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7 Abstract
8 Cloud computing concept has taken prodigious growth over the last decade. With the vast options of Cloud Service Providers

9 available nowadays and a variety of services and facilities to choose from, it is of paramount necessity to opt for the best cloud

10 service provider based on multiple criteria and requirements ascertained by any organization or an individual. This study

11 selects the cloud service provider based on various conflicting criteria. In this paper, pentagonal intuitionistic fuzzy number

12 (PIFN) with MCDM tool analytic hierarchy process (AHP) and Technique for Order Preference by Similarity to Ideal Solution

13 (TOPSIS) methods have been used to rank the Cloud Service Providers (CSPs). Firstly, the criteria PIFN weights are calculated

14 using comparison matrices with the help of decision-makers (DMs), and then, FTOPSIS is done to obtain the final ranking.

15 Sensitivity and comparative analyses have been conducted to see the changes in ranking obtained. These analyses help analyze

16 the most sensitive criteria and thus help the researchers mark and evaluate for future scope and further research.

17

18 Keywords Cloud Service Providers selection � Intuitionistic fuzzy number � Multi-criterion decision-making method �
19 AHP-TOPSIS method

20

21 1 Introduction

22 We are living in the age of the digital era, where a massive

23 amount of data is available online and offline. The

24 requirement to store, analyze and access the necessary data

25securely and safely arises every day. We all need a tool that

26can help any individual or organization to store data online.

27This modern age requirement had thus necessitated the

28birth of ‘‘Cloud computing,’’ which is basically storing the

29data on the web cloud, i.e., on shared data servers, and
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30 provides services like faster access to data, lower operating

31 costs of managing and storing of data, security, and pro-

32 tection of data, etc.

33 Nowadays, cloud computing technology (CCT) is a

34 well-liked subject matter among researchers and industries.

35 CCT has become a possible preference for businesses and

36 personal services to replace the on-premise IT infrastruc-

37 ture. This technology makes the information technology

38 (IT)-based industries in a remarkable infrastructure and

39 application-oriented services on an online subscription

40 basis ideology. It has changed the understanding of how to

41 acquire computing resources with much adaptability,

42 accessibility, and less organizational effort (Zadeh 1965).

43 These services are fully professional services offered to the

44 subscribers who are interested in running their issues on

45 remote servers when they are not able to execute the

46 problem on local computers anymore. The remote servers

47 are called a cloud. This technological expansion pushes

48 service-given-based companies to acclimatize their ser-

49 vices and put forward them to their valuable customers in

50 the cloud. The services through online mode are very

51 popular to the customer and make a huge interest to the

52 online service provider platform. In that context, nowa-

53 days, there are many online services offered for the cus-

54 tomer but the real challenge is to select the suitable one.

55 Several IT-based companies are changing their business

56 infrastructure and models by giving their products as CCT

57 services. Renowned service providers like AWS, Micro-

58 soft, Google and IBM offer similar kinds of services at

59 different levels and prices. The quality and features of such

60 services also differentiate for different companies. The

61 diversity presents a major challenge for clients to deter-

62 mine the most suitable technology that satisfies their main

63 requirements.

64 Fuzzy set theory and its extension play an important role

65 nowadays. The fuzzy system software has also been

66 developed as the most effective and practical application of

67 the theory and models with fuzzy sets (Chang and Zadeh

68 1972). These systems can deal with the representation of

69 knowledge and reasoning subject to vagueness and uncer-

70 tainties for the solution of various kinds of real-life prob-

71 lems. Fuzzy sets and systems are most effective in

72 modelling complex systems and can integrate the human

73 expert system and knowledge with uncertain information.

74 In this regard, fuzzy systems have been implemented and

75 applied in different types of domains of application, among

76 many others, and make suitable decisions in an elegant

77 manner. A fuzzy set consists of the collection of elements

78 where every element has a graded membership value. That

79 means for each and every member, it calculates the like-

80 lihood in the set and has degrees of membership values

81 which vary from 0 to 1. The Linguistic variables are also be

82 a representation in the fuzzy set ideology. It may be

83represented in words rather than numbers (e.g., very low,

84low, moderate, high, very high, etc.). According to suit-

85able applicability, many studies need to apply the fuzzy

86logic methodology associated with cloud computing

87problem to address different types of research issues and

88challenges with proper solution.

