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Abstract 

The integration of digital technologies into healthcare systems within municipalities has elicited a 

transformative change in health service delivery. This paper explores the importance of the 

digitalization of health services in municipalities and represents the most important services by 

employing fuzzy methods.  The research evaluates the importance of digital transformation of 

several health services in municipalities by examining existing literature and employing a 

combination of qualitative and quantitative methods, including the Pythagorean Fuzzy CRITIC 

(PF-CRITIC) and Interval-Valued Pythagorean Fuzzy WASPAS (IVPF-WASPAS) methods. Key 

findings highlight that mobile health services and medical center services are the two most 

important municipal health activities regarding digital transformation. Additionally, we employed 

sensitivity analysis to assess the stability and reliability of the methods, thereby conducting a 

detailed analysis of the decision-making process. Through evidence-based strategies, 

municipalities can harness the power of digitalization to develop patient-centered, efficient, and 

responsive healthcare services. Therefore, this study contributes to a more inclusive approach to 

digitalization in healthcare, aiming to obtain the opinions of individuals who have experience with 

health activities in municipalities. 
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1. Introduction 

The convergence of digital technologies and healthcare has significantly transformed the 
delivery of health services in municipalities in recent years. This transition towards 
digitalization represents a transformative journey, promising enhanced efficiency, 
accessibility, and quality of healthcare provision. The integration of digital tools into 
health services, from electronic health records to telemedicine platforms and mobile 
health applications, holds immense potential to revolutionize the access, delivery, and 
experience of care for both patients and providers. 

The emergence of digitalization faces both opportunities and challenges within the 
healthcare workforce. While digital technologies have the potential to streamline 
workflows, improve communication, and empower healthcare professionals, there is an 
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obvious doubt about digital health solutions in the workforce. Addressing the concerns 
surrounding digital literacy, privacy, and data security is crucial to foster a culture of 
acceptance and readiness for digital transformation within the healthcare sector. 

The digitalization of healthcare services in municipalities represents a comprehensive 
transformation that includes the integration of digital technologies and information 
systems into various aspects of healthcare. This paradigm shift varies from the 
digitization of medical records to include telemedicine platforms, mobile health 
applications, wearable devices, remote monitoring systems, and advanced analytics. 
Digitalization aims to improve communication between healthcare providers and 
individuals, improve access to care, optimize resource allocation, and improve health 
outcomes by streamlining processes. Accordingly, municipalities' adoption of 
digitalization offers the potential to improve healthcare services, making them more 
patient-focused, efficient, and responsive to the evolving needs of society. 

This research has a combination of qualitative and quantitative approaches. The first 
phase comprises a literature review to synthesize existing knowledge for understanding 
the impact of digitalization on health services within municipalities. Subsequently, we 
employ the Pythagorean Fuzzy CRITIC (PF-CRITIC) method and the Interval-Valued 
Pythagorean Fuzzy WASPAS (IVPF-WASPAS) method to analyze data and evaluate 
the various aspects of digitalization in health service delivery.  This integrated approach 
aims to provide insights for decision-making and technology development to improve 
health services by evaluating the digital transformation's impact on various health 
services in municipalities. Additionally, we used sensitivity analysis to evaluate the 
reliability of the model. 

In light of these considerations, this research endeavors to explore the multifaceted 
impact of digitalization on health services within municipalities. Accordingly, by focusing 
on the needs and experiences of society, this paper aims to contribute to a more inclusive 
approach to digitalization in healthcare. 

2. Literature Review 

The digitalization of healthcare services in municipalities is a growing subject, focusing 
particularly on the impact of digitalization on public service delivery for socially 
disadvantaged individuals. Buchert et al. [1] emphasize the lack of empirical research 
examining the effects of digitalization on public health and social welfare services from 
the perspective of socially disadvantaged individuals and emphasize the need for more 
comprehensive studies in this field. So, Schou & Pors [2] discuss the shift towards self-
service solutions in welfare services due to digitalization, which places the responsibility 
on citizens to actively seek services previously managed by professionals, raising 
concerns about the potential exclusion of disadvantaged individuals. 

In the public sector domain, Lloyd & Payne [3] address the use of digitalization as a cost-
effective method for delivering better care quality and more client-focused services, 
reflecting the ongoing efforts to leverage digitalization for improved public health 
services. Additionally, Collington [4] highlights the emergence of public sector 
digitalization strategies with the goal of improving services and enhancing efficiency, 
indicating a broader trend towards digital transformation in public service delivery. 

The impact of digitalization on health care professionals and citizens is also a significant 
area of concern. Tiainen et al. [5] point out that digitalization poses challenges not only 
for health care and social welfare professionals but also for citizens, highlighting the need 
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for comprehensive strategies to address the implications of digitalization in these sectors. 
Moreover, Baumgartner et al. [6] note a questioning attitude towards digital health among 
medical students, indicating the importance of addressing perceptions and preparedness 
for digitalization in the health care sector. 

The literature on the digitalization of health services in municipalities is extensive and 
diverse, covering various aspects of digital transformation in healthcare, public health, 
and social welfare services. Gopal et al. [7] address the importance of digital 
transformation in healthcare, highlighting the integration of technologies like the Internet 
of Things, advanced analytics, Machine Learning, and Artificial Intelligence as key 
components to address challenges in healthcare. Scarano & Colfer [8] discuss the review 
of automated possibilities in linking active labor market policies to digitalization, 
considering the potential impact on employment and public services. Holm et al. [9] 
provide insights into the allocation of home care services by municipalities in Norway, 
indicating potential equity issues in the allocation system. Moreover, Collington [4] 
examines how digitization affects the capacity reduction of the public sector, 
emphasizing the need for more study on how governments might use technological 
advancement for the benefit of their population while keeping themselves functional 
during the process. 

These studies provide a comprehensive overview of the multiple impacts of digitalization 
on health services in municipalities, addressing technological integration, service 
allocation, ethical considerations, and the broader implications for public sector capacity. 

The implications of digitalization in the health services of municipalities have significant 
effects on various aspects of service delivery. Buchert et al. [1] highlight the 
reinforcement of social exclusion through the digitalization of public health and social 
welfare services, particularly for disadvantaged individuals. This underscores the need 
for comprehensive strategies to address the potential negative impact of digitalization on 
vulnerable populations. Additionally, Schou & Pors [2] emphasize the qualitative study 
of exclusion in digitalized welfare, shedding light on the impact of digitalization on welfare 
institutions and professional practices, particularly in the context of disadvantaged 
individuals. These findings underscore the complex interplay between digitalization, 
public sector capacity, and citizen welfare, emphasizing the need for careful 
consideration of the implications of digitalization in health services. 

Additionally, Holm et al. [9] provide insights into the allocation of home care services by 
municipalities, indicating potential fairness issues in the allocation system. This 
highlights the need for equitable and transparent digitalized processes for service 
allocation to ensure fair access to health services. Furthermore, Shava & Vyas-
Doorgapersad [10] highlight the need for comprehensive digital infrastructure to support 
effective service delivery, pointing out that municipalities are unable to foster digital 
innovations to improve public service delivery due to a lack of digital skills, infrastructure, 
accessibility, and connectivity. 

The integration of qualitative and quantitative methods in studying the impact of 
digitalization on health services is well-supported by existing literature. O'cathain [24] 
used a mixed methods approach to evaluate the impact of health information systems in 
UK. Their use of both qualitative interviews and quantitative data analysis provided a 
comprehensive understanding of the system's effectiveness, similar to our approach.  

Moreover, the application of multi-criteria decision-making (MCDM) methods, such as 
PF-CRITIC and IVPF-WASPAS, has been validated in various fields, including health 



Prioritizing Digital Health: Key Municipal Services Identified Through Fuzzy Methods                                                                79 
 

  Artificial Intelligence Theory and Applications, Vol. 4, No. 2 

services. Haktanir and Kahraman [25] utilized the CRITIC method to assess the 
performance of healthcare providers, and Wang et al. [26] applied PF-CRITIC method to 
select suppliers, while Gedikli and Cayir Ervural [27] applied the IVPF-WASPAS method 
to prioritize COVID-19 vaccine alternatives. These studies demonstrate the robustness 
and applicability of these methods, supporting our choice of methodology for evaluating 
digitalization impacts.  

The literature underscores the need for more empirical research on the effects of 
digitalization on public health and social welfare services. There is also a growing focus 
on the challenges and implications of digitalization for health care professionals and 
citizens, highlighting the need for comprehensive strategies to address the impact of 
digitalization on health services in municipalities. 

3. Preliminaries 

3.1. Pythagorean Fuzzy Sets 

Yager [11] proposed Pythagorean Fuzzy Sets (PFS) based on the logic of Intuitionistic 
Fuzzy Sets (IFS), which was developed by Atanassov [11], in 2013. In IFS, the sum of 
the degrees of membership (μ) and non-membership (υ) of an element in a set is in the 
range [0,1]. In the PFS, however, the sum of the squares of the degrees of membership 
and non-membership of an element cannot exceed 1. The PFS, as an extension of the 
IFS, allow experts to make evaluations on a wider scale [12] [13] 

For example, a decision maker may determine the membership degree of an alternative 
to be √3/2 and the non-membership degree to be 1/2. In this case, since the sum of the 
membership and non-membership degrees exceeds 1, the use of IFS is not appropriate. 

