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1. Introduction
Education plays a key role in the development of a society as well as of a country. In a progres-sive country like India, it is very important to focus on establishing a strong educational system thatis compatible with the times. To provide quality education to students, it is essential to advance thefacilities and infrastructure of educational institutions. There are mainly 3 types of educational institu-tions based on financial support, such as government institutions, government-aided institutions andnon-government funded institutions. In a government institution, all expenditures, such as salariesand infrastructure, of an institution are fully funded by the government, whereas government-aidedinstitutions are partially funded by the government. Non-governmentally funded institutions do notreceive any financial assistance from the government, so they are running through using the fees col-lected from students and private resources. Thus, the expenses of studying at a self-financed privateinstitution are so high that it is difficult to bear for students coming from economically weaker fami-lies. After completing the basic education, students desire to take admission in a higher educationalinstitution for their future study and here they initially preferred government or government-aidedinstitutions.

1.1 Higher educational institutions structures in India

Education helps to understand the unknown using the light of knowledge. Education not only im-proves one’s thinking but also helps in building a better society. Education helps in developing somegood qualities like ethics, values, a respectful nature and honesty, which make a good human being.Higher Education Institutions (HEIs) [1] in India are established by an Act of Parliament or a State Leg-islature, which is administered under the Ministry of Education. State Universities are governed bythe respective Acts. On the other hand, an Act of Parliament governs Central Universities. Deemed-to-be-Universities were declared by the University Grants Commission in 1956 under Section 3 of theUGC Act. To maintain and coordinate the quality of education, the University Grants Commission dis-tributes grants to universities and colleges. Established technical institutions are regulated by the AllIndia Council for Technical Education (AICTE). Whereas medical education is regulated by the NationalMedical Commission. According to the hierarchical structure, most universities have a Chancellor,Vice-Chancellor, Registrar and Finance Officer. The executive council, academic council and board ofstudies play an important role in academic bodies to make the right decisions in critical situations.Affiliated colleges are under the universities and follow the curriculum and examination system pre-scribed by the university. Autonomous colleges enjoy autonomy in the academic field but are underthe overall supervision of the university and the regulatory bodies.
1.2 Role of higher educational institutions for societal benefits and sustainability

Higher education institutions play a critical role in advancing social good and sustainability [2]by fostering knowledge creation, research, and innovation in a variety of fields, and by addressingcommunity-centered issues, including poverty, health, environment, and equitable development. Itdevelops students’ ethical leadership skills, socio-economic development [3], and the skills and valuesnecessary for sustainable practices in business, technology, and public policy. Originally, the frame-work for higher education in India was established through an Act of Parliament, which empoweredregulatory bodies to set institutional standards. For that purpose, the University Grants CommissionAct, 1956, was enacted. It was responsible for improving and maintaining the quality of university ed-ucation throughout the country, allocating grants to eligible institutions, and advising the governmenton higher education policy. Again, the All India Council for Technical Education was given statutory
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status by Parliament in 1987 to plan, coordinate and ensure quality in technical and professional ed-ucation, including engineering management and applied sciences. Both the UGC and AICTE, whichwere formed, work under the Ministry of Education, Government of India. They approve institutes,encourage research through their grants and projects, which in turn set academic standards, and ap-prove new courses in various institutions. The UGC also encourages collaborative programs to expandglobal connections between students and engaged faculty in the internationalization of education.Higher education institutions, such as universities and colleges, directly contribute to development byimplementing quality education and integrating community engagement, industry partnerships andsocial inclusion into the curriculum. Academic councils, boards of studies, research committees andextension cells play a key role in connecting universities to larger societal issues. India is currentlymoving towards a unified and robust regulatory framework through bills such as the proposed HigherEducation Commission of India (HECI). Its aim is to streamline oversight and focus on enhancing qualityin all higher education sectors through their regulation. Ultimately, ethical governance, while main-taining standards, serves as an engine for innovation for social resilience and equitable opportunitiesfor all learners.
1.3 Motivation of this study

This section summarizes the motivation for this study. Higher education is the gateway to deeperstudy of any subject, research-oriented work and skill development. The expenses of getting highereducation [4] are increasing nowadays. There are a limited number of government-funded educa-tional institutions, so most of the students have to rely on private institutions to pursue higher studies.Employability after completing higher study doesn’t rely only on the degree or certificates, but ratherthan it depends upon the skills and practical knowledge to deal with any situation in the working zone.So, it is also necessary for private institutes to maintain the quality of teaching, advanced lab facilities,modern equipment for research work, and collaboration with industries to give students internship fa-cilities, etc. The primary objective of this study is to identify the challenges of privately funded highereducation institutions. Generally, privately funded higher education institutions face various sustain-ability challenges, such as rising operational costs, dependence on student fees, limited and unstablefunding sources of the managed higher education institutions, etc. They also struggle to balance in-frastructural development, educational quality and long-term financial stability to remain competitiveand socially responsible. The motivation for this study is described as follows:
(a) Multiple criteria are considered to assess the sustainability challenges of privately funded highereducation institutions.
(b) q-rung orthopair fuzzy numbers (q-ROFNs) are taken to capture the uncertainty of the data set.
(c) New score function and accuracy function were developed to covert the fuzzy values into crispvalue and applied to simplify the adopted model.
(d) Using the MEREC method, decision matrices are constructed and weight of each criterion is eval-uated. A weight-based ranking mechanism called ’MARCOS’ has been used to rank alternatives.
(e) Information is obtained from three decision makers (DMs) in a neutral process, in a linguisticway.
(f) A sensitivity analysis helps to test the stability of the proposed model.
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1.4 Research outline

Based on the above research and motivations, we outline the research in this section. Its primaryobjective is to properly process the challenges of privately funded higher education institutions byconsidering them. For this, six important criteria are adopted, with five alternatives taken for evalua-tion. Two MCDM methods are considered as optimization tools, while q-rung orthopair fuzzy numbersare evaluated as uncertainty tools. Data are collected in an unbiased manner and numerical calcula-tions are performed to generate results. Finally, sensitivity and comparative analyses were conductedto address the resilience of the entire model.
1.5 Structure of this paper

In this section, the paper’s structure is presented concisely. An introduction to the sustainabilitychallenges of non-governmentally funded higher education institutions is presented in Section 1. Abrief literature survey on various fields is given in Section 2. Then, Section 3 demonstrates the criteriaas sustainable challenges for non-government funded higher educational institutions. The prelimi-naries of mathematical tools are presented in Section 4. Furthermore, Section 5 outlines the MCDMmethodologies considered. Model formulation and data collection of this study are covered in Sec-tion 6. After that, the numerical illustrations of the proposed research are discussed in Section 7. Thesensitivity analysis is demonstrated in Section 8. Additionally, Section 9 focuses on the research im-plications of this research. Lastly, the conclusions and the scope for future research are discussed inSection 10.
2. Literature survey of this study

We investigate the literature survey of this research article in this section. We will have an initialdiscussion on the background of non-government funded higher educational institutions, focusingon their sustainability challenges. Then we will discuss some studies on q-ROFSs [5]. At the end, adiscussion on the literature on MCDM methodologies, MEREC [6] and MARCOS [7] will be presented.
2.1 Background on sustainability challenges of HEIs

In this section, a brief literature survey on sustainability challenges for non-governmental fundedhigher educational institutions is performed. The sustainability of the institutions depends on multi-dimensional bridges balancing majorly in-between financial constraints and educational efficiency.Multiple current studies have investigated sustainability challenges in HEI, focusing on governance,financial and intuitional standpoints. In 2025, Trinh, T. M. et al. [8] described in their paper aboutthe unseen components influencing the financial stability in the expanding HEIs. A study in 2024 byConnie, B.D. et al. [9] explained the opportunities and some particular problems of the private edu-cational sectors of Philippine. Hassan, M.M. et al. [10] explored the dimensions and research gaps intheir research work on a literature review on sustainability procedures in the year of 2025. Acosta,A. N. et al. [11] investigated the importance of performing leadership roles for preserving sustainableperformance in the area of research in private universities in their study in the year of 2024. Yassim, K.et al. [12] described the difficulties and administrative complications of the roles of the stakeholdersfor sustainable development of a university in their research article in the year 2025. Elmassri, M. etal. [13] have discussed about the perceptions of the curricula in business schools in their study in theyear 2023. Opportunities and difficulties for sustainability challenges in a educational organization aredescribed by Dahlström, N. [14] in their study of 2025. The research by Carvalho, O. M. et al. [15] in the
4
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year of 2025 dived into the literature review of campus operations of HEIs for sustainability. Ramı́rez-Correa, P. E. et al. [16] investigated about the digital sustainable education under social inclusion intheir research in the year 2025. Barnett-Itzhaki, Z. et al. [17] described a holistic perspective for sus-tainability of HEIs through exploring economic, social and transportability in their research in 2025.With the help of existing literature, we get to know about the sustainability struggles of HEIs due tovarious critical issues related to restricted funding structures, constraints because of weak governanceand non-focused multilayer objectives of the administration panels.
2.2 Literature of Mathematical tool

