Euclidean distance [70].

D(X̃P, ỸP) =

√
1

2n

n

∑
i=1

(µX̃P
− µỸP

)2 + (νX̃P
− νỸP

)2 + (πX̃P
− πỸP

)2 (10)

3.2. Proposed Methodology

Prior to describing the proposed methodology in detail, the flowchart of the proposed
methodology is given in Figure 1 to provide the reader with a general notion of the study.

Figure 1. Flowchart of the proposed methodology.

3.2.1. Evaluate Criterion Weights with Pythagorean Fuzzy CRITIC
Step 2.1

The decision experts evaluate the candidates with respect to the criteria by utilizing
the linguistic terms [50] that are given in Table 1.
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Table 1. Linguistic scale for Pythagorean fuzzy numbers.

Linguistic Term Pythagorean Fuzzy Number (µ, ν)

Extremely Low (EL) (0.15, 0.95)
Very Low (VL) (0.25, 0.90)

Low (L) (0.30, 0.85)
Medium Low (ML) (0.35, 0.75)

Medium (M) (0.45, 0.65)
Medium High (MH) (0.60, 0.50)

High (H) (0.70, 0.35)
Very High (VH) (0.80, 0.30)

Step 2.2

Linguistic evaluations of decision experts are converted to Pythagorean fuzzy numbers
through Table 1. Then, all the matrices are aggregated to obtain one unique collective matrix,
which we call Pythagorean fuzzy candidate assessment matrix M̃. The structure of M̃ is
given in Equation (11).

M̃mxn =


r̃11 r̃12 . . . r̃1n
r̃21 r̃22 . . . r̃2n
. . . . . . . . .
r̃m1 r̃m2 . . . r̃mn

 (11)

where r̃ij = µij, νij are the elements of M̃; the evaluation of candidate Xi(i = 1, 2, . . . , m)

with respect to criterion Cj(j = 1, 2, . . . , n) is donated by M̃ = Cj(Xi)mxn and µij and νij are
the membership and non-membership degrees for the ith candidate and jth criterion.

Step 2.3

M̃ is normalized by utilizing Equations (12) and (13) for the positive and negative
attributes, respectively.

xij =
r̃ij − r̃−i
r̃+i − r̃−i

, i = 1, 2, . . . , m; j = 1, 2, . . . , n (12)

xij =
r̃ij − r̃+i
r̃−i − r̃+i

, i = 1, 2, . . . , m; j = 1, 2, . . . , n (13)

where xij is the normalized value of rij; r+i = max(r1, r2, . . . , rm); r−i = min(r1, r2, . . . , rm).
r+i and r−i are obtained based on the defuzzified values by utilizing Equation (9).
The normalized Euclidean distance that is given in Equation (10) is used to obtained

the nominator and denominator parts of the above equations.

Step 2.4

The correlation coefficient ρ between each attribute pair is calculated by utilizing
Equation (14).

ρjk =
∑m

i=1(xij − x̄j)(xik − x̄k)√
∑m

i=1(xij − x̄j)2 ∑m
i=1(xik − x̄k)2 (14)

where x̄j and x̄k are the mean values of jth and kth attributes, and x̄j is obtained by utilizing
Equation (15). x̄k is also obtained in the same way.

x̄j =
1
n

n

∑
j=1

xij, i = 1, 2, . . . , m (15)
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Step 2.5

The standard deviation of each criterion is calculated as given in Equation (16).

σj =

√√√√ 1
n− 1

n

∑
j=1

(xij − x̄j)2), i = 1, 2, . . . , m (16)

Step 2.6

The C index of each criterion is calculated as given in Equation (17).

Cj = σj

n

∑
k=1

(1− ρjk), j = 1, 2, . . . , n (17)

Step 2.7

The criterion weights wj are obtained as given in Equation (18).

wj =
Cj

∑n
j=1 Cj

(18)

3.2.2. Rank the Candidates with Pythagorean Fuzzy TOPSIS
Step 3.1

Pythagorean fuzzy decision matrix D̃ is obtained by multiplying M̃ by the criterion
weights wj calculated with the CRITIC approach in the previous phase. Pythagorean fuzzy
multiplication by a scalar function that is given in Equation (6) is used for this task.

Step 3.2

D̃ is defuzzified for calculating positive X+ and negative ideal X− solutions. Since the
crisp form of fuzzy numbers can be used for ranking fuzzy numbers, it is also convenient
to obtain positive and negative ideal solutions. X̃+ has the highest score values for each
criterion, and X̃− has the lowest. The defuzzification operator that is given in Equation (9)
is used to calculate crisp values.