However, since the condition 0 ≤ (
√3

2
)2 + (

1

2
)2 ≤ 1 is satisfied, PFS can be used. In this 

regard, instead of asking decision makers to adjust their decisions to fit within the limits 
of IFS, PFS can be used. It is claimed that PFS have more capability than IFS in modeling 
uncertainty for decision-making problems [13]. 

 

Figure 1.  Comparison of PFS and IFS [12] 

The comparison between IFS and PFS is provided in Figure 1. According to this figure, 
it is observed that PFS encompass IFS. PFS differ from IFS in that PFS allow the sum 
of membership and non-membership degrees to exceed 1, but the sum of their squares 
cannot exceed 1 [12]. 
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Definition: Let X be the universal set and 𝑃 be the Pythagorean fuzzy set object of this 
universal set. P object is defined as seen in Equation (1) [14]: 

                                        𝑃 = {< 𝑥, 𝑃 (μ𝑝(𝑥), 𝑣𝑝(𝑥)) > | 𝑥 ∈ X}                                              (1)  

Here, μp(x): X  ↦ [0,1] represents the membership degree, and vp(x): X  ↦ [0,1] 

represents the non-membership degree. 

The sum of the squares of the membership and non-membership degrees of an element 
𝑥 in the universal set 𝑋, belonging to the subset 𝑃, as seen in Equation (2), does not 
exceed 1 [14]. 

                                                   0 ≤ μ𝑝(𝑥)2 + 𝑣𝑝(𝑥)2 ≤ 1                                                (2) 

3.1.1. Interval-Valued Pythagorean Fuzzy Sets 

Peng and Yang [15] expressed fuzzy sets as Interval-Valued. Accordingly, membership 
and non-membership degrees are defined within lower and upper bound intervals. These 
sets are named as Interval-Valued Pythagorean Fuzzy Sets (IVPFS). 

An Interval-Valued Pythagorean Fuzzy Set p̃ in the universe X is defined as follows: if x 
is an element, μ represents the membership degree, υ represents the non-membership 
degree, and L and U represent the lower and upper bounds of these degrees, 
respectively, as shown in Equation (3). The sum of the squares of membership and non-
membership degrees does not exceed 1, as illustrated in Equation (4) [15] [16]. 

                            �̃� = {(𝑥, [ 𝜇�̃�
𝐿(𝑥), 𝜇�̃�

𝑈(𝑥)], [ 𝜐�̃�
𝐿(𝑥), 𝜐�̃�

𝑈(𝑥)]); 𝑥 ∈ 𝑋}                                 (3) 

                                               0 ≤ (𝜇�̃�(𝑥))
2

+ (𝜐�̃�(𝑥))
2

≤ 1                                         (4) 

4. Methodology 

4.1. The Pythagorean Fuzzy CRITIC (PF-CRITIC) Method  

The Pythagorean Fuzzy CRITIC (PF-CRITIC) method, introduced into the literature by 
Peng, Zhang, and Luo in 2020 [17], is an adaptation of the classical CRITIC method to 
the Pythagorean fuzzy numbers. The process flow diagram of the PF-CRITIC method is 
modeled in Figure 2. 
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Figure 2.  The Process Flow Diagram of the PF-CRITIC Method 
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The steps of the PF-CRITIC method are presented below [18]:  

Step 1: Formation of the Decision Matrix: We construct the initial decision matrix 
according to Equation (5), where m denotes the number of candidate alternatives and n 
represents the number of evaluation criteria. Here, for i∈{1, 2,…,m} and j∈{1,2,…,n}), 
X_ij signifies the performance of the i-th alternative with respect to the j-th criterion. 

                                       𝑋 = [𝑥𝑖𝑗]
𝑚𝑥𝑛

= [

𝑥11 ⋯ 𝑥1𝑛

⋮ ⋱ ⋮
𝑥𝑚1 ⋯ 𝑥𝑚𝑛

]                                             (5)    

Step 2: Calculation of Uncertainty Degree: The uncertainty degree of each fuzzy value, 

denoted as pij(μij, υij), representing the Pythagorean fuzzy value of the i-th alternative 

with respect to the j-th criterion, is calculated using Equation (6). 

   ∏ = √1 − 𝜇𝑖𝑗
2 − 𝜐𝑖𝑗

2 ,𝑖𝑗  (𝑖 = 1,2, … , 𝑚; 𝑗 = 1,2, … , 𝑛) 𝑎𝑛𝑑 0 ≤ (𝜇𝑖𝑗)
2

+ (𝜐𝑖𝑗)
2

≤ 1             (6)   

Step 3: Calculation of Score Functions for Each Pythagorean Fuzzy Value: For a score 

matrix R = (rij)mxn
, the score functions for each fuzzy value are calculated as shown in 

Equation (7). 

               𝑟𝑖𝑗 = 𝜇𝑖𝑗
2 − 𝜐𝑖𝑗

2 − 𝑙𝑛(1 + ∏𝑖𝑗
2 ),    (𝑖 = 1,2, … , 𝑚;  𝑗 = 1,2, … , 𝑛)                            (7) 

Step 4: Normalization Process (Conversion of the Score Matrix R to an Orthonormal 
Pythagorean Fuzzy Matrix): The transformation process, resulting in the matrix R′ =

(r′ij)mxn
, is conducted using Equation (8) for benefit criteria and Equation (9) for cost 

criteria. 

For benefit criteria; 𝑟′𝑖𝑗 =
𝑟𝑖𝑗−𝑟𝑗

−

𝑟𝑗
+−𝑟𝑗

−     𝑟𝑗
− = 𝑚𝑖𝑛𝑖𝑟𝑖𝑗 𝑣𝑒 𝑟𝑗

+ = 𝑚𝑎𝑥𝑖𝑟𝑖𝑗                                 (8) 

For cost criteria; 𝑟′𝑖𝑗 =
𝑟𝑗

+−𝑟𝑖𝑗

𝑟𝑗
+−𝑟𝑗

−    𝑟𝑗
− = 𝑚𝑖𝑛𝑖𝑟𝑖𝑗 𝑣𝑒 𝑟𝑗

+ = 𝑚𝑎𝑥𝑖𝑟𝑖𝑗                                      (9) 

Step 5: Calculation of Criterion Standard Deviations: The standard deviation calculation 
is determined using Equation (10). 

                            𝜎𝑗 = √∑ (𝑟′𝑖𝑗−�̅�𝑗)
2𝑚

𝑖=1

𝑚
      Here �̅�𝑗 =

∑ 𝑟′𝑖𝑗
𝑚
𝑖=1

𝑚
                                             (10) 

Step 6: Determination of Inter-Criteria Correlation: The correlation value between the j-
th criterion and the k-th criterion is calculated using Equation (11). 

                    𝑝𝑗𝑘 =
∑ (𝑟′𝑖𝑗−�̅�𝑗)(𝑟′𝑖𝑘−�̅�𝑘)𝑚

𝑖=1

√∑ (𝑟′𝑖𝑗−�̅�𝑗)
2

∑ (𝑟′𝑖𝑘−�̅�𝑘)2𝑚
𝑖=1

𝑚
𝑖=1

   (𝑘, 𝑗 = 1,2, … , 𝑛)                                    (11) 

Step 7: Calculation of Information Amount for Each Criterion: The calculation of the 
information amount is performed using Equation (12). 

                              𝐶𝑗 = 𝜎𝑗 ∑ (1 − 𝑝𝑗𝑘)𝑛
𝑘=1   (𝑘, 𝑗 = 1,2, … , 𝑛)                                         (12) 
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The larger the value of Cj in Equation (12), the more information a specific criterion 
contains. Therefore, the weight of this evaluation criterion is greater than the weights of 
other criteria. 

Step 8: Determination of Criterion Weights: Criterion weights are determined using 
Equation (13). 

                                     𝑤𝑗 =
𝐶𝑗

∑ 𝐶𝑗
𝑛
𝑗=1

    (𝑗 = 1,2, … , 𝑛)                                                    (13) 

4.2. Interval-Valued Pythagorean Fuzzy WASPAS (IVPF-WASPAS) Method 

Turskis, Zavadskas, and their colleagues integrated fuzzy logic with the WASPAS 
method for construction site selection, introducing the fuzzy WASPAS method to the 
literature in 2015 [19]. 

The Interval-Valued Pythagorean Fuzzy WASPAS (IVPF-WASPAS) method, introduced 
to the literature by Ilbahar and Kahraman in 2018, resulted from the adaptation of 
Pythagorean fuzzy numbers to the classical WASPAS method [20]. They [20] evaluated 
the performance of retail stores in their study. The process flow diagram of the IVPF-
WASPAS method is modeled in Figure 3. 
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Figure 3. Process Flow Diagram of the IVPF-WASPAS Method 
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In the IVPF-WASPAS method, the implementation steps are as follows [18]: 

Step 1: Formation of the Combined Decision Matrix: Decision-makers gather opinions 
about alternatives using linguistic expressions. These expressions are converted into 
Pythagorean fuzzy numbers. The arithmetic mean (IVPFWA) of matrices composed of 
Pythagorean fuzzy numbers from each expert is calculated using Equation (14), resulting 

in the creation of the combined decision matrix �̃�𝑖𝑗. Here,𝑤𝑖 represents the weight of the 

criterion. 