In real-world critical situations, crisp numbers are unable to deal with the uncertainty associatedwith the scenario. For dealing with the ambiguity in essential conflicting data sets, there is a strongrequirement for fuzzy numbers. In the year 1965, Lotfi A. Zadeh [18] first introduced us to fuzzy sets andfuzzy numbers, having the capability of dealing with uncertainties. Several mathematicians workedon fuzzy sets and fuzzy numbers and extended the concepts in numerous ways. The popular andmost useful extensions of fuzzy sets and fuzzy numbers are: triangular fuzzy numbers [19], trapezoidalfuzzy numbers [20], pentagonal fuzzy numbers [21], intuitionistic fuzzy sets [22], neutrosophic sets[23], fuzzy soft sets [24], etc. In this paper, for model formulation and computation, we have appliedthe concept of q-rung orthopair fuzzy numbers (q-ROFNs). In q-ROFNs, there are two membershipfunctions with boundary conditions, as the qth power sum of membership functions is always lessthan 1. To achieve more realistic outcomes, the concept of membership function is introduced toq-rung orthopair fuzzy numbers [25], forming the q-rung orthopair fuzzy sets [5] . In the year 2022,Zulqarnain, R. M. et al. [26] applied Einstein geometric aggregation operators in a q-rung orthopairfuzzy soft set environment to perform diagnosis of medical patients. Yusoff, B. et al. [27] in their paperproposed a new extension of fuzzy number known as circular q-rung orthopair fuzzy set (Cq-ROFS) andintroduced some algebraic properties of Cq-ROFS. Pinar, A. et al. [28] introduced a multi-criteria groupdecision-making approach under q-rung orthopair fuzzy environment for supplier selection. Wang, D.et al. [29] presented two novel distance measures of q-ROFS and applied those proposed distancemeasures in different practical situations to check their efficiency. Xiao, L. et al. [30] introduced adecision-making model for manufacturer selection under q-rung orthopair fuzzy environment andalso proposed a new score function. Bilal, M. A. et al. [31] used rough q-rung orthopair fuzzy setsto tackle the decision-making problem. AlSalman, H. et al. [32] in their study focused on the graphicalanalysis of information given in q-rung orthopair fuzzy environment and also evaluated the ideas ofdomination theory (DT) and double domination theory (DDT) in q-ROFGs. Khan, A. et al. [33] in theirstudy extended a popular MCDM method, namely the CoCoSo method, in a q-rung orthopair fuzzyenvironment. Kumar, M. et al. [34] introduced a TOPSIS algorithm for Q-Rung Orthopair Z-Numbers(Q-ROZNs) and implemented this in decision-making problem.
2.3 Background of MCDMmethodologies

Multi-Criteria Decision-Making (MCDM) [35] is a very efficient and useful tool for optimization,used for solving complicated real-life decision-making problems containing conflicting criteria. MCDMobtains optimum solutions for problems consisting of several criteria and multiple alternatives. For cal-culating weight of criteria, we have various methodologies like Analytic Hierarchy Process (AHP) [36],Step-wise Weight Assessment Ratio Analysis (SWARA) [37], Entropy [38], CRiteria Importance ThroughIntercriteria Correlation (CRITIC) [39], MEthod based on the Removal Effects of Criteria (MEREC) [40]etc and several techniques for ranking the best alternatives such as Technique for Order Preferenceby Similarity to Ideal Solution (TOPSIS) [41], Vlse Kriterijumska Optimizacija Kompromisno Resenje
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(VIKOR) [42], Preference Ranking Organization Method for Enrichment Evaluation (PROMETHEE) [43],Multi-Objective Optimization on the Basis of Ratio Analysis (MOORA) [44], Measurement of Alterna-tives and Ranking according to COmpromise Solution (MARCOS) [45] etc. Decision makers like policymakers, company owners, investors and management specialists benefit from using MCDM method-ologies by obtaining the most preferable alternative while prioritising all the related criteria of a dy-namic and serious situation. Some examples of real life problems where MCDM are used are as fol-lows: site selection of a new canteen in an uncertain environment [46], IoT adaptation in a sustainablespecialist hospital [47], selection of a green supplier in the textile industry [48], evaluation of multiplesolar technologies through various parameters [49], supply chain management in health care sector[50] and so on.To calculate the criteria weights, we have used the MEthod based on the Removal Effects of Cri-teria (MEREC) method. Ghorabaee, M. K. et al. [6] first introduced the MEREC method. Some recentapplication-based studies using the MEREC method are described in Table 1, as follows:

Table 1Some recent studies on fuzzy-MEREC method with applications
Author Year Uncertainty taken Application area[51] Mishra, A.R. et al. 2025 Single-valued neutrosophicset Sustainable energy storage technology
[52] Elsayed, A. 2024 Neutrosophic fuzzy set Smart building selection for new capital[53] Petrovic, N. et al. 2025 Triangular fuzzy number Annual operational efficiency in passengerand freight air transport[54] Wang, CN. et al. 2025 Fuzzy number Renewable technologies[55] Mishra, A.R. et al. 2024 Fermatean fuzzy number Household waste recycling plant location[56] Hasnan, Q.H. et al. 2024 Triangular fuzzy number Assessing halal suppliers[57] Saranya, M. et al. 2025 Cubic fermatean fuzzy set Healthcare waste management system[58] Irvanizam, I. et al. 2025 Spherical fuzzy number Banking financial aid recipients[59] Seikh, M.R. et al. 2025 Interval-valued sphericalfuzzy number Adaption of electric vehicle
[60] Ali, J. 2025 Linguistic q-rung orthopairfuzzy set Plastic waste management
[61] Rani, P. et al. 2021 Fermatean fuzzy set Technology for food waste management[62] Mishra, A. R. et al. 2022 Single-valued neutrosophicnumbers Assessment strategy of low carbon tourism

The ranking of the alternatives is evaluated by the Measurement of Alternatives and Ranking ac-cording to COmpromise Solution (MARCOS) method. Stević, Ž. et al. [7] first introduced the MARCOSmethod. Some recent studies using the MARCOS method with associated details are described inTable 2, as follows:
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Table 2Some recent studies on fuzzy-MARCOS method with applications

Author Year Uncertainty taken Application area[63] Younis, M. et al. 2025 Pythagorean hesitant fuzzynumber Renewable energy investments
[64] Radovanović, M. et al. 2025 Spherical fuzzy number Evaluation of university professors[65] Baydaş, M. et al. 2025 Fuzzy number IoT-based healthcare systems[66] Mondal, M. K. et al. 2023 Pythagorean fuzzy number Sustainable forest resources[67] Ali, J. 2022 q-rung orthopair fuzzy set Solid waste management[68] El-Araby, A. 2023 Fuzzy number Different engineering applications[69] Muhammad, A. et al. 2023 q-rung picture fuzzy number Framework for high-stakes industries[70] Abualkishik, A. Z. et al. 2022 Triangular fuzzy number Smart agricultural production efficiency[71] Stanković, M. et al. 2020 Triangular fuzzy number Risk analysis of road traffic[72] Bakır, M. et al. 2021 Fuzzy number E-service in airlines[73] Puška, A. et al. 2021 Triangular fuzzy number Sustainable supplier selection[74] Bakır, M. et al. 2021 Triangular fuzzy number Selection of regional aircraft

3. Sustainable Challenges for Non-Government Funded Higher Edu-
cational Institutions

In a developing country like India, education plays a major role in the progression of society andeconomy [3]. For providing higher education, there are primarily two categories of authorities: government-funded institutes and non-government funded institutes. Without any financial assistance from thegovernment, it is challenging for the non-funded institutions to sustain. The major sustainability fac-tors for non-governmentally funded higher educational institutions are: sustainable financial support[75], infrastructure & technological support [76], academic Quality [77], institutional governance &management [78], research & innovation [79], and industrial engagement & employability [80]. Pri-vate institutions directly depend on the fees collected by the students for their financial sustainability.Highly qualified, experienced professors can improve the academic environment and research out-comes, but hiring them for long can create a financial burden on the institute. Further, digital smartclassrooms, modern and technically equipped laboratories, high-quality libraries and everything needa lot of capital too, but the fees of students cannot be increased abruptly. So, balancing between col-lected fees and provided academic quality, keeping the relevance to industrial collaboration is a realchallenge. The criteria for the non-governmental funded higher educational institutions are graphi-cally presented in Figure 1. The potential factors of sustainability challenges are discussed below:
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Fig. 1. Criteria related to non-governmental funded higher educational institutions
3.1 Sustainable Financial Support (F1)

Non-governmental institutions are run in the absence of financial support from the government.This makes it challenging for them to sustain [81], especially in the modern era of a competitive market.Thus, the sustainability of a private educational organization is highly dependent on the admission ofstudents and consultancy services. Fees collected from the students are the main source for payingsalaries of faculty and infrastructural development of the institution. The incapability to diversify therevenue sources [75] highly impacts the faculty retention and overall improvement of the organizationin long-term scenarios. To survive against the economic downfalls and volatile student admissions,organizations have to ensure funding [82] from corporate partnerships, alumni donations and grantsfrom project-based services.
3.2 Infrastructure & Technological Support (F2)

In the modern era of technological advancement, all the educational institutions [83] have to adaptto the current technologies, furthermore advancing the infrastructure of the organizations. To standout from the competition, organizations have to implement high-speed internet connectivity, digitalclassrooms, advanced laboratories, libraries, canteens and other required essential facilities [76]. Butto improve the mentioned features, organizations have to spend a huge amount of capital. But tosustain the developments, they are bound to increase the fees, which will be a potential burden [84]to the students and that would immediately have an effect on the admission. This step may reducethe number of admissions instead of attracting more students, making the sustainability of the highereducational institution challenging.
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3.3 Academic Quality (F3)