Step 3.3

Pythagorean fuzzy positive X̃+ and negative ideal solutions X− are determined based
on the defuzzified values calculated in the previous step. X̃+ and X̃+ are defined as in
Equations (19) and (20), respectively.

X̃+ = Cj, max < S(Cj(X̃i) > |j = 1, 2, . . . , n (19)

X̃− = Cj, min < S(Cj(X̃i) > |j = 1, 2, . . . , n (20)

Step 3.4

Calculate the distance of each candidate to X̃+
j and X̃−j as in Equations (21) and (22),

which are adapted from Equation (10). Note that the theory of the TOPSIS technique
suggests that the best candidate is the one that is close to the X̃+ and far from the X̃−.

d(X̃i, X̃+) =

√√√√ 1
2n

n

∑
j=1

(aij − a+j )
2 + (bij − b+j )

2 + (cij − c+j )
2 (21)
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d(X̃i, X̃−) =

√√√√ 1
2n

n

∑
j=1

(aij − a−j )
2 + (bij − b−j )

2 + (cij − c−j )
2 (22)

where ai, bi and ci are the membership, non-membership and hesitancy degrees for the
ith candidate and jth criterion; n is the number of criteria, and a+j , b+j and c+j are the

parameters of X̃+. In the same way, a−j , b−j and c−j are the parameters X̃−.

Step 3.5

Closeness ratio CR, i.e., the appraisal score for each candidate is obtained as in Equa-
tion (23). We rank all candidates according to the descending values of their appraisal
scores. The candidate with the highest appraisal score is the most critical.

CR =
d(X̃i, X̃−j )

d(X̃i, X̃−j ) + d(X̃i, X̃+
j )

(23)

Step 3.6

The candidates are ranked according to their appraisal scores. The one with highest
appraisal score is the most critical.

4. Application

In this section, the applicability of the suggested methodology is illustrated through a
smartphone addiction evaluation problem. To this end, four candidates, X1, X2, X3, and
X4, are evaluated based on seven critical criteria obtained from the literature. Three of the
decision experts are clinical psychologists with equivalent experience, thus their judgments
have equal weight (1/3). Note that the proposed methodology is adaptable to any number
of decision-makers and candidates; four candidates and three experts are employed in this
study for demonstration purposes only. This section is organized as follows: In Section 4.1,
the details of the criteria are described. In Section 4.2, the numerical solution of the problem
is given. Section 4.3 provides sensitivity analysis for criteria and decision expert weights,
in Section 4.4 a comparative analysis is performed, and Section 4.5 provides the managerial
implications.

4.1. Criteria for the MCDM Problem: Smartphone Addiction Symptoms and Scales

The smartphone addiction phenomenon has been demonstrated by Lin et al. [71] to
share several traits with DSM-5 substance-related disorders, such as obsessive behavior,
functional impairment, withdrawal, and tolerance. The authors have also proposed a
number of diagnostic criteria for smartphone addiction. The Korean National Institute
of Addiction (NIA) has developed a scale specific to adolescents. The scale is composed
of four sub-dimensions for orientation toward loss of control, withdrawal, and negative
consequences. In yet another study, Kwon et al. [24] has identified smartphone addic-
tion symptoms similar to the aforementioned, including craving, withdrawal, tolerance,
daily-life disturbance, and preference of cyberspace-oriented relationships, which were
confirmed through the diagnosis. Based on [24], Demirci et al. [72] have developed the
Turkish Version of the Smartphone Addiction Scale (TSAS). TSAS is a 6-point Likert-type
scale including thirty-three items and seven sub-scales that identifies seven distinct symp-
toms to assess smartphone addiction level, which constitute the basic criteria set of this
study. The aforementioned symptoms are disturbing daily life and tolerance, withdrawal
symptoms, positive anticipation, cyberspace-oriented relationships, overuse, social network
dependence, and physical symptoms.

• C1. Positive anticipation. Becoming excited and having a feel of relief from stress when
using a smartphone, and feeling empty without a smartphone [24,72,73].
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• C2. Withdrawal symptoms. Being impatient and unbearable without a smartphone,
constantly thinking about it when it is absent [24].