𝐼𝑉𝑃𝐹𝑊𝐴(�̃�1, �̃�2, … , �̃�𝑛) = ([∑ 𝑤𝑖𝜇𝑖
𝐿𝑛

𝑖=1 , ∑ 𝑤𝑖𝜇𝑖
𝑈𝑛

𝑖=1 ], [∑ 𝑤𝑖𝜐𝑖
𝐿𝑛

𝑖=1 , ∑ 𝑤𝑖𝜐𝑖
𝑈𝑛

𝑖=1 ])                  (14)                             

Step 2: Obtaining the Normalized Decision Matrix in the Form of Pythagorean Fuzzy 
Numbers: The defuzzification formula in Equation (15) defuzzifies the values in the 
resulting combined decision matrix. The "𝑝" value in Equation (15) is an intermediate 
variable that clarifies the Pythagorean fuzzy number. This formula makes the 
calculations necessary for the defuzzification process and reduces the uncertainties in 
the decision matrix. If the criterion is benefit-based after the defuzzification process, 

Equation (16); If it is cost based, Equation (17) is used. Equation (18) is 1 𝑚𝑎𝑥𝑖𝑝𝑖𝑗
⁄ ; for 

benefit-based criteria; for cost-based criteria, it is applied for all values in the combined 

decision matrix using 𝑚𝑖𝑛𝑖𝑝𝑖𝑗  .Thus, the normalized decision matrix (�̿�𝑖𝑗) is obtained. 

 

                    𝑝 =
𝜇𝐿+𝜇𝑈+√1−(𝜐𝐿)2+√1−(𝜐𝑈)2+𝜇𝐿𝜇𝑈−√√1−(𝜐𝐿)2√1−(𝜐𝑈)2

4
                                  (15)                             

                                For benefit criteria; �̿�𝑖𝑗 =
�̃�𝑖𝑗

𝑚𝑎𝑥𝑖𝑝𝑖𝑗
                                               (16)                             

                                    For cost criteria;  �̿�𝑖𝑗 =
min𝑖.𝑝𝑖𝑗

�̃�𝑖𝑗
                                                 (17)                                                       

            λ�̃� = ([√1 − (1 − (𝜇𝐿)2)λ , √1 − (1 − (𝜇𝑈)2)λ] , [(𝜐𝐿)λ, (𝜐𝑈)λ])                       (18)     

Equation (18) facilitates the transformation of Pythagorean fuzzy numbers using a 
specific λ coefficient. The λ coefficient is a parameter used during the defuzzification of 
Pythagorean fuzzy numbers. This transformation reduces uncertainty among the 
numbers and provides the necessary adjustment for normalization. Equations (16) and 
(17) then utilize these transformed values to normalize the decision matrix according to 
benefit and cost criteria. This process aims to make Pythagorean fuzzy numbers 
comparable and consistent within the decision-making framework.      

In summary, the values of the combined decision matrix are defuzzified using Equation 

15. Subsequently, Equation 16 is applied for benefit-based criteria using 1 𝑚𝑎𝑥𝑖𝑝𝑖𝑗
⁄ , and 

Equation 17 is used for cost-based criteria employing 𝑚𝑖𝑛𝑖𝑝𝑖𝑗. During this process, the 

𝑝𝑖𝑗 values represent previously defuzzified values. The λ values specified in Equation 18 

are based on 1 𝑚𝑎𝑥𝑖𝑝𝑖𝑗
⁄  and 𝑚𝑖𝑛𝑖𝑝𝑖𝑗. 𝜇𝐿, 𝜇𝑈, 𝜐𝐿, and 𝜐𝑈 denote the Pythagorean fuzzy 

number values in the combined decision matrix. These computational steps ensure the 
comparability and normalization of values in decision-making processes involving 
Pythagorean fuzzy numbers.                                     
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Step 3: Conversion of Linguistic Evaluations for Criteria into Pythagorean Fuzzy 
Numbers: The linguistic expressions regarding the importance levels of criteria provided 
by decision-makers are transformed into Pythagorean fuzzy numbers. 

Step 4: Obtaining the Pythagorean Fuzzy Weighted Sum Values of Alternatives: The 
weighted sum matrix, which is the first part of the WASPAS method, is obtained through 
Equation (19). Here, 𝑤𝑗 represents the weight of the criterion. 

                                               �̃�𝑖
(1)

= ∑ �̿�𝑖𝑗
𝑛
𝑗=1 . 𝑤𝑗                                                        (19) 

Before Equation (19) can be applied, the values in the normalized decision matrix must 
first be multiplied by the criterion weights through Equation (20). These values are then 
summed with each other in Equation (21) to obtain the Pythagorean fuzzy weighted sum 
values of alternatives. 

𝑝1 ⊗ 𝑝2 = ([𝜇1
𝐿𝜇2

𝐿 , 𝜇1
𝑈𝜇2

𝑈], [√(𝜐1
𝐿)2 + (𝜐2

𝐿)2 − (𝜐1
𝐿)2(𝜐2

𝐿)2, √(𝜐1
𝑈)2 + (𝜐2

𝑈)2 − (𝜐1
𝑈)2(𝜐2

𝑈)2])          (20)          

𝑝1 ⊕ 𝑝1 = ([√(𝜇1
𝐿)2 + (𝜇2

𝐿)2 − (𝜇1
𝐿)2(𝜇2

𝐿)2, √(𝜇1
𝑈)2 + (𝜇2

𝑈)2 − (𝜇1
𝑈)2(𝜇2

𝑈)2] , [𝜐1
𝐿𝜐2

𝐿 , 𝜐1
𝑈𝜐2

𝑈])         (21) 

Step 5: Obtaining the Pythagorean Fuzzy Weighted Product Values of Alternatives: The 
weighted product matrix of the WASPAS method is obtained using Equation (22). Before 
Equation (22) can be applied, Equation (23) is first applied to the values in the normalized 
decision matrix and the criterion weights. Then, by multiplying these values with each 
other in Equation (20), the Pythagorean fuzzy weighted product values of alternatives 
are obtained. 

                                              �̃�𝑖
(2)

= ∏ (�̿�𝑖𝑗)
𝑤𝑗𝑛

𝑗=1                                                         (22) 

         𝑝λ = ([(𝜇𝐿)λ, (𝜇𝑈)λ], [√1 − (1 − (𝜐𝐿)2)λ, √1 − (1 − (𝜐𝑈)2)λ])                            (23)      

Step 6: Determination of the Total Relative Importance Values of Alternatives: The 
Pythagorean fuzzy weighted sum and weighted product values are normalized using 
Equation (15). According to the WASPAS method, the weighted sum values and 
weighted product values of alternatives are integrated through Equation (24). Thus, the 
total relative importance value (𝑄𝑖) of alternatives is obtained, providing a single value 
for decision-making. Subsequently, the obtained values are weighted and summed using 
the λ coefficient. The λ coefficient represents the importance levels assigned to two 
values and should take a value between 0 and 1. 

           𝑄𝑖 = λ𝑄𝑖
(1)

+ (1 − λ)𝑄𝑖
(2)

=  λ ∑ �̅�𝑖𝑗 . 𝑤𝑗 + (1 − λ)𝑛
𝑗=1 ∏ (�̅�𝑖𝑗)𝑤𝑗𝑛

𝑗=1                        (24)    

Step 7: Determination of Alternative Rankings: Alternatives are ranked based on their 
total relative importance values. The alternative with the highest total relative importance 
value is preferred. 
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5. Case Study 

The study employed Fuzzy Multi-Criteria Decision Making (FMCDM) methods, 
specifically utilizing PF-CRITIC for criteria weighting and IVPF-WASPAS for 
simultaneous alternative ranking. Three decision-makers assessed the following 
alternatives: "Home Healthcare Services", "Medical Centers", "Psychological Counseling 
Centers", "Elderly Services", "Healthy Nutrition Support" and "Mobile Healthcare 
Services". 

Five criteria were established to evaluate the digitization of healthcare services: 
"Urgency and Importance Level", "Social Needs and Demands", "Accessibility and 
Inclusivity", "Efficiency and Cost Effectiveness" and "Technological Infrastructure and 
Capabilities". 

Some criteria considered in the decision-making process are benefit-oriented depending 
on the problem's nature, while others may focus on cost. Decision-makers aim to 
maximize benefit-oriented criteria and minimize cost-oriented ones. 

The reason these criteria—"Urgency and Importance Level," "Social Needs and 

Demands", "Accessibility and Inclusivity", "Efficiency and Cost Effectiveness" and 

"Technological Infrastructure and Capabilities"—are benefit-oriented is due to the high 

demand from decision-makers in achieving their objectives. Essentially, decision-makers 

perceive these criteria as representing positive attributes and seek to maximize their 

value. 

5.1 The Implementation of the PF-CRITIC Method 

Step 1: Table 1 displays the Pythagorean Fuzzy values utilized for weighting the criteria 
in the PF-CRITIC method. 