The academic quality of an educational institution is the primary key factor in enrolling students.An organization without providing proper academic guidance and preparation towards modern jobstandards cannot attract students for a long period of time. Academic quality [85] is dependent onthe quality of factualities, along with the classroom facilities. Highly qualified individuals from reputedinstitutions [77] with years of experience usually ask for a high paycheck, but it creates a certain burdenon the institutions if the student sources are limited. Digital smart classrooms and modern simulationlaboratories are also very expensive to sustain. To maintain sustainability, the organizations [86] haveto ensure regular external audits, peer review systems and NAAC compliance to amplify academicrelevance and determination.
3.4 Institutional Governance & Management (F4)

Efficient governance and management systems [78] are a crucial sustainability goal for long-termsustainability in the case of non-governmental institutions. Many such organizations face problemslike shadiness in arbitrary decision-making, authoritarianism and non-accountability due to the owner-led or family-run unprofessional management systems [87]. Data-driven, transparent managementsystems are essential for long-term strategic sustainable governance, consisting of professional ad-ministrative actions paired with decentralized decision-making. Rational decisions need to be takenin search of longevity in sustainability [88] instead of short-term profits. Ethical leadership, along withtransparent policy frameworks and management, enhances organizational trust, efficiency, influenceand structural strength.
3.5 Research & Innovation (F5)

Research and innovation [89] are the key factors to determine the academic capabilities of an in-stitution. But due to a lack of funds and governmental support, it becomes difficult for them to shinein the key area of research. To publish quality research papers, there will be a need to hire highly quali-fied faculty, which will cause a financial burden on non-government-funded higher education instituteswith limited resources [79]. Innovations necessarily need a well-structured infrastructure ecosystemof advanced labs along with experienced and organized faculty teams. Private non-government in-stitutions [90] look for external research grants and research collaboration ideas, leaning on industryrequirements for getting additional funding for sustainable advancement.
3.6 Industrial Engagement & Employability (F6)

The modern era is the era of technology, and to survive in the competitive job market, a studentneeds to have the ability to work with and work for recently developed technologies [91]. But mostof the students suffer because there is a clear gap between academic learning and its applicationsin industries. The academic curriculum is not updated as per modern technological advancements,which are evolving regularly. All these things directly make the situation of the non-governmentalhigher educational institute challenging because students will be less interested in taking admissionif there is no job [80] available after completing the degree with a high amount of fees. To sustain inthis critical situation, institutions need to collaborate on live projects conducted by industry expertsand enhance industrial engagements. Employability [92] of students actively boosts the reputation ofthe institutions as well as the student admissions.
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4. Preliminaries of Mathematical Tools
This section discussed the preliminaries of mathematical tools in detail. In the crisp set theory,there are no uncertainties, only certainties. Either any element fully belongs to the set or does notbelong to the set, but there are no intermediate states. To solve this problem, Lotfi A. Zadeh [18]introduced the concept of a fuzzy set in 1965.

4.1 Fuzzy set and fuzzy number

This section describes the basic concepts of fuzzy sets and their extensions.
Definition 1. Fuzzy set [93]

Consider X to be a universal set of discourse. A fuzzy set (Ã) defined on X and describes as

Ã = {(η;µÃ(η)) : η ∈ X } (1)
where µÃ(η) : X → [0, 1] be the membership function of Ã with η ∈ X .

Remark 1. The membership function (µÃ(η)) of a fuzzy set (A) represents the belongness of the el-
ement (η) in the fuzzy set (A). It is bounded by the [0, 1] for all elements (η ∈ X ) in the set of the
universe. If two elements ξ and ζ are elements in the fuzzy set (A) with membership values 0.75 and
0.50, respectively, then the element ξ belongs more as compare to the element ζ in the fuzzy set (A).

Example 1. Consider Y = {1, 2, . . . , 10} be a universal set and a fuzzy set B̃ defined on it. Then B̃
represents as

B̃ ={(x, µB̃(x)) : x ∈ Y }
={(x, | sin(x)|) : x ∈ Y }

(2)
It is easy to see that the membership value of the element x is | sin(x)|, which is always in [0, 1].

Remark 2. Degree of hesitancy
Let Ã be a fuzzy set on X , define in Definition 1, with its membership function (µÃ(η)). Then the

degree of hesitancy (πÃ(η)) of the element η on the fuzzy set Ã is

πÃ(η) = 1− µÃ(η) (3)
Since, µÃ(η) always in [0, 1] for all η ∈ X , then πÃ(η) ∈ [0, 1] for all η.

The degree of hesitancy of the fuzzy set B̃ in Example 1 is πB̃(x) = 1− | sin(x)|, where x ∈ Y .
Definition 2. Fuzzy number [93]

Assume the set of real numbers (R) is the universal set of discourse. Consider B̃ be a fuzzy set
defined on R, is called a fuzzy number, if it satisfies the following conditions:

1. B̃ be a normal fuzzy set, i.e., ∃ ψ ∈ R such that µB̃(ψ) = 1.

2. B̃ be a convex fuzzy set, i.e., µB̃ (λψ + (1− λ)χ) ≥ min {µB̃(ψ), µB̃(χ)}, for all ψ, χ ∈ R and
λ ∈ [0, 1].

3. Themembership function is piecewise continuous, i.e., ifR = I1∪I2∪I3∪I4∪· · ·∪In∪ . . .
are disjoints intervals, then µB̃(ψ) is continuous on every In for n ∈ N.
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4. Support of B̃ is bounded, i.e., support

(
B̃
)
= {ψ : µB̃(ψ) > 0 & ψ ∈ R} is bounded.

Example 2. Consider the set of real numbers (R) be the universal set and a fuzzy number C̃ defined
on it. The fuzzy number C̃ represents as

C̃ = {(x, |x− [x]|) : x ∈ R}. (4)
Here, the membership function (µC̃) is |x− [x]|, where [x] be the greatest integer function of x.

4.2 Intuitionistic fuzzy set and its extension

This section describes the intuitionistic fuzzy set (IFS) and its extension in detail. There are severalextensions on fuzzy sets; however, in this study, we consider another membership function of theelements, namely the non-membership function.
Definition 3. Intuitionistic fuzzy set [94]

Assume Y to be a universal set of discourse. An intuitionistic fuzzy set (C̃) defined on Y and
describes as

C̃ = {(η;µC̃(η), νC̃(η)) : η ∈ Y } (5)
whereµC̃(η) : Y → [0, 1]be themembership functionand νC̃(η) : Y → [0, 1]be the non-membership
function of C̃ and satisfies 0 ≤ µC̃(η) + νC̃(η) ≤ 1 for all η ∈ Y .

Remark 3. Degree of hesitancy
Let C̃ be an intuitionistic fuzzy set onY , define in Definition 3, with itsmembership function (µC̃(η))

and non-membership function (νC̃(η)). Then the degree of hesitancy (πC̃(η)) of the element η on the
intuitionistic fuzzy set (C̃) is

πC̃(η) = 1− µC̃(η)− νC̃(η) (6)
Since, µC̃(η) and νC̃(η) always in [0, 1] for all η ∈ Y , then πC̃(η) ∈ [0, 1] for all η.

Example 3. Let Z = {1, 2, 3, 4, 5} be a universal set of discourse and an IFS (C̃) defined on it. The D̃
represent as

D̃ = {(1; 0.5, 0.2), (2; 0.6, 0.3), (3; 0.75, 0.15), (4; 0.8, 0.1), (5; 0.6, 0.2)} (7)
In IFS D̃, the membership and non-membership values of 1 is 0.5 and 0.2, respectively and so on.

Definition 4. Pythagorean fuzzy set [47]
Assume Y to be a universal set of discourse. A Pythagorean fuzzy set (D̃) defined on Y and

describes as
D̃ = {(η;µD̃(η), νD̃(η)) : η ∈ Y } (8)

where µD̃(η) : Y → [0, 1] be the membership function and νD̃(η) : Y → [0, 1] be the non-
membership function of D̃ and satisfies 0 ≤ µ2

D̃(η) + ν2D̃(η) ≤ 1 for all η ∈ Y .

Remark 4. Degree of hesitancy
Let D̃ be aPythagorean fuzzy set onY , define inDefinition4, with itsmembership function (µD̃(η))

and non-membership function (νD̃(η)). Then the degree of hesitancy (πD̃(η)) of the element η on the
Pythagorean fuzzy set (D̃) is

πD̃(η) =
√

1− µ2
D̃(η)− ν2D̃(η) (9)

Since, µD̃(η) and νD̃(η) always in [0, 1] for all η ∈ Y , then πD̃(η) ∈ [0, 1] for all η.
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Definition 5. Fermatean fuzzy set [95]

AssumeY to be a universal set of discourse. A Fermatean fuzzy set (Ẽ) defined onY and describes
as

Ẽ = {(η;µẼ(η), νẼ(η)) : η ∈ Y } (10)
whereµẼ(η) : Y → [0, 1]be themembership functionand νẼ(η) : Y → [0, 1]be the non-membership
function of Ẽ and satisfies 0 ≤ µ3

Ẽ(η) + ν3Ẽ(η) ≤ 1 for all η ∈ Y .