89The main objective of this study is to find the solution

90for selecting the best CCT provider selection (PS) associ-

91ated with decision-makers fixed alternatives by the help of

92a proposed decision-making framework under uncertainty.

931.1 Literature review

941.1.1 Fuzzy and Intuitionistic fuzzy set

95Uncertainty, indeterminacy, and vagueness are very

96important terms when associated with the real world con-

97ducting tests in terms of observations, measurements and

98decision-making.

99In the classical set theory concept, the membership of

100elements in a set follows a simple binary logic. That is,

101either, x. belongs to A., i.e., x 2 A. or x not belong to A, i.e.,

102x 62 A..The idea of corresponding membership grades can

103be implemented and the concept can be written with the

104help of characteristic function vA xð Þ.. If x 2 A., then

105vA xð Þ ¼ 0 and if x 62 A, then vA xð Þ ¼ 1. But in a practical

106sense, most of the physical phenomena cannot be described

107by the classical crisp sense since there is some uncertainty.

108From this point of view, one of the fashionable and effi-

109cient logical ideologies to capture the wisdom of uncer-

110tainty is ‘‘fuzzy set theory,’’ customary by Zadeh(Zadeh

1111965). By extending the binary scenarios of ‘‘belongs to’’

112and ‘‘does not belong to,’’ the fuzzy uncertainty theory

113provided the notion of the ‘‘degree of belongingness.’’

114Later, Chang and Zadeh (Chang and Zadeh 1972) con-

115structed a well-structured mathematical version of the

116fuzzy logic. Then, many researchers (Dubois and Prade

1171978; Dubois et al. 2000) contributed much of their effort

118to enhance the scrupulous domain of information. With the

119gradual development of the conventional fuzzy philosophy,

120later different types of fuzzy number ideology exist with

121different types of applications, such as triangular fuzzy

122number (Akyar et al. 2012), trapezoidal fuzzy number

123(Ponnialagan et al. 2018), pentagonal fuzzy number

124(Chakraborty et al. 2019), dense fuzzy number (Maity et al.

1252020a), interval-valued fuzzy number (Mondal 2016),

126hesitant fuzzy number (Ghorui et al. 2021), lock fuzzy

127number (Maity et al. 2019), type 2 fuzzy number (Tudu

128et al. 2021), Hexagonal fuzzy number (Chakraborty et al.

1292021), Gaussian fuzzy number (Rahaman et al. 2021), etc.

130A major expansion of the fuzzy theory was carried out

131by the preface of the conception of intuitionistic fuzzy set

132by Atanassov (Atanassov 1986), which integrated the
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133 design to count the ‘‘degree of belongingness’’ and ‘‘degree

134 of non-belongingness’’ as well. For that reason, member-

135 ship function is considered for degree of belongingness and

136 non-membership function is for non-longingness. There

137 exist different types of intuitionistic fuzzy numbers such as

138 triangular IFS (Mondal and Roy 2014), generalized trape-

139 zoidal IFS (Mondal and Roy 2015), cloud-type intuition-

140 istic dense fuzzy number (Maity et al. 2020b), interval-

141 valued IFS (Mondal 2018), pentagonal IFS (Mondal et al.

142 2018), nonlinear IFS (Mondal et al. 2019), etc.