Table 1. The Nine-Point Pythagorean Fuzzy Linguistic Variables Scale Used to 
Evaluate Alternatives in Terms of Criteria [23] 

Language Terms The Corresponding Pythagorean Fuzzy Number (𝒖. 𝒗) 

Extremely Low (EL) (0.10,0.99) 

Very Little (VL) (0.10,0.97) 

Little (L) (0.25,0.92) 

Middle Little (ML) (0.40,0.87) 

Middle (M) (0.50,0.80) 

Middle High (MH) (0.60,0.71) 

Big (B) (0.70,0.60) 

Very Tall (VT) (0.80,0.44) 

Tremendously High (TH) (0.10,0.00) 

Utilizing Equation (5), Tables 2, 3, and 4 present the fuzzy decision matrices created 
for each decision-maker. 
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Table 2. Fuzzy Decision Matrix for Decision Maker-1  

 Criteria 

Alternatives 
Urgency and 
Importance 

Level 

Social Needs 
and Demands 

Accessibility 
and 

Inclusivity 

Efficiency and 
Cost Effectiveness 

Technological 
Infrastructure and 

Capabilities 

Home Health 
Services 

M B B B MH 

Medical Centers B TH VT B VT 

Psychological 
Counseling 
Centers 

MH B VT VT MH 

Elderly Services MH B B B M 

Healthy Nutrition 
Support 

M M B VT B 

Mobile Health 
Services 

VT VT TH TH TH 

Table 3. Fuzzy Decision Matrix for Decision Maker-2 

 Criteria 

Alternatives 
Urgency and 
Importance 

Level 

Social Needs 
and Demands 

Accessibility 
and 

Inclusivity 

Efficiency and 
Cost Effectiveness 

Technological 
Infrastructure and 

Capabilities 

Home Health 
Services 

L B VL M VL 

Medical Centers M ML VT ML L 

Psychological 
Counseling 
Centers 

M B VL VT L 

Elderly Services M VT L MH M 

Healthy 
Nutrition 
Support 

MH B MH B ML 

Mobile Health 
Services 

B MH EL VT TH 

Table 4. Fuzzy Decision Matrix for Decision Maker-3 

 Criteria 

Alternatives 
Urgency and 
Importance 

Level 

Social Needs 
and Demands 

Accessibility 
and 

Inclusivity 

Efficiency and 
Cost Effectiveness 

Technological 
Infrastructure and 

Capabilities 

Home Health 
Services 

EL ML M VL TH 

Medical Centers EL VT MH ML M 

Psychological 
Counseling 
Centers 

EL VL B EL ML 

Elderly Services EL B VT VT MH 

Healthy 
Nutrition 
Support 

EL MH EL B VT 

Mobile Health 
Services 

VL M ML MH B 

In Table 5, the Pythagorean fuzzy number versions of the linguistic terms used in the 
fuzzy decision matrix for decision maker-1 in Table 2 have been presented. Similar 
procedures were applied for decision maker-2 and decision maker-3 using Tables 3 and 
4 respectively. 
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Table 5. The Pythagorean Fuzzy Number Counterparts of The Fuzzy Decision Matrix 
for Decision Maker-1  

 Criteria 

Alternatives 
Urgency and 
Importance 

Level 

Social Needs 
and 

Demands 

Accessibility 
and 

Inclusivity 

Efficiency and 
Cost 

Effectiveness 

Technological 
Infrastructure 

and Capabilities 

Home Health Services 0.5 0.8 0.7 0.6 0.7 0.6 0.7 0.6 0.6 0.71 

Medical Centers 0.7 0.6 0.1 0 0.8 0.44 0.7 0.6 0.8 0.44 

Psychological Counseling 
Centers 0.6 0.71 0.7 0.6 0.8 0.44 0.8 0.44 0.6 0.71 

Elderly Services 0.6 0.71 0.7 0.6 0.7 0.6 0.7 0.6 0.5 0.8 

Healthy Nutrition Support 0.5 0.8 0.5 0.8 0.7 0.6 0.8 0.44 0.7 0.6 

Mobile Health Services 0.8 0.44 0.8 0.44 0.1 0 0.1 0 0.1 0 

Step 2: The uncertainty degree of each Pythagorean fuzzy value has been calculated 
using Equation (6). The uncertainty matrix calculated for decision maker-1 is presented 
in Table 6. Similar procedures have been applied for decision makers 2 and 3 as well. 

Table 6. Uncertainty Matrix for Decision Maker-1 

 Criteria 

Alternatives 
Urgency and 
Importance 

Level 

Social Needs 
and Demands 

Accessibility 
and 

Inclusivity 

Efficiency and 
Cost Effectiveness 

Technological 
Infrastructure and 

Capabilities 

Home Health 
Services 0.332 0.387 0.387 0.387 0.369 

Medical Centers 0.387 0.995 0.408 0.387 0.408 

Psychological 
Counseling 
Centers 

0.369 0.387 0.408 0.408 0.369 

Elderly Services 0.369 0.387 0.387 0.387 0.332 

Healthy Nutrition 
Support 

0.332 0.332 0.387 0.408 0.387 

Mobile Health 
Services 

0.408 0.408 0.995 0.995 0.995 

Step 3: The score function of each Pythagorean fuzzy value has been found using 
Equation (7). The score matrix for decision maker-1 is presented in Table 7. Similar 
procedures have been applied for decision makers 2 and 3 as well. 

Table 7. Score Matrix for Decision Maker-1  

 Criteria 

Alternatives 
Urgency and 
Importance 

Level 

Social Needs 
and Demands 

Accessibility 
and 

Inclusivity 

Efficiency and 
Cost Effectiveness 

Technological 
Infrastructure and 

Capabilities 

Home Health 
Services 

-0.494 -0.010 -0.010 -0.010 -0.272 

Medical Centers -0.010 -0.678 0.292 -0.010 0.292 

Psychological 
Counseling 
Centers 

-0.272 -0.010 0.292 0.292 -0.272 

Elderly Services -0.272 -0.010 -0.010 -0.010 -0.494 

Healthy Nutrition 
Support 

-0.494 -0.494 -0.010 0.292 -0.010 

Mobile Health 
Services 

0.292 0.292 -0.678 -0.678 -0.678 

Maximum 0.292 0.292 0.292 0.292 0.292 

Minimum -0.494 -0.678 -0.678 -0.678 -0.678 
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Step 4: The score matrix has been transformed into an orthonormal Pythagorean fuzzy 
matrix for the benefit-oriented criteria using Equation (8). The orthonormal Pythagorean 
fuzzy matrix (normalization matrix) for decision maker-1 is presented in Table 8. Similar 
procedures have been applied for decision makers 2 and 3 as well. 

Table 8. Orthonormal Pythagorean Fuzzy Matrix for Decision Maker-1 (Normalization 
matrix) 

 Criteria 

Alternatives 
Urgency and 
Importance 

Level 

Social Needs 
and Demands 

Accessibility 
and 

Inclusivity 

Efficiency and 
Cost Effectiveness 

Technological 
Infrastructure and 

Capabilities 

Home Health 
Services 

0.000 0.689 0.689 0.689 0.419 

Medical Centers 0.616 0.000 1.000 0.689 1.000 

Psychological 
Counseling 
Centers 

0.283 0.689 1.000 1.000 0.419 

Elderly Services 0.283 0.689 0.689 0.689 0.189 

Healthy Nutrition 
Support 

0.000 0.189 0.689 1.000 0.689 

Mobile Health 
Services 

1.000 1.000 0.000 0.000 0.000 

Step 5: According to the values in Table 8, the standard deviations of the criteria for 
decision maker-1 are determined using Equation (10). In Table 9, the standard deviation 
values for decision maker-1 were calculated using the "STDEV ()" function in Excel. 
Similar procedures have been applied for decision makers 2 and 3 as well. 

Table 9. The Standard Deviation Values of The Criteria for Decision Maker-1  

Criteria 
Urgency and Importance 

Level 
Social Needs 
and Demands 

Accessibility 
and 

Inclusivity 

Efficiency and Cost 
Effectiveness 

Technological 
Infrastructure 

and 
Capabilities 

σ 0.353 0.340 0.334 0.334 0.324 

Step 6: The correlation value between criteria is calculated using Equation (11). To apply 
Equation (11), the correlation matrix for decision maker-1 was created using the 
"CORREL ()" function in Excel, and it is presented in Table 10. Similar procedures have 
been applied for decision makers 2 and 3 as well. 

Table 10. Correlation Matrix for Decision Maker-1 

Criteria 
Urgency and 

Importance Level 
Social Needs 
and Demands 

Accessibility 
and 

Inclusivity 

Efficiency and Cost 
Effectiveness 

Technological 
Infrastructure 

and 
Capabilities 

Urgency and 
Importance 
Level 

1.000 0.287 -0.545 -0.817 -0.291 

ocial Needs and 
Demands 

0.287 1.000 -0.645 -0.558 -0.961 

Accessibility 
and Inclusivity 

-0.545 -0.645 1.000 0.855 0.726 

Efficiency and 
Cost 
Effectiveness 

-0.817 -0.558 0.855 1.000 0.577 

Technological 
Infrastructure 
and Capabilities 

-0.291 -0.961 0.726 0.577 1.000 
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Step 7: The amount of information provided by each criterion (useful information value) 
is calculated using Equation (12). The information amount of the criteria for decision 
maker-1 is presented in Table 11. Similar procedures have been applied for decision 
makers 2 and 3 as well. 