Remark 5. Degree of hesitancy
Let Ẽ be a Fermatean fuzzy set on Y , define in Definition 5, with its membership function (µẼ(η))

and non-membership function (νẼ(η)). Then the degree of hesitancy (πẼ(η)) of the element η on the
Fermatean fuzzy set (Ẽ) is

πẼ(η) =
3

√
1− µ3

Ẽ(η)− ν3Ẽ(η) (11)
Since, µẼ(η) and νẼ(η) always in [0, 1] for all η ∈ Y , then πẼ(η) ∈ [0, 1] for all η.

4.3 q-rung orthopair fuzzy set

This section describes the q-rung orthopair fuzzy set (q-ROFSs) and its extension. Further, theoperations on q-ROFSs and q-rung orthopair fuzzy numbers (q-ROFNs) are defined in detail. The q-ROFSs can be defined as follows:
Definition 6. q-rung orthopair fuzzy set [5]

ConsiderZ to be a universal set and a q-rung orthopair fuzzy set F̃ defined on it. Then the q-rung
orthopair fuzzy set F̃ represents as

F̃ = {(ζ;µF̃(ζ), νF̃(ζ)) : ζ ∈ Z } (12)
where µF̃(ζ) : Z → [0, 1] be the membership function and νF̃(ζ) : Z → [0, 1] be the non-
membership function of F̃ and satisfies the property 0 ≤ µq

F̃(ζ) + νqF̃(ζ) ≤ 1 with q ∈ N, for all
ζ ∈ Z .

Remark 6. Degree of hesitancy
Let F̃ be a q-rung orthopair fuzzy set on Z , define in Definition 6, with its membership function

(µF̃(ζ)) and non-membership function (νF̃(ζ)). Then the degree of hesitancy (πF̃(ζ)) of the element
ζ on the q-rung orthopair fuzzy set (F̃) is

πF̃(ζ) =
q

√
1− µq

F̃(ζ)− νqF̃(ζ) (13)
where q ∈ N.

Since, µF̃(ζ) and νF̃(ζ) always in [0, 1] for all η ∈ Z , then πF̃(ζ) ∈ [0, 1] for all ζ.

Example 4. ConsiderZ = {1, 3, 5, 7, 9} to be a universal set of discourse and a q-rung orthopair fuzzy
set (F̃) defined on it. Then the F̃ represents as

F̃ = {(1; 0.8, 0.3), (3; 0.7, 0.5), (5; 0.75, 0.45), (7; 0.9, 0.3), (9; 0.55, 0.35)} (14)
Here, themembership (µF̃) and non-membership (νF̃) values of the element 1 are 0.8 and 0.3, respec-
tively and so on. The degree of hesitancy of the element 1 on the set F̃ is πF̃(1) =

q
√
1− 0.8q − 0.3q

and if q = 5, then πF̃(1) =
5
√
1− 0.85 − 0.35 = 0.2.

12
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Fig. 2. Relation between membership (µ) and non-membership (ν) values of different fuzzy numbers
Table 3 represents the basic difference between IFS, PFS, FFS and q-ROFS from different views.Comparison between membership value (µ) and non-membership value (ν) of different fuzzy num-bers are represents in Figure 2.

Table 3Comparison between IFS, PFS, FFS and q-ROFS
Parameters IFS [c] PFS [c] FFS [c] q-ROFS [c]
Boundary condition µ+ ν ≤ 1 µ2 + ν2 ≤ 1 µ3 + ν3 ≤ 1 µq + νq ≤ 1

Exponent parameter (q) q = 1 q = 2 q = 3 q ∈ N
Degree of hesitancy (π) 1− µ− ν

√
1− µ2 − ν2 3

√
1− µ3 − ν3 q

√
1− µq − νq

Geometric interpretation Triangular region Circular region Cubic region Generalized region(Approaches a fullsquare as q → ∞)
Flexibility of dataset Lowest, highlyrestricted Moderate,handles largervariations

High, handleshighly asymme-trical data
Highest, dynamicallyadjusts to fit anyboundary

Properties 1. Set operations on q-ROFSs:
Assume Z is a universal set and Ã = {(ξ;µÃ(ξ), νÃ(ξ)) : ξ ∈ Z } and B̃ = {(ζ;µB̃(ζ), νB̃(ζ)) :

ζ ∈ Z } are two q-ROFSs defined on it. Then the set operations on Ã and B̃ are defined as follows:

1. Union of two q-ROFSs:

Ã ∪ B̃ = {(ξ;µÃ(ξ), νÃ(ξ)) : ξ ∈ Z } ∪ {(ζ;µB̃(ζ), νB̃(ζ)) : ζ ∈ Z }
= {(max{ξ, ζ}; max{µÃ(ξ), µB̃(ζ)},min{µÃ(ξ), νB̃(ζ)}) : ξ, ζ ∈ Z }

(15)
2. Union of two q-ROFSs:

13
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Fig. 3. Comparison among different fuzzy numbers

Ã ∩ B̃ = {(ξ;µÃ(ξ), νÃ(ξ)) : ξ ∈ Z } ∩ {(ζ;µB̃(ζ), νB̃(ζ)) : ζ ∈ Z }
= {(min{ξ, ζ}; min{µÃ(ξ), µB̃(ζ)},max{µÃ(ξ), νB̃(ζ)}) : ξ, ζ ∈ Z }

(16)
3. Compliment of q-ROFS:

ÃC =
(
Ã
)C

= {(ξ;µÃ(ξ), νÃ(ξ)) : ξ ∈ Z }C

= {(ξ; νÃ(ξ), µÃ(ξ)) : ξ ∈ Z }
(17)

Theorem 1. Consider Ã and B̃ are two q-ROFSs, then the following operations are satisfied as

1. Ã ∪ B̃ = B̃ ∪ Ã,

2. Ã ∩ B̃ = B̃ ∩ Ã,

3.
(
ÃC
)C

= Ã.

Definition 7. q-rung orthopair fuzzy number
Consider the set of real numbers (R) to be a universal set and a q-rung orthopair fuzzy set F̃ defined

on it. Then the q-rung orthopair fuzzy set F̃ is called a q-rung orthopair fuzzy number if its membership
and non-membership functions satisfy all the fuzzy numbers’ properties (defined in Definition 2).

Graphical representation of the intuitionistic fuzzy numbers (IFNs), Pythagorean fuzzy numbers(PFNs), Fermatean fuzzy numbers (FFNs) and q-roung orthpair fuzzy numbers (q-ROFNs) are shownin Figure 3. The relation between membership value (µ) and non-membership value (ν) of differentfuzzy numbers are shown here.
14
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Remark 7. Reason for considering q-ROFNs as uncertainty tool
The q-ROFNs are considered as uncertainty tools for this study, for their capability to capture uncer-
tainty is very high and they are flexible for adoption in vague and unbiased space. The structural dif-
ferences of other intuitionistic fuzzy numbers are discussed in detail in Table 3. In q-ROFNs, the value
of q can be any natural number (N) and it is utilized on the basis of the problem’s requirements.

Properties 2. Consider C̃ = {(η;µC̃(η), νC̃(η)) : η ∈ R} and D̃ = {(ζ;µD̃(ζ), νD̃(ζ)) : ζ ∈ R} are
two q-ROFNs define on the set of real numbers (R) and λ and γ be two scalars. Then the arithmetic
operations on q-ROFNs are defined as

A. Addition of two q-ROFNs:

C̃ ⊕ D̃ = {(η;µC̃(η), νC̃(η)) : η ∈ R} ⊕ {(ζ;µD̃(ζ), νD̃(ζ)) : ζ ∈ R}

=
{(
η + ζ; q

√
µq

C̃(η) + µq

D̃(ζ)− µq

C̃(η)µ
q

D̃(ζ), νC̃(η)νD̃(ζ)
)
: η, ζ ∈ R

} (18)
B. Scalar multiplication of q-ROFN:

λ× C̃ =λ× {(η;µC̃(η), νC̃(η)) : η ∈ R}

=

{(
λ× η;

√
1− (1− µC̃(η))

λ, νC̃(η)
λ

)
: η ∈ R

} (19)
where λ be a non-negative scalar.

C. Multiplication of two q-ROFNs:

C̃ ⊗ D̃ = {(η;µC̃(η), νC̃(η)) : η ∈ R} ⊗ {(ζ;µD̃(ζ), νD̃(ζ)) : ζ ∈ R}

=
{(
ηζ;µC̃(η)µD̃(ζ),

q

√
νqC̃(η) + νqD̃(ζ)− νqC̃(η)ν

q

D̃(ζ)
)
: η, ζ ∈ R

} (20)
D. Scalar power of q-ROFN:

D̃γ =
(
D̃
)γ

= {(ζ;µD̃(ζ), νD̃(ζ)) : ζ ∈ R}γ

=

{(
ζγ;µD̃(ζ)

γ,
√

1− (1− νD̃(ζ))
γ

)
: ζ ∈ R

} (21)

where γ is an arbitrary positive integer.

Theorem2. Assume C̃ & D̃ are twoq-ROFNs andλ&γ are twonon-negative scalars, then the following
operations are satisfied as

1. C̃ ⊕ D̃ = D̃ ⊕ C̃,

2. λ×
(
C̃ ⊕ D̃

)
=
(
λ× C̃

)
⊕
(
λ× D̃

)
,

3. (λ+ γ)× C̃ =
(
λ× C̃

)
⊕
(
γ × C̃

)
,

4. C̃ ⊗ D̃ = D̃ ⊗ C̃,

5. λ×
(
C̃ ⊗ D̃

)
=
(
λ× D̃

)
⊗ C̃ = D̃ ⊗

(
λ× C̃

)
,
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6.
(
C̃ ⊗ D̃

)γ
=
(
C̃
)γ

⊗
(
D̃
)γ

,

7.
(
D̃
)λ+γ

=
(
D̃
)λ

⊗
(
D̃
)γ

.