143 The application of fuzzy number (Ghorui et al. 2020)

144 and its extension are also very impressive in scientific

145 domain. The author of reference (Xu et al. 2018) applied

146 Delphi method with intuitionistic fuzzy numbers for eval-

147 uating the comprehensive product quality for customer

148 satisfaction. The author of reference (Wang et al. 2021)

149 proposed interval 2-tuple linguistic intuitionistic fuzzy

150 numbers and regret theory for scheme selection of design

151 for disassembly (DFD) based on sustainability. The author

152 of reference (Maiti and Roy 2021) used a triangular intu-

153 itionistic fuzzy number and proposed defuzzification

154 technique. The introduced ranking method is applied to

155 determine bi-level programming for Stackelberg game. The

156 author of reference (Christi and Kasthuri 2016) and

157 (Pathinathan and Minj 2018) used pentagonal intuitionistic

158 fuzzy numbers, and the latter applied this fuzzy number

159 with Russell’s method in transportation problems. The

160 author of reference (Giri et al. 2021) considered nonlinear

161 intuitionistic fuzzy numbers and developed a possibilistic

162 mean by the possibility measure. The implementation of

163 the proposed arithmetic operations is explained by taking a

164 case study of the inventory model. The author of reference

165 (Zhang 2018) used interval-valued intuitionistic fuzzy

166 numbers and introduced Schweizer-Sklar i-norm and

167Schweizer-Sklar i-conorm. An example was taken to check

168the validity and effectiveness of the approach. Moreover,

169we surely say that fuzzy sets and its extensions play an

170important role for solving several complex problems

171(Alshammari et al. 2020; Abu Arqub et al. 2021a, 2021b;

172Abu Arqub 2017; Alzahrani 2021; Ansari et al. 2020; Al-

173Zahrani 2020; Sahu et al. 2020).

1741.2 Concept of cloud computing

175Different types of companies nowadays give attention to

176their core functions by parting Cloud Service Providers

177(CSPs) to switch their computing belongings. CSPs are

178vendors who rent to their clients, diverse types of services

179that are enthusiastically provisioned based on customer’s

180orders in a pay-as-you-go basis strategy.

181In terms of applicability and adaptation, cloud comput-

182ing services are structured (Fig. 1) as follows:

1831.3 Infrastructures as a service (IaaS)

184IaaS refers to services of cloud computing that offer stor-

185age, networking resources, servers, and virtual machines

186on-demand to the customers. These services are provided

187over the Internet on a pay-per-use basis. Using IaaS helps

188the business organization to reduce their expenditure on

189maintenance of onsite data centers and hardware costs and

190enables them to increase or decrease resources as per their

191organizational requirement. IaaS solutions aid the organi-

192zation in gaining real-time insights into business and

193bypass the cost and complexity of managing huge data

194servers.

195IaaS provides business solutions to migrate its applica-

196tions over the cloud, which is scalable and reliable. It is a

Cloud computing 
models

Infrastructure as a 
Service (IaaS)

IaaS Providers: Amazon, 
Dimension Data, Windows 
Azaure, Google Compute 
Engine, Rackspace Open 
Cloud, IBM Smart Cloud 

Enterprise 

Platform as a Service 
(PaaS)

PaaS Vendors: Appear IQ, 
Mendix, Amazon Web 
Services (AWS) Elastic 
Beanstalk, Google  App 

Engine, Red Hat, Heroku 

Software as a Service 
(SaaS)

SaaS vendors: 
Salesforce.com, Oracle, 
Google and SAP.com, 
Apprenda Cloudwitch, 

Marketo, pardot

Fig. 1 Model representing the

types of Cloud computing

services
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197 very useful tool for organizations where the demand for

198 storage is not predictable, and it can increase or decrease

199 the storage or backup and recovery as per the need. IaaS

200 also provides all sorts of the web, networking, and appli-

201 cation server support so that the IT team can focus only on

202 the core business solutions of the organization and can

203 easily deploy web apps quickly as and when required

204 without worrying about the infrastructure.

205 1.4 Platform as a service (PaaS)

206 PaaS refers to using a platform or environment for software

207 development through a web browser. It includes software

208 development tools, database management systems, mid-

209 dleware, business intelligence services and web develop-

210 ment applications. PaaS allows to build, deploy, test,

211 maintain and update web applications. So, the consumer

212 has to manage only the apps and their services and the

213 cloud service provider takes care of the rest of the things.

214 Developers use PaaS to create applications or cloud-

215 based customized apps which can be created using built-in

216 components of the software. PaaS also helps the analysts in

217 data mining, business predictions, making business deci-

218 sions based on market insights, data warehousing, etc.