Table 11. Information Value of Criteria for Decision Maker-1 

Criteria 
Urgency and Importance 

Level 
Social Needs 
and Demands 

Accessibility 
and 

Inclusivity 

Efficiency and Cost 
Effectiveness 

Technological 
Infrastructure 

and 
Capabilities 

c 1.892 1.997 1.204 1.315 1.281 

Step 8: The weights of the criteria for each decision-maker are calculated using Equation 
(13). The weights of the criteria for decision maker-1 have been presented in Table 12 
using Equation (13). Similar procedures have been applied for decision makers 2 and 3 
as well. 

Table 12. Weights of Criteria for Decision Maker-1  

Criteria 
Urgency and Importance 

Level 
Social Needs 
and Demands 

Accessibility 
and 

Inclusivity 

Efficiency and Cost 
Effectiveness 

Technological 
Infrastructure 

and 
Capabilities 

w 0.246 0.260 0.157 0.171 0.167 

Prioritization 2 1 5 3 4 

Upon examining the results obtained from the PF-CRITIC method: 

For decision maker-1, the importance ranking of criteria is as follows: "Social Needs and 
Demands" > "Urgency and Importance Level" > "Efficiency and Cost Effectiveness" > 
"Technological Infrastructure and Capabilities" > "Accessibility and Inclusivity". 

For decision maker-2, the importance ranking of criteria is as follows: "Accessibility and 
Inclusivity" > "Social Needs and Demands" > "Efficiency and Cost Effectiveness" > 
"Technological Infrastructure and Capabilities" > "Urgency and Importance Level". 

For decision maker-3, the importance ranking of criteria is as follows: "Accessibility and 
Inclusivity" > "Urgency and Importance Level" > "Technological Infrastructure and 
Capabilities" > "Social Needs and Demands" > "Efficiency and Cost Effectiveness". 

As observed, for decision maker-2 and decision maker-3, the "Accessibility and 
Inclusivity" criterion is the most important factor, while for decision maker-1, this criterion 
is determined as the least prioritized factor. For decision maker-1 and decision maker-3, 
the second priority factor is "Urgency and Importance Level", whereas for decision 
maker-2, this criterion is determined as the least prioritized factor. For decision maker-1 
and decision maker-2, the third priority factor is "Efficiency and Cost Effectiveness", while 
for decision maker-3, this criterion is determined as the least prioritized factor. For 
decision maker-1 and decision maker-2, the fourth priority factor is "Technological 
Infrastructure and Capabilities". 
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5.2 The Implementation of the IVPF-WASPAS Method 

Step 1: The comparison scale used in linguistic evaluations about alternatives in the 
IVPF-WASPAS method is provided in Table 13. 

Table 13. Comparison Scale for Evaluating Alternatives [17] 

Linguistic Terms 
IVPF Numbers 

𝝁𝑳 𝝁𝑼 𝝊𝑳 𝝊𝑼 

CCI Extremely good 0.8 0.9 0.1 0.2 

CI Very good 0.7 0.8 0.2 0.3 

I Good 0.6 0.7 0.3 0.4 

O Fair 0.5 0.6 0.3 0.5 

K Poor 0.3 0.4 0.6 0.7 

CK Very poor 0.2 0.3 0.7 0.8 

CCK Extremely poor 0.1 0.2 0.8 0.9 

Decision maker-1, decision maker-2, and decision maker-3 provided their opinions 
regarding the alternatives using linguistic expressions. Tables 14, 15, and 16 present the 
relevant information for each decision maker, respectively. 

Table 14. Linguistic Terms Used by Decision Maker-1 to Rank The Importance of 
Alternatives 

 Criteria 

Alternatives 
Urgency and 
Importance 

Level 

Social Needs 
and 

Demands 

Accessibility 
and 

Inclusivity 

Efficiency and 
Cost 

Effectiveness 

Technological 
Infrastructure 

and Capabilities 

Home Health Services I CI CCI CI CCI 

Medical Centers CI CCI CI CI CCI 

Psychological Counseling 
Centers 

I I CI O I 

Elderly Services CI CI I O CI 

Healthy Nutrition Support I O CI O I 

Mobile Health Services CCI CI CCI CCI CCI 

Table 15. Linguistic Terms Used by Decision Maker-2 to Rank the Importance of 
Alternatives  

 Criteria 

Alternatives 
Urgency and 
Importance 

Level 

Social Needs 
and 

Demands 

Accessibility 
and 

Inclusivity 

Efficiency and 
Cost 

Effectiveness 

Technological 
Infrastructure 

and Capabilities 

Home Health Services CI I O K CK 

Medical Centers CCI CCI CI CCK O 

Psychological Counseling 
Centers 

O I CI I CK 

Elderly Services CI CI CI O CK 

Healthy Nutrition Support O O O CI I 

Mobile Health Services CCI CI CCI CCI CCI 
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Table 16. Linguistic Terms Used by Decision Maker-3 to Rank the Importance of 
Alternatives 

 Criteria 

Alternatives 
Urgency and 
Importance 

Level 

Social Needs 
and 

Demands 

Accessibility 
and 

Inclusivity 

Efficiency and 
Cost 

Effectiveness 

Technological 
Infrastructure 

and Capabilities 

Home Health Services CCK CI CK CCI CI 

Medical Centers CK CCI CCI CI CK 

Psychological Counseling 
Centers 

CI K CK CK CCI 

Elderly Services CI CK CCI CCI CI 

Healthy Nutrition Support CK CI CI CK CCK 

Mobile Health Services CK I CK CI K 

The linguistic expressions in Tables 14, 15 and 16 should be converted into Pythagorean 
fuzzy numbers. The linguistic expressions' Pythagorean fuzzy counterparts for decision 
maker-1 are presented in Table 17. Table 18 presents the combined decision matrix 

values �̃�𝑖𝑗  for decision makers using Equation (14). 

Table 17. Pythagorean Fuzzy Number Equivalents of Linguistic Expressions for 
Decision Maker-1 

Criteria 
Urgency and 

Importance Level 
Social Needs and 

Demands 
Accessibility and 

Inclusivity 
Efficiency and Cost 

Effectiveness 

Technological 
Infrastructure and 

Capabilities 

Alternatives 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 

Home Health 
Services 

0.6 0.7 0.3 0.4 0.7 0.8 0.2 0.3 0.8 0.9 0.1 0.2 0.7 0.8 0.2 0.3 0.8 0.9 0.1 0.2 

Medical 
Centers 

0.7 0.8 0.2 0.3 0.8 0.9 0.1 0.2 0.7 0.8 0.2 0.3 0.7 0.8 0.2 0.3 0.8 0.9 0.1 0.2 

Psychological 
Counseling 
Centers 

0.6 0.7 0.3 0.4 0.6 0.7 0.3 0.4 0.7 0.8 0.2 0.3 0.5 0.6 0.3 0.5 0.6 0.7 0.3 0.4 

Elderly 
Services 

0.7 0.8 0.2 0.3 0.7 0.8 0.2 0.3 0.6 0.7 0.3 0.4 0.5 0.6 0.3 0.5 0.7 0.8 0.2 0.3 

Healthy 
Nutrition 
Support 

0.6 0.7 0.3 0.4 0.5 0.6 0.3 0.5 0.7 0.8 0.2 0.3 0.5 0.6 0.3 0.5 0.6 0.7 0.3 0.4 

Mobile Health 
Services 

0.8 0.9 0.1 0.2 0.7 0.8 0.2 0.3 0.8 0.9 0.1 0.2 0.8 0.9 0.1 0.2 0.8 0.9 0.1 0.2 
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Table 18. Combined Decision Matrix 

Criteria 
Urgency and 

Importance Level 
Social Needs and 

Demands 
Accessibility and 

Inclusivity 
Efficiency and Cost 

Effectiveness 

Technological 
Infrastructure and 

Capabilities 

Alternatives 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 

Home Health 
Services 0

.2
6
9
 

0
.3

3
1
 

0
.2

9
0
 

0
.3

5
2
 

 

0
.4

2
2
 

0
.4

8
5
 

0
.1

4
6
 

0
.2

0
9
 

0
.3

3
3
 

0
.4

0
6
 

0
.2

8
8
 

0
.3

9
2
 

0
.3

0
2
 

0
.3

5
5
 

0
.1

6
9
 

0
.2

2
1
 

0
.2

9
3
 

0
.3

4
3
 

0
.1

5
7
 

0
.2

0
7
 

Medical 
Centers 0

.3
3
1
 

0
.3

9
3
 

0
.2

2
8
 

0
.2

9
0
 

0
.5

0
5
 

0
.5

6
8
 

0
.0

6
3
 

0
.1

2
6
 

0
.5

3
3
 

0
.6

0
6
 

0
.1

2
0
 

0
.1

9
2
 

0
.2

4
7
 

0
.3

0
0
 

0
.2

2
4
 

0
.2

7
6
 

0
.2

4
4
 

0
.2

9
4
 

0
.1

9
1
 

0
.2

5
6
 

Psychological 
Counseling 
Centers 0

.3
8
2
 

0
.4

4
4
 

0
.1

6
3
 

0
.2

3
9
 

0
.3

2
7
 

0
.3

9
0
 

0
.2

4
1
 

0
.3

0
4
 

0
.3

8
1
 

0
.4

5
3
 

0
.2

7
2
 

0
.3

4
5
 

0
.2

3
6
 

0
.2

8
8
 

0
.2

1
9
 

0
.2

8
8
 

0
.2

7
8
 

0
.3

2
8
 

0
.1

7
2
 

0
.2

2
2
 

Elderly 
Services 0

.4
3
4

 