4.4 Score and accuracy functions on q-ROFNs

This section discusses the score and accuracy functions [93] on the q-ROFNs. Since there are noordered relations on the fuzzy numbers, we are unable to distinguish which is larger. To prioritize ordefine the order of a fuzzy number, many methods are considered. Like the de-fuzzification method[95], de-i-fuzzification method [96], score function [55] and accuracy function [93] are considered todefine the order relation on fuzzy sets. In this study, we consider score and accuracy functions onq-ROFNs. There are several studies conducted on q-ROFNs, such as Ali, J. [67] applied on the MARCOSmethod in the waste management sectors, Xiao, L. et al. [30] utlized in the best-worst method formanufacturer departments and Mishra, A. R. et al. [55] applied in group decision-making methodsin site selection problems. The proposed score and accuracy functions on q-ROFNs are defined asfollows:
Definition 8. Proposed score function on q-ROFN: [67]
Assume Ẽ = {(χ;µẼ(χ), νẼ(χ)) : χ ∈ R} is a q-ROFN and the proposed score function is defined as
follows:

S
(
Ẽ
)
= χ

(
1 + µq

Ẽ(χ)− νqẼ(χ) +
πq

Ẽ(χ)

2

)
(22)

where πẼ(χ) be the degree of hesitancy of q-ROFN define in Equation (13).
Definition 9. Proposed accuracy function on q-ROFN: [93]
Assume Ẽ = {(χ;µẼ(χ), νẼ(χ)) : χ ∈ R} is a q-ROFN and the proposed accuracy function is defined
as follows:

A
(
Ẽ
)
= χ

(
1 + µq

Ẽ(χ) + νqẼ(χ)
) (23)

Remark 8. For numerical computation, we consider q = 5 for the degree of uncertainty. Further,
computations are evaluated based on the initial consideration q = 5. Anyone can consider another
value of q as the degree of uncertainty.

Example 5. From Example 4, F̃ be a q-QOFNs on Z . Then the score and accuracy values of q-QOFNs
are 

S
(
F̃
)

= S ({(1; 0.8, 0.3), (3; 0.7, 0.5), (5; 0.75, 0.45), (7; 0.9, 0.3), (9; 0.55, 0.35)})
= {1.660, 4.611, 7.955, 12.541, 13.656}

A
(
F̃
)

= A ({(1; 0.8, 0.3), (3; 0.7, 0.5), (5; 0.75, 0.45), (7; 0.9, 0.3), (9; 0.55, 0.35)})
= {1.330, 3.598, 6.279, 11.150, 9.500}

(24)

To prioritize between two q-ROFNs, we first apply the score function to them; if they fail to distin-guish, we then apply the accuracy function. Theorem 3 states in a logical way:
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Theorem 3. Consider C̃ and D̃ are two q-ROFNs defined on the set of real numbers (R) and the score
and accuracy functions defined on it. Then

1. ifS
(
C̃
)
< S

(
D̃
)
then C̃ < D̃,

2. ifS
(
C̃
)
> S

(
D̃
)
then C̃ > D̃,

3. ifS
(
C̃
)
= S

(
D̃
)
then

(a) if A
(
C̃
)
< A

(
D̃
)
then C̃ < D̃,

(b) if A
(
C̃
)
> A

(
D̃
)
then C̃ > D̃,

(c) if A
(
C̃
)
= A

(
D̃
)
then C̃ ≃ D̃.

5. Proposed Optimization Methodology

Multi-Criteria Decision Making (MCDM) [50] is a very effective technique for tackling complexdecision-making problems. Further, these MCDM methods are mainly categorized into two groups,namely the criteria weight evaluation method [38] and the ranking alternatives method [45]. Thereare several methods utlized for these computations. However, in this study, we consider the twomost popular MCDM methods for numerical evaluation. Here, we have taken the help of the MEthodbased on the Removal Effects of Criteria (MEREC) method [52] for evaluating the criteria weight. Afterthat, the Measurement of Alternatives and Ranking according to the Compromise Solution (MARCOS)method [71] is used to find the ranking of alternatives. The said methods are discussed in the subsec-tions below.
5.1 MEREC based weighted method

MEthod based on the Removal Effects of Criteria (MEREC) method is an advanced weighted-basedMCDM method which was introduced by Ghorabaee, M. K. et al. [97] in 2021. This method takesa slightly different approach from other weighted methods. Here, if a criterion is omitted, then itsimpact on the performance of alternatives will define the importance of that criterion. The opinionsof DMs are essential to evaluate the weight of the criteria.In this paper, we have considered Γ number of criteria as parameters along with ∆ number ofalternatives for the formation of the decision matrix. Here, data are collected from the Ω number ofdecision experts in linguistic terms. These linguistic terms are further converted to q-rung orthopairfuzzy numbers (q-ROFNs) using a conversion table. The steps of the MEREC methodology are brieflydiscussed as follows:
Step I Formation of decision matrices (D̃ω):Here, using the opinion of decision experts, a total ofΩ number of∆×Γ order decision matricesare constructed in linguistic terms. The entries of the decision matrices are further convertedto q-ROFNs using a conversion table. The decision matrix formulated by ωth decision expert is

17
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denoted by D̃ω and it is represented as

D̃ω =
[(

H̃δγ

)
ω

]
∆×Γ

=



(
H̃11

)
ω

(
H̃12

)
ω

. . .
(
H̃1γ

)
ω

. . .
(
H̃1Γ

)
ω(

H̃21

)
ω

(
H̃22

)
ω

. . .
(
H̃2γ

)
ω

. . .
(
H̃2Γ

)
ω... ... . . . ... . . . ...(

H̃δ1

)
ω

(
H̃δ2

)
ω

. . .
(
H̃δγ

)
ω

. . .
(
H̃δΓ

)
ω... ... . . . ... . . . ...(

H̃∆1

)
ω

(
H̃∆2

)
ω

. . .
(
H̃∆γ

)
ω

. . .
(
H̃∆Γ

)
ω


∆×Γ

(25)

where γ = 1, 2, . . . ,Γ, δ = 1, 2, . . . ,∆ and ω = 1, 2, . . . ,Ω, respectively. Here, each element
(H̃δγ)ω of decision matrices (D̃ω) are q-ROFNs and can be represented as

(H̃δγ)ω =
{(
ηδγ;µH̃δγ

, νH̃δγ

)
: ηδγ ∈ R

}
ω

=
{(

(ηδγ)ω ;
(
µH̃δγ

)
ω
,
(
νH̃δγ

)
ω

)} (26)

Step II Construction of aggregated decision matrix (D̃):In this step, a single aggregated decision matrix (D̃) is evaluated from Ω number of decisionmatrices D̃ω where ω = 1, 2, . . . ,Ω. The aggregated decision matrix (D̃) is formed as

D̃ =
[
H̃δγ

]
∆×Γ

=



H̃11 H̃12 . . . H̃1γ . . . H̃1Γ

H̃21 H̃22 . . . H̃2γ . . . H̃2Γ... ... . . . ... . . . ...
H̃δ1 H̃δ2 . . . H̃δγ . . . H̃δΓ... ... . . . ... . . . ...
H̃∆1 H̃∆2 . . . H̃∆γ . . . H̃∆Γ


∆×Γ

(27)

Here, each entry H̃δγ of aggregated decision matrix (D̃) are q-ROFN and evaluated as
H̃δγ =

{(
ηδγ;µH̃δγ

, νH̃δγ

)
: ηδγ ∈ R

}
=

{(∑Ω
ω=1 (ηδγ)ω

Ω
; min
ω=1,2,...,Ω

{(
µH̃δγ

)
ω

}
, max
ω=1,2,...,Ω

{(
νH̃δγ

)
ω

})} (28)

where γ = 1, 2, . . . ,Γ and δ = 1, 2, . . . ,∆.
Step III Formulation of uniform aggregated fuzzy decision matrix (D̃n):The uniform aggregated fuzzy decision matrix (D̃n) is obtained through normalizing each entryof the aggregated decision matrix (D̃). The uniform aggregated fuzzy decision matrix (D̃n) is
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calculated by Equation (29), as follows:

D̃n =
[
H̃ n

δγ

]
∆×Γ

=
[{(

ηδγ;µH̃δγ
, νH̃δγ

)}n]
∆×Γ

=
[{(

ηnδγ;µ
n
H̃δγ

, νn
H̃δγ

)}]
∆×Γ

=


 ηδγ√∑∆

δ=1{ηδγ}2
;µH̃δγ

, νH̃δγ




∆×Γ

(29)

where γ = 1, 2, . . . ,Γ and δ = 1, 2, . . . ,∆. Here, H̃ n
δγ is the normalized value of the H̃δγ ,determined by Equation (28).