• C3. Social network dependence. Problematic dependence of individuals on social net-
working sites (SNSs) to such an extent that it negatively affects their lives due to
social factors, impulsiveness, etc. [74]. It is argued that this phenomenon is a typi-
cal consequence of habitual behavior formation [75]. Social network dependence is
also attributed to diminished impulse control in individuals [76] and dysfunctional
use. Dysfunctional use reflects uncontrolled behavior that involves consequences in
the user’s daily life [77]. These effects could be overuse, financial problems, sleep
disturbances or dangerous use [77,78].

• C4. Overuse. An individual’s use of their smartphone in an uncontrollable manner (i.e.,
preferring to search for an answer using a smartphone instead of asking for help from
others) and feeling an urge to use a smartphone again immediately after using it [24].

• C5. Physical symptoms. Physical symptoms such as headaches, back pain, wrist pain
and shoulder pain [79].

• C6. Disturbing daily life and tolerance. Missing planned work and having difficulty
concentrating in work or class and having unsuccessful attempts limiting oneself [24].

• C7. Cyberspace-oriented relationships. An individual’s finding cyberspace-oriented
relationships as more intimate than those with real life friends and family [24,72,73].

4.2. Numerical Solution of the Problem
4.2.1. Criterion Weights with Pythagorean Fuzzy CRITIC

The linguistic evaluations of four candidates (X1, . . . , X4) with respect to seven criteria
(C1, . . . , C7) by three decision experts (DE1, . . . , DE3) are obtained as in Table 2.

Table 2. Linguistic evaluations of candidates.

Decision Expert Candidate C1 C2 C3 C4 C5 C6 C7

DE1 X1 H VL ML M EL VL ML
X2 EL VH H ML H MH H
X3 ML M EL EL ML M EL
X4 VL ML L MH MH M L

DE1 X1 M ML VL VH L ML M
X2 VL H VH L MH L VH
X3 L VL L H EL MH L
X4 MH L EL VL MH M L

DE3 X1 M L H M VL H VL
X2 L MH MH VL M EL M
X3 EL ML ML ML L MH ML
X4 VH VL VL MH M ML EL

Linguistic expressions of three decision experts are converted to Pythagorean fuzzy
numbers and aggregated as in Table 3.

Table 3. Pythagorean fuzzy candidate assessment matrix M̃.

Candidate C1 C2 C3 C4 C5 C6 C7

X1 (0.45; 0.65; 0.61) (0.30; 0.85; 0.43) (0.70; 0.35; 0.62) (0.45 ;0.65; 0.61) (0.25; 0.90; 0.36) (0.70; 0.35; 0.62) (0.25; 0.90; 0.36)
X2 (0.30; 0.85; 0.43) (0.60; 0.50; 0.62) (0.60; 0.50; 0.62) (0.25; 0.90; 0.36) (0.45; 0.65; 0.61) (0.15; 0.95; 0.27) (0.45; 0.65; 0.61)
X3 (0.15; 0.95; 0.27) (0.35; 0.75; 0.56) (0.35; 0.75; 0.56) (0.35; 0.75; 0.56) (0.30; 0.85; 0.43) (0.60; 0.50; 0.62) (0.35; 0.75; 0.56)
X4 (0.80; 0.30; 0.52) (0.25; 0.90; 0.36) (0.25; 0.90; 0.36) (0.60; 0.50; 0.62) (0.45; 0.65; 0.61) (0.35; 0.75; 0.56) (0.15; 0.95; 0.27)

Correlation coefficients are calculated as in Table 4.
Standard deviation σj, C index and criterion weights wj are calculated as in Table 5.
According to the findings, the smartphone assessment factors in decreasing order of

significance are as follows: C6. Disturbing daily life and tolerance; C1. Positive Antici-



Sustainability 2023, 15, 3955 12 of 19

pation; C5. Physical Symptoms; C4. Overuse; C2. Withdrawal; C7. Cyberspace oriented
relationships and C3. Social network dependence.

Table 4. Correlation coefficients.

C1 C2 C3 C4 C5 C6 C7

C1 1.000 −0.725 −0.425 0.979 −0.353 −0.001 −0.469
C2 −0.725 1.000 0.915 −0.686 0.566 −0.687 0.940
C3 −0.425 0.915 1.000 −0.344 0.377 −0.871 0.997
C4 0.979 −0.686 −0.344 1.000 −0.494 −0.027 −0.400
C5 −0.353 0.566 0.377 −0.494 1.000 −0.484 0.438
C6 −0.001 −0.687 −0.871 −0.027 −0.484 1.000 −0.863
C7 −0.469 0.940 0.997 −0.400 0.438 −0.863 1.000

Table 5. Standard deviation σj, C index and criterion weights wj.