219 Along with all software-related services, it also offers

220 security, storage, workflow, and scheduling.

221 1.5 Software as a service (SaaS)

222 SaaS refers to connecting consumers with cloud-based apps

223 using the Internet. It offers facilities such as emails, help

224 desk applications, Microsoft office suite, Customer Rela-

225 tionship Management applications, and online calendars.

226 SaaS is software that is deployed on the server of the Cloud

227 service provider. It enables the consumer to take the app on

228 rent and use it as per his requirement. All the data collected

229 through the app are stored in the data center of the cloud

230 service provider. In turn, the cloud service provider man-

231 ages the data and also takes care of its security.

232 Some common form of SaaS which is used by individ-

233 uals is Outlook, Yahoo Mail, Gmail, Hotmail, etc. This

234 service is provided to individuals free of cost by creating an

235 account with the provider. All the emails that the individual

236 sends or receives are stored in the server of the cloud

237 service provider, which can be accessed anytime, anywhere

238 via the Internet.

239 Business organizations can use SaaS services to rent

240 apps like ERP or CRM. It needs to subscribe to these apps

241 by paying a subscription amount based on usage. Rest all

242 the factors like software updates, maintenance, and bug

243 fixing are done by the cloud service provider.

2441.6 Motivation or objectives of this research

245Cloud computing refers to storing data over the Internet or

246cloud so that it can be accessed anytime, anywhere as per

247the need if Internet access is available. For MCDM toge-

248ther with cloud computing research any one follow the

249following Table 1. In today’s era of New Normal, all type

250of business organizations depend largely on the Internet.

251They are moving their data over the cloud, which gives

252them more flexibility and data security as well as large

253storage space without spending huge amounts on infras-

254tructure. Business organizations aim to achieve flexible and

255scalable platforms with reduced cost and improved quality,

256and better customer support. The motivation behind this

257study is to select a good cloud service provider that has a

258top performance matrix.

259There are many competitors in the market of Cloud

260Service Providers, and each provider comes up with a

261variety of services and features, which makes them

262somewhat better than their competitors. Selecting the best

263provider among so many available providers is an enor-

264mous task for any business house. Evaluating the various

265available options and analyzing their services is the

266objective of this study. This paper aims at the following:

267(1) Selecting different alternatives for Cloud Service

268Providers and comparing them based on multiple

269criteria or services provided by them

270(2) Selecting different criteria and creating a comparison

271matrix using PIFN to analyze its result.

272(3) Using AHP method to make decisions based on

273multiple criteria (MCDM Technique).

274(4) To compare and analyze which is the best alternative

275to choose from using numerical applications.

2761.7 Novelties of the study

277The novelties of the paper are as follows:

278(1) Distance measure between two PIFN has been

279defined and used for the numerical illustration in

280this research.

281(2) Formulae have been developed to determine the

282pentagonal intuitionistic fuzzy weight of criteria.

283(3) Technique has been developed to aggregate the

284decision-maker’s opinions into a single comprehen-

285sive significance in terms of PIFN.

286(4) The ranking methodology, Fuzzy AHP- TOPSIS and

287also Fuzzy AHP-COPRAS have been used in this

288research. Fuzzy AHP-COPRAS is used for the

289comparative study. A comparative analysis has been

290conducted with two different fuzzy numbers to

291understand the difference of PIFN used in this study.
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292 (5) Comparative and sensitivity analyses are conducted

293 to check the robustness and steadiness of the

294 techniques used.

295 (6) The remainder of the paper is organized in the

296 following way: Sect. 2 briefly describes the con-

297 cept of fuzzy numbers, PFN, PIFN, and respective

298 arithmetic operations. Distance measure and

299 defuzzification formulae are also represented in

300 this section. It also includes the MCDM technique

301 AHP and Fuzzy TOPSIS. Description of criteria,

302 alternatives, and numerical application are covered

303 in Sect. 3. Sections 4 and 5 represent the sensitiv-

304 ity and comparison analyses, respectively. Sec-

305 tion 6 discusses the results and discussion. Finally,

306 the conclusion and future scope are covered in

307 Sect. 7.

3082 Pentagonal Intuitionistic Fuzzy Number

309Fuzzy set logic was introduced by the author Zadeh (1965)

310to deal with the impreciseness of real-life situations.