Step IV Construction of score valued decision matrix (D):The score valued decision matrix (D) is constructed in this step. Here, each entry of the uniformaggregated fuzzy decision matrix (D̃n) are converted to a crisp value with the help of Equation(22). The score valued decision matrix (D) can be formed as
D = [Hδγ]∆×Γ =

[
S
(
H̃ n

δγ

)]
∆×Γ

(30)
where Hδγ be the score valued of the δγth entry H̃ n

δγ , for γ = 1, 2, . . . ,Γ and δ = 1, 2, . . . ,∆.
Step V Evaluating the overall performance (Pδ) of alternative:The process of obtaining the overall performance (Pδ) of each alternative (δ) is discussed inthis step. Here, the overall performance (Pδ) of each alternative (δ) is obtained with the helpof the following equation

Pδ =

Γ∑
γ=1

ln (1− Hδγ)

Γ
(31)

where Hδγ is the δγth entry of score valued decision matrix (D) and δ = 1, 2, . . . ,∆.
Step VI Calculation of the alternatives’ performance value (Qδγ) by eliminating every criteria:The alternatives’ performance value (Qδγ) is evaluated by eliminating every criteria (γ) fromthe score valued decision matrix (D), by using Equation (32), as follows:

Qδγ =

Γ∑
γ=1,γ ̸=γ

ln (1− Hδγ)

Γ
(32)

where Hδγ is the δγth entry of score valued decision matrix (D) with γ = 1, 2, . . . ,Γ and
δ = 1, 2, . . . ,∆.

Step VII Evaluation of the aggregated absolute deviation value (Rγ):The aggregated absolute deviation value (Rγ) of each criterion (γ) can be obtained from theoverall performance value (Pδ) of each alternative (δ) and the alternatives’ performance value
(Qδγ). The aggregated absolute deviation value (Rγ) evaluated by Equation (33), as

Rγ =
∆∑
δ=1

|Qδγ − Pδ| (33)
where γ = 1, 2, . . . ,Γ.
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Step VIII Determining criteria weight (Wγ):Finally, the weight of each criterion Wγ is obtained from the aggregated absolute deviation value

(Rγ) by using Equation (34), as
Wγ =

Rγ

Γ∑
γ=1

Rγ

(34)

where γ = 1, 2, . . . ,Γ.
Equation (34) provides the weights of the criteria (Wγ) by the MEREC method under q-ROFN en-vironments. The steps of the MEREC method are graphically represented in the Figure 4.

Fig. 4. Structural procedure of the MEREC method
5.2 MARCOS based ranking method

Measurement of Alternatives and Ranking according to the Compromise Solution (MARCOS) methodis a widely used MCDM method known for its effectiveness in alternatives ranking. The MARCOSmethod was invented by Stević Željko [98] where both the ideal and the anti-ideal solutions are takeninto account. Here, Γ number of criteria along with ∆ number of alternatives are considered and theopinions of Ω number of decision experts are considered. The step-by-step detailed description of theMARCOS method is given in the following:
Step A Structure of decision matrix (D̃ω):A total of Ω number of ∆ × Γ decision matrices (D̃ω) are formulated using the opinions ofdecision experts (ω) in the same way as shown in Step I. of the MEREC method.
Step B Aggregated decision matrix (D̃) formulation:All Ω number of decision matrices (D̃ω) transferred into a single aggregated decision matrix

(D̃θ) with the help of Step II. of the MEREC method.
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Step C Formulate extended decision matrix (D̃E):An Ideal solution (H̃ A I

γ ) and an Anti-Ideal solution (H̃ A A I
γ ) are included for extending the

aggregated decision matrix (D̃). The extended decision matrix (D̃E) represented as

D̃E =

H̃ A A I
γ

H̃δγ

H̃ A I
γ


(∆+2)×Γ

=



H̃ A A I
1 H̃ A A I

2 . . . H̃ A A I
γ . . . H̃ A A I

Γ

H̃11 H̃12 . . . H̃1γ . . . H̃1Γ

H̃21 H̃22 . . . H̃2γ . . . H̃2Γ... ... . . . ... . . . ...
H̃δ1 H̃δ2 . . . H̃δγ . . . H̃δΓ... ... . . . ... . . . ...
H̃∆1 H̃∆2 . . . H̃∆γ . . . H̃∆Γ

H̃ A I
1 H̃ A I

2 . . . H̃ A I
γ . . . H̃ A I

Γ


(∆+2)×Γ(35)where γ = 1, 2, . . . ,Γ and δ = 1, 2, . . . ,∆.

Here, the ideal solution (H̃ A I
γ ) is actually the best alternative among all alternatives and the

anti-ideal solution (H̃ A A I
γ ) is the worst alternative among all alternatives. These values areevaluated with the help of Equation (36), as follows

H̃ A I
γ =

 max
δ=1,2,...,∆

H̃δγ ; if γ ∈ B

min
δ=1,2,...,∆

H̃δγ ; if γ ∈ C

H̃ A A I
γ =

 min
δ=1,2,...,∆

H̃δγ ; if γ ∈ B

max
δ=1,2,...,∆

H̃δγ ; if γ ∈ C

(36)

where the beneficial group of criteria is denoted asB and the non-beneficiary criteria is denotedas C, respectively wth γ = 1, 2, . . . ,Γ.
Step D Construction of score valued extended decision matrix (DE):The extended decision matrix (D̃E) converted into the score valued extended decision matrix

(DE) with the help of Equation (22). The score valued extended decision matrix (DE) is repre-sented as
DE =

H A A I
γ

Hδγ

H A I
γ


(∆+2)×Γ

=


S
(
H̃ A A I

γ

)
S
(
H̃δγ

)
S
(
H̃ A I

γ

)


(∆+2)×Γ

(37)

where γ = 1, 2, . . . ,Γ and δ = 1, 2, . . . ,∆.
Step E Determine normalized score valued extended decision matrix (DEn):The normalized score valued extended decision matrix (DEn) is evaluated from the score valuedextended decision matrix (DE) by normalizing each entry. DEn evaluated by Equation (29), as
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follows:

DEn =

H A A In
γ

H n
δγ

H A I n

γ


(∆+2)×Γ

=




H A A I

γ

H A I
γ

; if γ ∈ B
H A I

γ

H A A I
γ

; if γ ∈ C
Hδγ

H A I
γ

; if γ ∈ B
H A I

γ

Hδγ
; if γ ∈ C

H A I
γ

H A I
γ

; if γ ∈ B
H A I

γ

H A I
γ

; if γ ∈ C


(∆+2)×Γ

(38)

where B and C be the sets of beneficial criteria and non-beneficial criteria, respectively, with
γ = 1, 2, . . . ,Γ and δ = 1, 2, . . . ,∆.

Step F Evaluate weighted normalized decision matrix (Dw):The normalized score valued extended decision matrix (DEn) is transferred into the weightednormalized decision matrix (Dw) with the help of the weight of the criteria (Wγ) determined inthe previous method. The weighted normalized decision matrix (Dw) formed as
Dw =

H A A Iw
γ

H w
δγ

H A I w

γ


(∆+2)×Γ

=

Wγ × H A A In
γ

Wγ × H n
δγ

Wγ × H A I n

γ


(∆+2)×Γ

(39)
where γ = 1, 2, . . . ,Γ and δ = 1, 2, . . . ,∆.

Step F The utility degree evaluation:The utility degree of alternatives are denoted as U +
δ and U −

δ . These values are evaluated withthe help of the following formula
U +

δ =

∑Γ
γ=1 H w

δγ∑Γ
γ=1 H A I w

γ

U −
δ =

∑Γ
γ=1 H w

δγ∑Γ
γ=1 H A A I w

γ

(40)

where H w
δγ , H A I w

γ and H A A I w

γ are consider from Equation (39) with δ = 1, 2, . . . ,∆.
Step G Utility function (f(Uδ) construction:The utility function (f(Uδ)) associated with each alternative (δ) is evaluated. It is calculated byusing the following equation

f(Uδ) =
(U +

δ + U −
δ )

1 +
1− f(U +

δ )

f(U +
δ )

+
1− f(U −

δ )

f(U −
δ )

(41)

where the utility function associated with the ideal solution and anti-ideal solution are denotedby f(U +
δ ) and f(U −

δ ), respectively and are evaluated as follows
f(U +

δ ) =
U −

δ

(U −
δ + U +

δ )

f(U −
δ ) =

U +
δ

(U −
δ + U +

δ )

(42)

where U +
δ and U −

δ are utility degree of alternatives (δ) with δ = 1, 2, . . . ,∆.
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Step H Alternative ranking:The ranking of alternatives is evaluated based on the values of utility functions (f(Uδ)) for δ =

1, 2, . . . ,∆. The alternative that maximizes the utility function receives the optimal ranking; thealternative that has the second-highest utility value receives the second rank and so on. Figure5 shows the graphical procedure of the MARCOS method.