C1 C2 C3 C4 C5 C6 C7

σj 0.473 0.481 0.453 0.448 0.531 0.422 0.460
C index 3.308 2.732 2.426 3.123 3.162 3.772 2.464

wj 0.158 0.130 0.116 0.149 0.151 0.180 0.117

4.2.2. Candidate Rankings with Pythagorean Fuzzy TOPSIS

Pythagorean fuzzy decision matrix D̃ and Pythagorean fuzzy positive X̃+ and negative
ideal X̃− solutions are obtained as in Table 6.

Table 6. Pythagorean fuzzy decision matrix D̃ and Pythagorean fuzzy positive X̃+ and negative ideal
X̃− solutions.

C1 C2 C3 C4 C5 C6 C7

X1 (0.22; 0.92; 0.33) (0.11; 0.98; 0.18) (0.14; 0.97; 0.20) (0.23; 0.92; 0.32) (0.09; 0.99; 0.14) (0.17; 0.95; 0.25) (0.12; 0.97; 0.19)
X2 (0.09; 0.99; 0.15) (0.29; 0.89; 0.36) (0.27; 0.90; 0.35) (0.12; 0.98; 0.19) (0.24; 0.91; 0.34) (0.13; 0.97; 0.20) (0.24; 0.92; 0.32)
X3 (0.10; 0.98; 0.17) (0.13; 0.97; 0.20) (0.09; 0.99; 0.15) (0.13; 0.97; 0.20) (0.10; 0.98; 0.17) (0.25; 0.90; 0.36) (0.09; 0.98; 0.15)
X4 (0.21; 0.95; 0.25) (0.11; 0.98; 0.18) (0.08; 0.99; 0.13) (0.18; 0.95; 0.24) (0.23; 0.92; 0.33) (0.18; 0.94; 0.30) (0.08; 0.99; 0.14)

X̃+ (0.22; 0.92; 0.33) (0.29; 0.89; 0.36) (0.27; 0.90; 0.35) (0.23; 0.92; 0.32) (0.24; 0.91; 0.34) (0.25; 0.90; 0.36) (0.24; 0.92; 0.32)
X̃− (0.09; 0.99; 0.15) (0.11; 0.98; 0.18) (0.08; 0.99; 0.13) (0.12; 0.98; 0.19) (0.09; 0.99; 0.14) (0.13; 0.00; 0.99) (0.08; 0.99; 0.14

Appraisal scores and final rankings of the candidates are obtained as in Table 7.

Table 7. Appraisal scores and final rankings of the candidates.

Candidate Distance to
~
X

+
Distance to

~
X

+
Appraisal Score Final Ranking

X1 0.131 0.334 0.718 2
X2 0.097 0.366 0.790 1
X3 0.151 0.297 0.662 4
X4 0.136 0.321 0.703 3

4.3. Sensitivity Analysis

Sensitivity analysis is often used to evaluate the effectiveness of a MCDM procedure
by measuring the output in response to varying inputs [80]. In the sensitivity analysis, the
effect of the changes in both the criterion and decision maker weights on the output of the
proposed method is examined. In the CRITIC method, the criterion weights are objectively
derived from the alternative evaluation matrix as a whole. Instead of individually modi-
fying the weight of each individual criterion in the sensitivity analysis, it is preferable to
approach the entire set of criteria as a whole and maintain the integrity of the weights of
the criteria. In this context, the sensitivity analysis for criterion weights is carried out by
generating different scenarios based on the original scenario. For this purpose, the initial
scenario w1 is systematically shifted, and six other scenarios, w2, w3, w4, w6, and w7, are
generated, as shown in Table 8.
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Table 8. Criterion weight distribution scenarios.

Scenario C1 C2 C3 C4 C5 C6 C7

w1 0.158 0.130 0.116 0.149 0.151 0.180 0.117
w2 0.130 0.116 0.149 0.151 0.180 0.117 0.158
w3 0.116 0.149 0.151 0.180 0.117 0.158 0.130
w4 0.149 0.151 0.180 0.117 0.158 0.130 0.116
w5 0.151 0.180 0.117 0.158 0.130 0.116 0.149
w6 0.180 0.117 0.158 0.130 0.116 0.149 0.151
w7 0.117 0.158 0.130 0.116 0.149 0.151 0.180

Based on these criterion weight distribution scenarios, the appraisal scores and final
rankings of the candidates are obtained as in Table 9.