0
.4

9
6

 

0
.1

2
4

 

0
.1

8
6

 

0
.3

5
6

 

0
.4

1
9

 

0
.2

1
2

 

0
.2

7
5

 

0
.5

1
7

 

0
.5

9
0

 

0
.1

3
5

 

0
.2

0
8

 

0
.3

0
8

 

0
.3

6
0

 

0
.1

2
6

 

0
.2

1
6

 

0
.2

7
6

 

0
.3

2
6

 

0
.1

7
3

 

0
.2

2
3

 

Healthy 
Nutrition 
Support 0

.2
6
4
 

0
.3

2
6
 

0
.2

8
0
 

0
.3

5
6
 

0
.3

5
0
 

0
.4

1
3
 

0
.1

7
2
 

0
.2

8
1
 

0
.4

4
5
 

0
.5

1
7
 

0
.1

7
7
 

0
.2

8
1
 

0
.2

5
5
 

0
.3

0
8
 

0
.1

9
9
 

0
.2

6
8
 

0
.2

0
7
 

0
.2

5
7
 

0
.2

4
3
 

0
.2

9
3
 

Mobile Health 
Services 0

.3
5
5
 

0
.4

1
7
 

0
.2

0
3
 

0
.2

6
5
 

0
.4

2
4
 

0
.4

8
8
 

0
.1

4
3
 

0
.2

0
6
 

0
.4

2
8
 

0
.5

0
1
 

0
.2

2
5
 

0
.2

9
7
 

0
.4

0
4
 

0
.4

5
6
 

0
.0

6
8
 

0
.1

2
0
 

0
.3

0
7
 

0
.3

5
7
 

0
.1

4
3
 

0
.1

9
3
 

Step 2: The formula that provides Equation (15) defused the values in the integrated 
decision matrix. After the defuzzification process, Equation (16) was used since all 
criteria are utility-based. The defuzzified values obtained are presented in Table 19. 

Equation (18) was applied to all values 1
𝑚𝑎𝑥𝑖�̃�𝑖𝑗

⁄  in the combined decision matrix for 

benefit-based criteria. Thus, we obtained the normalized decision matrix (�̿�𝑖𝑗)  for 

decision makers, which is presented in Table 20. 

Table 19. Defuzzified Values 

Alternatives 
Urgency and Importance 

Level 

Social 
Needs and 
Demands 

Accessibility 
and Inclusivity 

Efficiency and Cost 
Effectiveness 

Technological 
Infrastructure 

and 
Capabilities 

Home Health Services 0.409 0.524 0.453 0.436 0.430 

Medical Centers 0.455 0.589 0.612 0.397 0.396 

Psychological 
Counseling Centers 

0.493 0.452 0.489 0.390 0.419 

Elderly Services 0.533 0.473 0.599 0.441 0.418 

Healthy Nutrition 
Support 

0.406 0.470 0.541 0.403 0.370 

Mobile Health Services 0.473 0.526 0.527 0.510 0.440 

1/Maximum 1.875 1.699 1.633 1.962 2.275 
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Table 20. Normalized Decision Matrix in Pythagorean Fuzzy Numbers  

Criteria 
Urgency and 

Importance Level 
Social Needs and 

Demands 
Accessibility and 

Inclusivity 
Efficiency and Cost 

Effectiveness 

Technological 
Infrastructure and 

Capabilities 

Alternatives 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 

Home Health 
Services 0

.3
6
2
 

0
.4

4
2
 

0
.0

9
8
 

0
.1

4
1
 

0
.5

3
2
 

0
.6

0
5
 

0
.0

3
8
 

0
.0

7
0
 

0
.4

1
9
 

0
.5

0
5
 

0
.1

3
1
 

0
.2

1
6
 

0
.4

1
4
 

0
.4

8
2
 

0
.0

3
1
 

0
.0

5
2
 

0
.4

3
0
 

0
.4

9
8
 

0
.0

1
5
 

0
.0

2
8
 

Medical 
Centers 0

.4
4
2
 

0
.5

1
9
 

0
.0

6
2
 

0
.0

9
8
 

0
.6

2
7
 

0
.6

9
6
 

0
.0

0
9
 

0
.0

3
0
 

0
.6

4
9
 

0
.7

2
5
 

0
.0

3
1
 

0
.0

6
8
 

0
.3

4
1
 

0
.4

1
1
 

0
.0

5
3
 

0
.0

8
0
 

0
.3

6
1
 

0
.4

3
1
 

0
.0

2
3
 

0
.0

4
5
 

Psychological 
Counseling 
Centers 0

.5
0
6
 

0
.5

8
1
 

0
.0

3
3
 

0
.0

6
8
 

0
.4

1
8
 

0
.4

9
5
 

0
.0

8
9
 

0
.1

3
2
 

0
.4

7
5
 

0
.5

6
0
 

0
.1

1
9
 

0
.1

7
5
 

0
.3

2
6
 

0
.3

9
5
 

0
.0

5
1
 

0
.0

8
7
 

0
.4

0
9
 

0
.4

7
8
 

0
.0

1
8
 

0
.0

3
2
 

Elderly 
Services 0

.5
6
9
 

0
.6

4
1
 

0
.0

2
0
 

0
.0

4
3
 

0
.4

5
3
 

0
.5

2
9
 

0
.0

7
2
 

0
.1

1
1
 

0
.6

3
2
 

0
.7

0
9
 

0
.0

3
8
 

0
.0

7
7
 

0
.4

2
1
 

0
.4

8
9
 

0
.0

1
7
 

0
.0

4
9
 

0
.4

0
7
 

0
.4

7
5
 

0
.0

1
9
 

0
.0

3
3
 

Healthy 
Nutrition 
Support 0

.3
5
6
 

0
.4

3
6
 

0
.0

9
2
 

0
.1

4
4
 

0
.4

4
6
 

0
.5

2
2
 

0
.0

5
0
 

0
.1

1
6
 

0
.5

5
0
 

0
.6

3
1
 

0
.0

5
9
 

0
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2
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0
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0
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4
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0
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0
 

0
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6
1
 

Mobile Health 
Services 0

.4
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3
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4
9
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0
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0
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0
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6
 

0
.0

1
2
 

0
.0

2
4
 

Step 3: Utilizing the comparison scale in Table 21, the joint linguistic assessments of 
decision makers regarding the importance levels of the criteria are presented in Table 
22. The combined criterion weights for decision makers, expressed as Pythagorean 
fuzzy numbers, are provided in Table 23. 

Table 21. Linguistic Terms for Rating the Importance of Criteria [21] 

Linguistic Terms 𝝁𝑳 𝝁𝑼 𝝊𝑳 𝝊𝑼 

Very important (VI) 0.70 0.90 0.06 0.26 

Important (I) 0.54 0.74 0.22 0.42 

Medium (M) 0.38 0.58 0.38 0.58 

Unimportant (U) 0.22 0.42 0.54 0.74 

Very unimportant (VU) 0.06 0.26 0.70 0.90 

Table 22. Linguistic Terms Used by Decision Makers to Rate the Importance of Criteria 

Criteria Linguistic Terms 

Urgency and Importance Level I 

Social Needs and Demands I 

Accessibility and Inclusivity M 

Efficiency and Cost Effectiveness I 

Technological Infrastructure and Capabilities VI 
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Table 23. Criterion Weights in The Form of Pythagorean Numbers 

Criteria     
Urgency and Importance 
Level 

0.54 0.74 0.22 0.42 

Social Needs and 
Demands 

0.54 0.74 0.22 0.42 

Accessibility and 
Inclusivity 

0.38 0.58 0.38 0.58 

Efficiency and Cost 
Effectiveness 

0.54 0.74 0.22 0.42 

Technological 
Infrastructure and 
Capabilities 

0.7 0.9 0.06 0.26 

Step 4: The values in the normalized decision matrix have been multiplied by the criteria 
weights using Equation (20). Table 24 provides the resulting weighted normalized 
decision matrix for the weighted total value. Subsequently, we obtained the Pythagorean 
fuzzy weighted total values of the alternatives by summing these values using Equation 
(21), as shown in Table 25. 