Fig. 5. Structural flowchart of the MARCOS method
6. Model Structured and Data Collection

In this section, we mainly focus on two tasks: firstly, model formulation and secondly, the processof data collection for numerical computations.
6.1 Model structured

In this study, our aim is to formulate an MCDM-based model for identifying the sustainable chal-lenges of non-governmentally funded higher educational institutions. Here, we have included twoMCDM methods, namely the MEREC and MARCOS methods, where the MEREC method is includedto evaluate the criteria weights and the MARCOS method is applied to calculate the rank of alterna-tives. In this decision-making problem, 6 important factors are considered as criteria and 5 educationalinstitutions are considered as alternatives. To maintain the privacy of the academic institutions, weconsider the names of the academic institutions anonymous, such as Institute A (IA), Institute B (IB),Institute C (IC), Institute D (ID) and Institute E (IE). Here, the opinions of 3 decision experts whoare experienced and experts in their relevant field are considered. The DMs express their opinion inlinguistic terms and we further convert them to q-rung orthopair fuzzy numbers (q-ROFNs) to captureuncertainty in the data set. Thus, a total of 3 decision matrices of order 5 × 6 are constructed andthese decision matrices are used for further numerical calculations. Lastly, we have performed a totalof 4 cases for the sensitivity analysis, which helps to verify the stability of the obtained result. In Figure6, we have presented a hierarchical structure of our proposed model.
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Fig. 6. Hierarchical structure of the proposed model
6.2 Data collection

In this section, the data collection process is briefly discussed. The opinions collected from differ-ent decision experts are given in linguistic form. For numerical evaluation, we have to convert theminto equivalent q-ROFNs. Here, Table 4 is used to convert linguistic terms into q-ROFNs.
Table 4Conversion table between linguistic terms and q-ROFNs

Linguistic terms q-rung orthopair fuzzy
numbers (q-ROFNs)

Score value Accuracy value

Extremely Important (EI) {(7; 0.95, 0.55)} 12.680 12.769
Very Important (VI) {(6; 0.90, 0.55)} 10.319 9.845
Strongly Important (SI) {(5; 0.90, 0.60)} 8.393 8.341
Average Important (AI) {(4; 0.85, 0.60)} 6.421 6.086
Poorly Important (PI) {(3; 0.85, 0.65)} 4.643 4.679
Weakly Important (WI) {(2; 0.80, 0.65)} 2.980 2.887
Least Important (LI) {(1; 0.80, 0.70)} 1.412 1.496

In this paper, we have collected the data from 3 decision experts who are knowledgeable, profes-sional and unbiased in their opinions. These decision makers are experts in their respective fields. Thedetails of the decision makers are given as follows:
DM1: A government officer from the Ministry of Education departments with more than 15 years ofexperience.
DM2: A senior professor from public institutions with more than 10 years of administrative experience.
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DM3: An educational analyst from some non-profit NGOs with more than 15 years of experience.

These three DMs provided their decisions in linguistic terms using the Table 4. Thus, a total of 3decision matrices are formulated in linguistic terms, presented in Table 5. These datasets are furtherconsidered in the numerical illustration section.
Table 5Decision matrix in linguistic terms given by three DMs

Cri
ter
ia
vs

Alt
ern
ati
ve
s

Su
st
ai
na

bl
e

Fi
na

nc
ia
l

Su
pp

or
t(
F
1
)

In
fra

st
ru
ct
ur
e
&

Te
ch
no

lo
gi
ca
l

Su
pp

or
t(
F
2
)

Ac
ad

em
ic

Q
ua

lit
y
(F

3
)

In
sti
tu
tio

na
l

Go
ve
rn
an

ce
&

M
an

ag
em

en
t(
F
4
)

Re
se
ar
ch

&
In
no

va
tio

n
(F

5
)

In
du

st
ria

l
En

ga
ge
m
en

t&
Em

pl
oy
ab

ili
ty

(F
6
)

DM
1

Institute A (IA) EI VI SI AI WI VI
Institute B (IB) SI WI SI AI VI EI
Institute C (IC) WI SI VI PI EI VI
Institute D (ID) SI VI VI EI SI AI
Institute E (IE) EI VI SI EI SI LI
Criteria vs Alternatives F1 F2 F3 F4 F5 F6

DM
2

Institute A (IA) SI VI AI EI VI SI
Institute B (IB) AI SI VI EI WI VI
Institute C (IC) VI WI SI LI SI VI
Institute D (ID) EI VI WI AI EI SI
Institute E (IE) VI EI AI SI VI AI
Criteria vs Alternatives F1 F2 F3 F4 F5 F6

DM
3

Institute A (IA) VI SI AI EI WI LI
Institute B (IB) EI VI EI SI EI SI
Institute C (IC) LI SI VI WI VI VI
Institute D (ID) VI VI SI AI VI EI
Institute E (IE) AI SI EI VI VI LI

7. Numerical Illustration and Discussion
In this section, numerical illustration and discussion will be discussed elaborately. In this model,two MCDM methods, namely MEREC and MARCOS, are performed in an environment where the opin-ions of decision experts are further converted to their associated q-rung orthopair fuzzy numbers. Thelinguistic terms along with their corresponding fuzzy values are shown in Table 4. The data set, pre-sented as a decision matrix by multiple decision experts, is shown in Table 5.Firstly, we considered the MEREC-based weighted method, which is described in Section 5.1 underthe q-ROFNs environments (see Section 4). The decision matrices are aggregated with the help ofEquation (28) and build an aggregated decision matrix (D̃). Then, transform the uniform aggregatedfuzzy decision matrix (D̃n) using Equation (29) and further evaluated the score valued decision matrix

(D) in Table 6 using Equation (22), respectively. After that, the overall performance value (Pδ) ofalternative (δ) is determine using Equation (31) and presented in Table 7 and the alternatives’ perfor-mance value (Qδγ) by eliminating every criteria evaluating using Equation (32) and shown in Table
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8, respectively. Lastly, the aggregated absolute deviation value (Rγ) of each criteria is calculated byEquation (33) and the final criteria weights are evaluated using Equation (34) and presented in Table9. The Pi diagram of the criteria weights is shown graphically in Figure 7.

Table 6Score valued decision matrix (D)Criteria vs Alternatives F1 F2 F3 F4 F5 F6Institute A (IA) 0.847 0.807 0.601 0.847 0.419 0.515Institute B (IB) 0.720 0.548 0.870 0.752 0.629 0.918Institute C (IC) 0.356 0.506 0.821 0.248 0.851 0.940Institute D (ID) 0.847 0.876 0.557 0.705 0.851 0.780Institute E (IE) 0.765 0.855 0.739 0.885 0.803 0.257

Table 7Overall performance value (Pδ) of the alternative (δ)
Alternative Institute A (IA) Institute B (IB) Institute C (IC) Institute D (ID) Institute E (IE)
Pδ value -1.2631 -1.4981 -1.3116 -1.5685 -1.4678

Table 8Alternatives’ performance value (Qδγ)Criteria vs Alternatives F1 F2 F3 F4 F5 F6Institute A (IA) -0.951 -0.989 -1.110 -0.951 -1.172 -1.143Institute B (IB) -1.286 -1.366 -1.158 -1.265 -1.333 -1.082Institute C (IC) -1.238 -1.194 -1.025 -1.264 -0.995 -0.842Institute D (ID) -1.256 -1.221 -1.433 -1.365 -1.252 -1.316Institute E (IE) -1.227 -1.146 -1.244 -1.107 -1.197 -1.418

Table 9Criteria weight with associated data calculated
Criteria Rγ Weight (Wγ)Sustainable Financial Support (F1) 1.151 0.1619Infrastructure & Technological Support (F2) 1.193 0.1678Academic Quality (F3) 1.140 0.1603Institutional Governance & Management (F4) 1.157 0.1628Research & Innovation (F5) 1.160 0.1632Industrial Engagement & Employability (F6) 1.308 0.1840

Remark 9. Table 9 and Figure 7 represent the results of theMERECmethodwith associated data. From
the evaluation results, the criteria Industrial Engagement & Employability (F6) have the maximum
weight and the criteria Infrastructure & Technological Support (F2) have the second-highest weight.
Further, the criteria Research & Innovation (F5), Institutional Governance & Management (F4) and
Sustainable Financial Support (F1) gets the third, fourth and fifth optimal weights. Lastly, the criteria
AcademicQuality (F3)has the leastweighted criteria by theMERECmethod. All theweights are further
considered for ranking academic institutions in the MARCOS methodology.
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Fig. 7. Pi diagram of the criteria weight evaluated using the MEREC method
Now, we apply the MARCOS method for ranking the alternatives, which is elaborately discussedin Section 5.2. Up to the aggregation of the decision matrix is considered from the MEREC method inthe previous steps. Then the extended decision matrix (D̃E) formulate with the help of Equation (36)and the score valued extended decision matrix (DE) calculate by using Equation (29) and presented inTable 10. Then the normalized score valued extended decision matrix (DEn) is evaluated by utilizingEquation (29) and displayed in Table 11. Further, the weighted normalized decision matrix (Dw) isevaluated by Equation (39) and shown in Table 12. After that, the utility degrees and utility functionvalues are calculated using Equation (42) and Equation (41), respectively and presented in Table 13.Finally, rank the alternatives on the basis of the utility function values in descending order and theranks are shown in Table 13. The bar diagram of the institutes (alternatives) ranking are shown inFigure 8.