Table 9. Appraisal scores and final rankings of candidates for different criterion weight distribution
scenarios.

w1 w2 w3 w4 w5 w6 w7

X1 0.718 (2) 0.716 (2) 0.716 (2) 0.711 (2) 0.717 (2) 0.723 (2) 0.707 (2)
X2 0.790 (1) 0.811 (1) 0.801 (1) 0.809 (1) 0.805 (1) 0.795 (1) 0.812 (1)
X3 0.662 (4) 0.662 (4) 0.660 (4) 0.658 (4) 0.666 (4) 0.659 (4) 0.657 (4)
X4 0.703 (3) 0.699 (3) 0.688 (3) 0.690 (3) 0.696 (3) 0.691 (3) 0.686 (3)

In Table 9, the numbers in parentheses next to the appraisal scores represent the
ranking value. When the results are analyzed, it can be said that the appraisal score values
vary in various criterion weight distribution scenarios, but the ranks remain the same,
and the suggested methodology yields balanced outcomes in response to the criterion
weight changes.

Furthermore, for a more extensive sensitivity analysis, the impact of changing decision
expert weight distributions on the outcomes is examined. In this setting, 10 different weight
distribution scenarios are generated as shown in Table 10.

Table 10. Decision expert (DE) weight distribution scenarios.

1 2 3 4 5 6 7 8 9 10

(DE1;
DE2;
DE3)

(0.33;
0.33;
0.33)

(0.20;
0.20;
0.40)

(0.20;
0.40;
0.20)

(0.40;
0.20;
0.20)

(0.25;
0.25;
0.50)

(0.25;
0.50;
0.25)

(0.50;
0.25;
0.25)

(0.15;
0.15;
0.70)

(0.15;
0.70;
0.15)

(0.70;
0.15;
0.15)

The criterion weights calculated by the CRITIC phase of the methodology in this
manner are shown in Figure 2.

Figure 2. Criterion weights for different decision expert weight distribution scenarios.
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Appraisal scores and final rankings of candidates for different decision expert weight
distribution scenarios obtained in the TOPSIS phase of the methodology are given
in Table 11.

Table 11. Appraisal scores and final rankings of candidates for different decision expert weight
distribution scenarios.

1 2 3 4 5 6 7 8 9 10

X1 0.718 0.745 0.715 0.710 0.743 0.712 0.709 0.759 0.709 0.707
X2 0.790 0.788 0.787 0.790 0.786 0.785 0.789 0.774 0.770 0.774
X3 0.662 0.692 0.656 0.651 0.688 0.653 0.649 0.707 0.644 0.642
X4 0.703 0.723 0.692 0.699 0.722 0.690 0.698 0.733 0.670 0.692

4.4. Comparative Analysis

A comparative study is also conducted to demonstrate the applicability and validate
the established methodology. In order to accomplish this, the same problem is solved using
Pythagorean fuzzy EDAS [81] and Pythagorean fuzzy WASPAS [82] methods by employing
the criterion weights determined with the CRITIC approach. The appraisal scores and final
rankings of the candidates are given in Table 12.

Table 12. Comparative study results.

Candidate Proposed Methodology Pythagorean Fuzzy EDAS Pythagorean Fuzzy WASPAS

X1 0.718 (2) 0.305 (2) −0.894 (3)
X2 0.790 (1) 0.500 (1) −0.826 (1)
X3 0.662 (4) 0.173 (4) −0.902 (4)
X4 0.703 (3) 0.283 (3) −0.874 (2)

Table 12 displays the evaluation scores and final rankings of the candidates derived by
Pythagorean fuzzy EDAS [81]. According to the comparative analysis results, the rankings
of the candidates are obtained as X2 > X1 > X4 > X3. It can be seen that the selected
study gives consistent results with the proposed methodology.

4.5. Managerial Implications

Problematic smartphone usage is a topic of growing concern, as excessive smartphone
use has been linked to a range of negative outcomes in adolescents, including decreased
attention span, poor academic performance, and an increased risk of mental health issues.
Given the negative effects of excessive smartphone use on mental health and cognitive
functioning, it is important for parents, educators, and healthcare providers to be aware of
this issue and to take steps to address it.

The findings of this study have important implications for the field of mental health.
The use of the model to assess smartphone addiction allowed the authors to identify those
at risk for negative consequences and has important implications for the field of mental
health. The model provides a quick and reliable method for a preliminary assessment of
smartphone addiction in this population. This can be especially useful for managers and
practitioners working in the field of mental health or addiction treatment, as it allows for
the efficient triaging of patients and the allocation of resources.