Table 24. Weighted Normalized Decision Matrix for Weighted Total Value 

Criteria 
Urgency and 

Importance Level 
Social Needs and 

Demands 
Accessibility and 

Inclusivity 
Efficiency and Cost 

Effectiveness 

Technological 
Infrastructure and 

Capabilities 

Alternatives μL μU υL υU μL μU υL υU μL μU υL υU μL μU υL υU μL μU υL υU 

Home Health 
Services 0

.1
9
5
 

0
.3

2
7
 

0
.2

4
0
 

0
.4

3
9
 

0
.2

8
7
 

0
.4

4
7
 

0
.2

2
3
 

0
.4

2
5
 

0
.1

5
9
 

0
.2

9
3
 

0
.3

9
9
 

0
.6

0
6
 

0
.2
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4
 

0
.3

5
6
 

0
.2

2
2
 

0
.4

2
3
 

0
.3

0
1
 

0
.4

4
8
 

0
.0

6
2
 

0
.2

6
1
 

Medical 
Centers 0

.2
3
9
 

0
.3

8
4
 

0
.2

2
8
 

0
.4

2
9
 

0
.3

3
9
 

0
.5

1
5
 

0
.2
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0
 

0
.4
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1
 

0
.2

4
7
 

0
.4
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1
 

0
.3

8
1
 

0
.5
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3
 

0
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4
 

0
.3

0
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0
.2

2
6
 

0
.4

2
6
 

0
.2

5
3
 

0
.3

8
8
 

0
.0

6
4
 

0
.2

6
4
 

Psychological 
Counseling 
Centers 0

.2
7
3

 

0
.4

3
0

 

0
.2

2
2

 

0
.4

2
5

 

0
.2

2
6

 

0
.3

6
6

 

0
.2

3
6

 

0
.4

3
7

 

0
.1

8
1

 

0
.3

2
5

 

0
.3

9
6

 

0
.5

9
7

 

0
.1

7
6

 

0
.2

9
2

 

0
.2

2
5

 

0
.4

2
7

 

0
.2

8
6

 

0
.4

3
0

 

0
.0

6
3

 

0
.2

6
2

 

Elderly 
Services 0

.3
0
7
 

0
.4

7
5
 

0
.2

2
1
 

0
.4

2
2
 

0
.2

4
5
 

0
.3

9
1
 

0
.2

3
1
 

0
.4

3
2
 

0
.2
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0
 

0
.4
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1
 

0
.3

8
2
 

0
.5

8
3
 

0
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2
8
 

0
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2
 

0
.2
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1
 

0
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2
2
 

0
.2

8
5
 

0
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2
8
 

0
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6
3
 

0
.2

6
2
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Nutrition 
Support 0

.1
9
2
 

0
.3

2
3
 

0
.2

3
8
 

0
.4

4
0
 

0
.2

4
1
 

0
.3

8
6
 

0
.2

2
5
 

0
.4

3
3
 

0
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0
9
 

0
.3

6
6
 

0
.3

8
4
 

0
.5

8
9
 

0
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0
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0
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0
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0
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5
 

0
.3

4
1
 

0
.0
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2
 

0
.2

6
7
 

Mobile Health 
Services 0

.2
5
5
 

0
.4

0
6
 

0
.2

2
5
 

0
.4

2
7
 

0
.2

8
9
 

0
.4
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0
 

0
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3
 

0
.4

2
5
 

0
.2

0
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0
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5
5
 

0
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8
8
 

0
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0
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4
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0
.2
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0
 

0
.4
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0
 

0
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4
 

0
.4

6
4
 

0
.0

6
1
 

0
.2

6
1
 

Table 25. Pythagorean Fuzzy Weighted Total Values of The Alternatives 

Alternatives 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 

Home Health Services 0.535 0.849 0.000 0.012 

Medical Centers 0.575 0.912 0.000 0.012 

Psychological Counseling Centers 0.521 0.833 0.000 0.012 

Elderly Services 0.587 0.928 0.000 0.012 

Healthy Nutrition Support 0.470 0.775 0.000 0.013 

Mobile Health Services 0.611 0.954 0.000 0.012 

Step 5: Equation (23) calculated the weighted normalized decision matrix using the 
values from the normalized decision matrix and the criterion weights. Table 26 displays 
the resulting weighted normalized decision matrix for the weighted product value. 
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Subsequently, Table 27 presents the Pythagorean fuzzy weighted product values of the 
alternatives obtained by multiplying these values together through Equation (20). 

Table 26. Weighted Normalized Decision Matrix for The Weighted Product Value 

Criteria 
Urgency and 

Importance Level 
Social Needs and 

Demands 
Accessibility and 

Inclusivity 
Efficiency and Cost 

Effectiveness 

Technological 
Infrastructure and 

Capabilities 

Alternatives 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 

Home Health 
Services 0

.5
7
8
 

0
.5

4
6
 

0
.0

4
6
 

0
.0

9
2
 

0
.7

1
1
 

0
.6

8
9
 

0
.0
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8
 

0
.0
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5
 

0
.7
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8
 

0
.6

7
3
 

0
.0
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1
 

0
.1
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6
 

0
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2
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0
.5
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2
 

0
.0

1
4
 

0
.0

3
4
 

0
.5

5
4
 

0
.5

3
4
 

0
.0

0
4
 

0
.0

1
4
 

Medical 
Centers 0

.6
4
3
 

0
.6

1
6
 

0
.0

2
9
 

0
.0
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4
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.7
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9
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0
6
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.0
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3
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Counseling 
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0
.6
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9
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4
4
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8
6
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0
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0
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1
5
 

0
.0
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4
 

0
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1
7
 

Elderly 
Services 0

.7
3
8
 

0
.7

2
0
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9
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0
.6
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0
5
 

0
.0

1
7
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Support 0

.5
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3
 

0
.5
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1
 

0
.0

4
3
 

0
.0

9
4
 

0
.6

4
7
 

0
.6
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8
 

0
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4
 

0
.0
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0
.7
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0
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Mobile Health 
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Table 27.  Pythagorean Fuzzy Weighted Product Values of Alternatives  

Alternatives 𝜇𝐿 𝜇𝑈 𝜐𝐿 𝜐𝑈 

Home Health Services 
0.101 0.079 0.096 0.198 

Medical Centers 
0.116 0.095 0.044 0.101 

Psychological Counseling Centers 
0.095 0.073 0.089 0.175 

Elderly Services 
0.135 0.111 0.043 0.104 

Healthy Nutrition Support 
0.074 0.056 0.065 0.164 

Mobile Health Services 
0.154 0.127 0.061 0.127 

Step 6: Equation (15) defuzzifies the Pythagorean fuzzy weighted sum and the 
Pythagorean fuzzy weighted product. Table 28 presents the defuzzified weighted sum 
values, and Table 29 shows the defuzzified weighted product values. According to the 
WASPAS method, Equation (24) integrates the weighted sum values of the alternatives 
with the weighted product values, and Table 30 presents the total relative importance 
values of the alternatives. A λ coefficient value of 0.5 is assigned at this stage. 

Table 28. Defuzzified Weighted Sum Values  

Alternatives Weighted Sum Value 

Home Health Services 0.710 

Medical Centers 0.753 

Psychological Counseling Centers 0.697 

Elderly Services 0.765 

Healthy Nutrition Support 0.653 

Mobile Health Services 0.787 
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Table 29. Defuzzified Weighted Product Values  

Alternatives Weighted Product Value 

Home Health Services 0.294 

Medical Centers 0.305 

Psychological Counseling Centers 0.291 

Elderly Services 0.314 

Healthy Nutrition Support 0.282 

Mobile Health Services 0.324 

 Table 30. Total Relative Importance Values of Alternatives  

Alternatives Total Relative Importance Value Ranking 

Home Health Services 0.502 4 

Medical Centers 0.529 3 

Psychological Counseling Centers 0.494 5 

Elderly Services 0.540 2 

Healthy Nutrition Support 0.467 6 

Mobile Health Services 0.556 1 

Step 7: The alternatives have been ranked considering their total relative importance 
values. The alternative with the highest total relative importance value is considered the 
most suitable candidate. The rankings of digitalization alternatives for decision makers 
are presented in Figure 4. 

 

Figure 4. The Rankings of Digitalization Alternatives 

Upon examining Figure 4, the importance ranking of alternatives for decision makers is 
as follows: "Mobile Health Services" > "Elderly Services" > "Medical Centers" > "Home 
Health Services" > "Psychological Counseling Centers" > "Healthy Nutrition Support". 
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5.3. The Implementation of the Sensitivity Analysis 

To test the validity of the proposed integrated model, a comprehensive sensitivity 
analysis examined the impact of variations in different criteria weights on the ranking 
results. This analysis involved creating 50 scenarios to analyze how modifications in 
criterion weights affected the new ranking of alternatives. Each scenario adjusted the 
weight of a specific criterion by 10%, while the weights of the remaining criteria were 
adjusted to maintain a total sum of 1, as recommended by Görçün et al. [22]. The new 
weight values for each criterion were calculated using Equations (25), (26), and (27) 
respectively. 

                               𝑤𝑛𝑣
1 = 𝑤𝑝𝑣

1 − (𝑤𝑝𝑣
1 . ϛ𝑣)                                                             (25) 

 

                              𝑤𝑟𝑓𝑣
2 =

(𝑤𝑝𝑣
1 −𝑤𝑛𝑣

1 )

𝑛−1
+ 𝑤𝑝𝑣

2                                                              (26) 

 

                                  𝑤𝑛𝑣
1 + ∑ 𝑤𝑟𝑓𝑣

2 = 1                                                              (27) 

In Equation (25), 𝑤𝑝𝑣
1 , denotes the original value of the criterion to be reduced in weight; 

ϛ𝑣 represents the degree of change in percentage terms (10%, 20%...100%); and 𝑤𝑛𝑣
1  

signifies the new value of the modified weight of the factor. In Equation (26), 𝑤𝑝𝑣
2  

symbolizes the original value of the remaining criterion; n denotes the number of criteria; 

and 𝑤𝑟𝑓𝑣
2  represents the new value of the remaining criterion. Equation (27) expresses 

the constraint that the sum of the modified criterion weights must equal 1.  