Table 10Extended decision matrix (DE)
C vs A F1 F2 F3 F4 F5 F6Anti-ideal solution 4.235 5.959 6.456 2. .966 2.823Institute A (IA) 10.072 9.512 6.956 9.631 4.966 5.647Institute B (IB) 8.561 6.456 10.072 8.561 7.449 10.072Institute C (IC) 4.235 5.959 9.512 2.823 10.072 10.319Institute D (ID) 10.072 10.319 6.456 8.026 10.072 8.561Institute E (IE) 9.096 10.072 8.561 10.072 9.512 2.823Ideal solution 10.072 10.319 10.072 10.072 10.072 10.319
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Table 11Normalization of decision matrix (DEn)

C vs A F1 F2 F3 F4 F5 F6Anti-ideal solution 0.421 0.578 0.641 0.280 0.493 0.274Institute A (IA) 1.000 0.922 0.691 0.956 0.493 0.547Institute B (IB) 0.850 0.626 1.000 0.850 0.740 0.976Institute C (IC) 0.421 0.578 0.944 0.280 1.000 1.000Institute D (ID) 1.000 1.000 0.641 0.797 1.000 0.830Institute E (IE) 0.903 0.976 0.850 1.000 0.944 0.274Ideal solution 1.000 1.000 1.000 1.000 1.000 1.000

Table 12Weighted normalized decision matrix (Dw)
C vs A F1 F2 F3 F4 F5 F6Anti-ideal solution 0.068 0.097 0.103 0.046 0.080 0.050Institute A (IA) 0.162 0.155 0.111 0.156 0.080 0.101Institute B (IB) 0.138 0.105 0.160 0.138 0.121 0.180Institute C (IC) 0.068 0.097 0.151 0.046 0.163 0.184Institute D (ID) 0.162 0.168 0.103 0.130 0.163 0.153Institute E (IE) 0.146 0.164 0.136 0.163 0.154 0.050Ideal solution 0.162 0.168 0.160 0.163 0.163 0.184

Table 13Alternative ranking based on utility degrees and utility functions
Alternatives U +

δ U −
δ U +

δ + U −
δ f(U +

δ ) f(U −
δ )

1− f(U +
δ )

f(U +
δ )

1− f(U −
δ )

f(U −
δ )

f(Uδ) Rank
Institute A (IA) 0.764 1.720 2.484 0.692 0.308 0.444 2.251 0.672 4
Institute B (IB) 0.842 1.895 2.736 0.692 0.308 0.444 2.251 0.740 2
Institute C (IC) 0.709 1.597 2.306 0.692 0.308 0.444 2.251 0.624 5
Institute D (ID) 0.878 1.977 2.855 0.692 0.308 0.444 2.251 0.773 1
Institute E (IE) 0.814 1.831 2.645 0.692 0.308 0.444 2.251 0.716 3

Remark 10. Table 13 and Figure 8 are shown in the evaluated results by the MARCOS method of the
ranking of academic institutions. From the determined results, Institute D (ID) occupied the most
prioritized institute for funding, followed by Institute B (IB), Institute E (IE), respectively. Furthermore,
Institute A (IA) and Institute C (IC) are the second least and least optimal alternatives for funding
an academic institution, respectively. All the institutions’ names are anonymous for considering the
privacy of the institutions.

8. Sensitivity Analysis
This section presents the sensitivity analysis of this study to assess the stability and flexibility ofthe evaluated results. There are four cases considered for this sensitivity analysis and discussed asfollows:
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Fig. 8. Bar diagram of the alternative ranking calculated by the MARCOS method
Case 1. Remove criteria Sustainable Financial Support (F1):We removed an important criterion, Sustainable Financial Support (F1), from the data set andevaluated the results using the modified model. The alternative rankings are presented in Table14 and graphically depicted in Figure 9, respectively.
Case 2. Remove criteria Institutional Governance & Management (F4):In the second scenario, we removed the criterion Institutional Governance & Management (F4)and evaluated the weights and ranked alternatives based on the updated model. The resultsevaluated using the MEREC and MARCOS methods are presented in Table 14 and visually com-pared in Figure 9.
Case 3. Remove criteria Research & Innovation (F5):In another scenario, we omit the criteria Research & Innovation (F5) and determine the weightof the criteria and ranking alternatives by the modified model. All the results are shown in Table14 and a graphical comparison of the main results is displayed in Figure 9.
Case 4. Remove criteria Industrial Engagement & Employability (F6):In the last case, we removed the optimality-weighted criteria Industrial Engagement & Employ-ability (F6) and determined the results of the modified systems. The evaluated results are pre-sented in Table 14 and visually compared with existing results in Figure 9.
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Table 14Ranking of the institutes in different scenarios

Alternative Case 1 Case 2 Case 3 Case 4 Main rankingInstitute A (IA) 5 5 3 3 4Institute A (IA) 2 2 1 4 2Institute A (IA) 4 3 5 5 5Institute A (IA) 1 1 2 2 1Institute A (IA) 3 4 4 1 3
Table 14 and Figure 9 represent the results of the sensitivity analysis of four cases and comparewith the main results. From the evaluated results of Case 1, Case 2 and Case 3 are more stable withthe main results; however, Case 4 slightly fluctuates with the main results, since the highly weightedcriteria is omitted from the model. Then, based on the sensitivity analysis, we conclude that the mainresults are stable, flexible and unbiased, and that our model is robust.

Fig. 9. Sensitivity analysis of the alternatives and comparison with the main results

9. Research Implication
In this paper, our purpose is to construct an MCDM-based framework to identify the sustainablechallenges of non-governmentally funded higher educational institutions. Thus, the existing literaturerelated to sustainability in higher educational institutions will be enriched by this paper. Here, wehave proposed a score function and an accuracy function to convert q-ROFNs into crisp values. Inthis study, we have integrated q-ROFNs in the MEREC MARCOS-based model, which helps to captureuncertainty and ambiguity in the dataset. Thus, the result obtained from this model becomes morereliable and this concept can further be used in different complex decision-making problems. Here,we have selected 6 factors as criteria after going through a deep study on this topic and discussing it
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with DMs. Based on these criteria, we finally evaluate the ranking of 5 higher educational institutions.This model can further be applied to different fields, like finding the key challenges of universities,institutions, colleges and schools and further ranking them accordingly.
10. Conclusions and Future Research Scope

Education enlightens the path of life. To provide quality education to all in a society, it is necessaryto develop the infrastructure and basic facilities related to deliver education. In the higher educationalsector, funding plays a crucial role as these students not only pursue a degree but are also attachedto research and innovation-related work. Thus, non-governmentally funded higher educational insti-tutions faced various challenges. In this paper, we have developed a MEREC MARCOS-based MCDMmodel under the q-rung orthopair fuzzy environment for identifying the sustainable challenges of non-governmentally funded higher educational institutions. Here, we have considered 6 criteria and afterapplying the MEREC method, we have obtained that the criterion Industrial Engagement & Employa-bility (F6) acquired the highest weight, Infrastructure & Technological Support (F2) obtained the 2ndhighest weight and so on. This means Industrial Engagement & Employability (F6) is the most impor-tant challenge faced by non-governmentally funded higher educational institutions, Infrastructure &Technological Support (F2) is the 2nd most important challenge faced by non-governmentally fundedhigher educational institutions and so on. After that, we have applied the MARCOS method to findthe ranking of 5 higher educational institutions, which are considered as alternatives. Finally, we haveobtained that the Institute D (ID) got the 1st rank, Institute B (IB) got the 2nd rank, Institute E (IE)got the 3rd rank and so on. Lastly, we have considered 4 sensitivity analysis cases to assess the stabilityof the result.There is some scope for extension in future research. This paper is based on a MEREC MARCOS-based approach, which can be altered in the future by other advanced MCDM techniques such asCRITIC, PROMETHEE, VIKOR, MABAC, CoCoSo, etc. One can implement some other newly developedfuzzy number that is capable of capturing uncertainty more than q-ROFNs. Although we have pro-posed a new score and accuracy function for this model, other newly developed score and accuracyfunctions can be implemented in the future. In this paper, we have considered only 6 challenges ascriteria but one can include some other criteria such as Green Campus initiatives, sustainable resourceutilization, Fluctuations in enrollment of student etc. Here, we have taken 5 higher educational insti-tutions as alternatives; one can increase the number of alternatives to increase the complexity of thisdecision-making problem. Here, the data set is collected from only 3 DMs, which can further be in-creased so that the evaluated results can be more accurate and unbiased. Here, we have performed
4 cases of sensitivity analysis, where we have omitted one criterion in each case but one can per-form sensitivity analysis by including cases where interchange of the weight between two criteria isconducted. This model can be further applied in different regions and institutional contexts.
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38

https://doi.org/10.4018/979-8-3373-6926-6.ch012
https://doi.org/10.4018/979-8-3373-6926-6.ch012
https://doi.org/10.1007/s00500-025-11014-y
https://doi.org/10.1007/s00500-025-11014-y
https://doi.org/10.66972/ada21202627
https://doi.org/10.3390/analytics5010010
https://doi.org/10.3390/sym13040525
https://doi.org/10.1016/j.cie.2019.106231

	Introduction
	Higher educational institutions structures in India
	Role of higher educational institutions for societal benefits and sustainability
	Motivation of this study
	Research outline
	Structure of this paper

	Literature survey of this study
	Background on sustainability challenges of HEIs
	Literature of Mathematical tool
	Background of MCDM methodologies

	Sustainable Challenges for Non-Government Funded Higher Educational Institutions
	Sustainable Financial Support (F1)
	Infrastructure & Technological Support (F2)
	Academic Quality (F3)
	Institutional Governance & Management (F4)
	Research & Innovation (F5)
	Industrial Engagement & Employability (F6)

	Preliminaries of Mathematical Tools
	Fuzzy set and fuzzy number
	Intuitionistic fuzzy set and its extension
	q-rung orthopair fuzzy set
	Score and accuracy functions on q-ROFNs

	Proposed Optimization Methodology
	MEREC based weighted method
	MARCOS based ranking method

	Model Structured and Data Collection
	Model structured
	Data collection

	Numerical Illustration and Discussion
	Sensitivity Analysis
	Research Implication
	Conclusions and Future Research Scope