Additionally, the MCDM model can be used to inform the development of treatment
plans for individuals with smartphone addiction. By identifying the key factors contribut-
ing to addiction and ranking their relative importance, managers and practitioners can
tailor interventions to address the specific needs of each patient.

Overall, the model represents a valuable tool for managers and practitioners working
to address smartphone addiction in adolescents, allowing for the efficient and effective
assessment and treatment of this growing public health concern.
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5. Conclusions

The portability, convenience, and widespread availability of smartphones have made
them indispensable in modern life. In addition to their usefulness, smartphones have
been linked to addictive patterns in people of all ages. This research aims to offer a novel
methodology with the purpose of analyzing the degrees of addiction that adolescents have
to their smartphones.

In light of the rising prevalence of smartphone addiction, a MCDM technique is offered
in order for experts to evaluate the severity of problematic smartphone usage patterns
and identify those at risk in order to direct them to the appropriate treatment program.
The purpose of this paper is to use a pluralistic approach to deal with different criteria,
alternatives, and the opinions of multiple experts; to translate the linguistic comments of
these experts into a mathematical environment; and to give the user an idea by ranking the
alternatives using a generally accepted systematic method without a separate evaluation of
the criterion weights.

In this context, the smartphone addiction levels of four candidates are evaluated
with respect to seven criteria derived from the literature through the suggested CRITIC-
TOPSIS methodology. Since this evaluation process contains multiple experts, criteria, and
candidates, the problem is structured in an MCDM setting. The suggested methodology is
developed in a Pythagorean fuzzy environment to model the uncertainty and ambiguity in
the decision-making process. In the CRITIC phase, objective criterion weights are obtained.
According to the provided numerical example, “disturbing daily life and tolerance” is
found to be the most critical criterion for assessing smartphone addiction risk levels. On
the other hand, the TOPSIS phase of the methodology ranks the candidates according to
their appraisal scores. This study puts forward a useful tool for practitioners for quickly
assessing problematic smartphone usage levels of adolescents.

As opposed to other weighing methods, CRITIC uses statistical terminology. The
statistical perspective of criterion weight assignment is provided by the use of notions
such as correlation coefficient and standard deviation. It gathers all preference information
included in the criterion based on the decision matrix. In other words, the information
fundamental to each evaluation criterion is measured in order to calculate the objective
weight. The CRITIC approach has the advantage of normalizing the decision matrix
while avoiding the need for independent criteria by employing the ideal values of all the
criteria concurrently.

For future studies, the provided methodology can be applied to a wide range of prob-
lems in diverse fields, including health, engineering, and management. The stability of the
proposed research against rank-reversal phenomena may be analyzed by other academics
using appropriate analytic methods. Other fuzzy sets, including neutrosophic sets, spher-
ical fuzzy sets, and picture fuzzy sets, can be utilized with the CRITIC integrated EDAS
approach. Other potential variations of this methodology, e.g., WASPAS or DEMATEL
integrated CRITIC, can be tested against different groups (adults, etc.) with varied criteria
sets. The following limitations can be noted regarding the present study. Due to the nature
of the CRITIC approach, correlation coefficients are calculated. Since this calculation cannot
be performed in a Pythagorean fuzzy environment, the problem is transferred to a crisp
environment via normalization, which may result in information loss. On the other hand,
it can be said that the study relies solely on subjective assessments and makes no use of
any existing data sets. Using machine learning techniques, e.g., logistic regression, linear
discriminant analysis, and decision trees, other researchers may create an MCDM model
that incorporates real data.
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AHP Analytical Hierarchy Process
CoCoSo Combined Compromise Solution
CR Closeness Ratio
CRITIC Criteria Importance Through Inter-criteria Correlation
DE Decision Expert
DEMATEL Decision Making Trial and Evaluation Laboratory
EDAS Evaluation based on Distance from Average Solution
ELECTRE ELimination and Choice Translating REality
MCDM Multi-Criteria Decision Making
PFS Pythagorean Fuzzy Set
PROMETHEE Preference Ranking Organization Method for Enrichment Evaluations
PWGM Pythagorean Weighted Geometric Mean Operator
SWARA StepwiseWeight Assessment Ratio Analysis
TODIM Tomada de Decisão Iterativa Multicritério
TOPSIS The Technique for Order of Preference by Similarity to Ideal Solution
VIKOR VlseKriterijuska Optimizacija I Komoromisno Resenje
WASPAS Weighted Aggregated Sum Product Assessment
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