Within the study's scope, we systematically reduced the weights of each factor obtained 
from the PF-CRITIC method by 10% increments until each factor's weight reached 0, 
while ensuring the total weight sum of all factors remained at 1. For instance, starting 
with the "Urgency and Importance Level" criterion, we decreased its weight from 100% 
to 0% in increments of 10%, redistributing the reduced weight among the remaining 
criteria. This procedure was applied to each criterion, maintaining the constraint that the 
cumulative weight equals 1. Subsequently, we iterated the IVPF-WASPAS method using 
these adjusted criterion weights. The impact of these weight adjustments on the ranking 
performance of alternatives for each decision maker is depicted in Figures 5, 6 and 7 
respectively. 
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Figure 5. Effects Of Changes in Criterion Weights on The Ranking Performance of 
Alternatives for Decision Maker-1 

Examining Figure 5 reveals the following results: 

Reducing the weight of the "Urgency and Importance Level" criterion by 90% and 100% 
causes the "Mobile Health Services" alternative, initially in the first position, to fall to the 
second position. 

Conversely, the "Medical Centers" alternative, which is initially in the second position, 
rises to the first position when the weight of the "Urgency and Importance Level" criterion 
is reduced by 90% and 100%. 

The rankings of the "Home Health Services" in the third position, "Elderly Services" in 
the fourth position, and "Psychological Counseling Centers" in the fifth position remain 
unchanged regardless of any variations in criterion weights. 
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The "Healthy Nutrition Support" alternative, which is initially in the sixth position, moves 
to the fifth position when the weight of the "Social Needs and Demands" criterion is 
reduced by 100%. 

 
 

Figure 6. Effects Of Changes in Criterion Weights On The Ranking Performance Of 
Alternatives For Decision Maker-2 

Examining Figure 6 reveals the following results: 

The rankings of the alternatives "Mobile Health Services" in the first position, "Medical 
Centers" in the second position and "Elderly Services" in the third position did not change 
with any variation in criterion weights. 

Reducing the "Accessibility and Inclusivity" criterion weight by 70% moves the 
"Psychological Counseling Centers" alternative from the fourth to the fifth position, and 
reducing this criterion weight by 80%, 90%, and 100% moves it to the sixth position. 
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The "Healthy Nutrition Support" alternative, which is in the fifth position, moved to the 
sixth position when the criterion weight of "Accessibility and Inclusivity" was reduced by 
10%, 20%, 30%, 40%, 50%, 60% and 70%, as well as when the criterion weight of 
"Efficiency and Cost Effectiveness" was reduced by 10%, 20%, 30%, 40%, 50%, 60%, 
70%, 80%, 90% and 100%, and when the criterion weight of "Technological 
Infrastructure and Capabilities" was reduced by 10%, 20%, 30%, 40%, 50%, 60%, 70%, 
80%, 90% and 100%. 

The "Home Health Services" alternative, which is in the sixth position, moved to the fifth 
position when the criterion weight of "Accessibility and Inclusivity" was reduced by 10%, 
20%, 30%, 40%, 50% and 60%, and when the criterion weight of "Efficiency and Cost 
Effectiveness" was reduced by 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 
100%, and when the criterion weight of "Technological Infrastructure and Capabilities" 
was reduced by 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 100%; it moved 
to the fourth position when the criterion weight of "Accessibility and Inclusivity" was 
reduced by 70%, 80%, 90% and 100%. 

Figure 7. Effects of Changes in Criterion Weights on The Ranking Performance of 
Alternatives for Decision Maker-3 
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Examining Figure 7 reveals the following results: 

The "Elderly Services" alternative, which was ranked first, dropped to the second position 
when the "Urgency and Importance Level" criterion weight was reduced by 60%, 70%, 
80%, 90% and 100%. 

The "Medical Centers" alternative, which was ranked second, rose to the first position 
when the "Urgency and Importance Level" criterion weight was reduced by 60%, 70%, 
80% and 90%; dropped to the third position when the "Accessibility and Inclusivity" 
criterion weight was reduced by 40%, 50%, 60% and 70%; and further dropped to the 
fourth position when the "Accessibility and Inclusivity" criterion weight was reduced by 
80%, 90% and 100%. 

The "Healthy Nutrition Support" alternative, which was ranked third, dropped to the fourth 
position when the "Social Needs and Demands" criterion weight was reduced by 20%, 
30%, 40%, 50%, 60%, 70%, 80%, 90% and 100%, and when the "Accessibility and 
Inclusivity" criterion weight was reduced by 10%, 20% and 30%; dropped to the fifth 
position when the "Accessibility and Inclusivity" criterion weight was reduced by 40%, 
50% and 60%; and further dropped to the sixth position when the "Accessibility and 
Inclusivity" criterion weight was reduced by 70%, 80%, 90% and 100%. 

The "Psychological Counseling Centers" alternative, which was ranked fourth, dropped 
to the fifth position when the "Urgency and Importance Level" criterion weight was 
reduced by 40%, 50% and 60%; further dropped to the sixth position when the "Urgency 
and Importance Level" criterion weight was reduced by 70%, 80%, 90% and 100%; rose 
to the third position when the "Social Needs and Demands" criterion weight was reduced 
by 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 100%, and when the "Accessibility 
and Inclusivity" criterion weight was reduced by 10%, 20% and 30%; and further rose to 
the second position when the "Accessibility and Inclusivity" criterion weight was reduced 
by 40%, 50%, 60%, 70%, 80%, 90% and 100%. 

The "Home Health Services" alternative, which was ranked fifth, rose to the fourth 
position when the "Urgency and Importance Level" criterion weight was reduced by 40%, 
50%, 60%, 70%, 80%, 90% and 100%, and when the "Accessibility and Inclusivity" 
criterion weight was reduced by 40%, 50%, 60% and 70%; and further rose to the third 
position when the "Accessibility and Inclusivity" criterion weight was reduced by 80%, 
90% and 100%. 

The "Mobile Health Services" alternative, which was ranked sixth, rose to the fifth 
position when the "Urgency and Importance Level" criterion weight was reduced by 70%, 
80%, 90% and 100%, and when the "Accessibility and Inclusivity" criterion weight was 
reduced by 70%, 80%, 90% and 100%. 

Overall evaluation of the sensitivity analysis results shows minor changes in the 
preference rankings of alternatives due to modifications in criterion weights, indicating 
that these changes do not significantly alter the general outcomes. Despite modifications 
in criterion weights, the results obtained demonstrate that the proposed integrated 
approach is a robust, accurate, realistic, and reasonable technique that yields strong 
outcomes. 
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6. Conclusion and Discussion 

In this research, three decision-makers evaluated six alternatives within the 
framework of five criteria: "Urgency and Importance Level", "Social Needs and 
Demands", "Accessibility and Inclusivity", "Efficiency and Cost Effectiveness" and 
"Technological Infrastructure and Capabilities". The PF-CRITIC method 
determined the weights of the selection criteria. Subsequently, we inputted the 
obtained criterion weights into the IVPF-WASPAS method to rank the 
alternatives. The conducted study demonstrated the feasibility of the proposed 
framework. 

The decision-making process involved aggregating different criteria or 
preferences to make an overall assessment. According to the PF-CRITIC 
method, decision maker-1 prioritized "Social Needs and Demands" as the most 
important criterion, while decision makers 2 and 3 prioritized "Accessibility and 
Inclusivity". In contrast, the IVPF-WASPAS method identified "Mobile Health 
Services" as the most important alternative in the shared importance ranking, with 
"Healthy Nutrition Support" deemed the least important. 

We conducted a comprehensive sensitivity analysis based on variations in 
criterion weights to test the validity of the proposed integrated model. The results 
indicate that the proposed integrated approach is a robust, accurate, reasonable, 
and realistic technique that yields strong outcomes. 

We believe that the integrated method used in the study contributes by providing 
practitioners with a methodological framework, thereby offering comprehensive 
insights into the study and its methods, which can guide researchers intending to 
undertake similar studies. The proposed hybrid approach can also be applied to 
solve decision-making problems encountered in various fields. The presented 
framework can serve as an exemplary model and lay the groundwork for future 
research. Below, we delineate the limitations of the study. 

To obtain reasonable and realistic results, researchers should carefully select 
experts. In the coming years, those conducting research in this field may benefit 
from collaborating with highly knowledgeable, experienced, and authoritative 
experts, as demonstrated in the study. Moreover, while selecting the correct and 
appropriate criteria is crucial, relying solely on a literature review may not suffice 
for determining these criteria. Therefore, conducting fieldwork in collaboration 
with experts, as practiced in this study, can help define suitable selection criteria. 

Future research could employ the methodology used in this document to address 
issues through diverse evaluations using various FMCDM methods. Additionally, 
expanding the number of experts in the decision-making group can enhance the 
robustness of outcomes. 
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