311A set T̂ is defined as T̂ ¼ fðs; lT̂ sð Þ : s 2 T̂ ; lT̂ sð Þ 2
3120; 1ð Þg ; where lT̂ sð Þ represents the membership function

313of bT , which takes value from zero to one. In real-life sit-

314uations, where the information is vague and uncertain,

315fuzzy logic can be efficiently used to deal with these

316problems.

3172.1 Pentagonal Fuzzy Number

318(Chakraborty et al. 2019) A pentagonal fuzzy number

319(PFN) of a fuzzy set is represented as

320I ¼ l1;m1; n1; o1; p1ð Þ; w, where l1;m1; n1; o1; p1 2 <; the

321set of real numbers such that l1�m1� n1� o1� p1. The

322membership of PFN is denoted as

Table 1 Review of MCDM and cloud computing paper

Authors information The topic of the research Number of criterion and

sub-criterion

Uncertain

environment types

MCDM methods used

Büyüközkan et al.

(Büyüközkan et al. 2018)

Cloud computing technology

selection

6 main criteria and each

criterion has 3–6 sub-

criteria

Interval-valued

Intuitionistic

Fuzzy

Logic

IVIF AHP, IVIF COPRAS,

IVIF MULTIMOORA,

IVIF VIKOR

Wibowo et al.

Wibowo et al. 2016)

Evaluation of cloud services 5 criteria Intuitionistic

fuzzy numbers

Fuzzy TOPSIS, Choquet

integral operator

Jatoth et al. (Jatoth et al. 2019) Selection of cloud services 7 criteria Gray Theory AHP, Gray TOPSIS

Boutkhoum et al. (Boutkhoum

et al. 2016)

Selection problem of cloud

solution

3 criteria and 10 sub-

criteria

Triangular Fuzzy

Number (TFN)

Fuzzy AHP, PROMETHEE

Kumar et al. (Kumar et al.

2017)

Cloud service selection 10 criteria Triangular Fuzzy

Number (TFN)

AHP and Fuzzy TOPSIS

Le et al. (Le et al. 2014) Cloud service selection 9 criteria Triangular Fuzzy

Number (TFN)

ISM and Fuzzy Analytic

Network Process (FANP)

Lee & Seo (Lee and Seo 2016) Cloud service selection 4 criteria Triangular Fuzzy

Number (TFN)

Balanced Scoreboard (BSC)

Fuzzy Delphi method,

FAHP,

Subramanian & Savarimuthu

(Subramanian and

Savarimuthu 2016)

Cloud service evaluation and

selection in the marketplace

6 criteria and 13 sub-

criteria

Triangular Fuzzy

Number (TFN)

Fuzzy ANP, Fuzzy TOPSIS,

Fuzzy ELECTRE

Ali et al. (Ali et al. 2020) Measuring the possibility of

cloud adoption for software

testing

10 criteria and70 sub-

criteria

Triangular Fuzzy

Number (TFN)

FMCDM

Tanoumand et al. (Tanoumand

et al. 2017)

Selecting cloud computing

service provider

6 criteria Triangular Fuzzy

Number (TFN)

Fuzzy AHP

Alam et al. (Alam et al. 2018) Evaluate public cloud

computing services

9 main criteria and 30

sub-criteria

Triangular Fuzzy

Number (TFN)

FAHP, WASPAS

This paper Evaluation and selection of

CSPs

9 criteria Pentagonal

Intuitionistic

Fuzzy Number

(PIFN)

FAHP, FTOPSIS
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U ¼ f xð Þ ¼

0; for x� l1

w
x� l1ð Þ

m1 � l1
; for l1� x�m1

w� 1� wð Þ x� m1ð Þ
n1 � m1

; for m1� x� n1

1 for x ¼ n1

1� 1� wð Þ o1 � xð Þ
o1 � n1

; for n1� x� o1

w
p1 � xð Þ
p1 � o1

; for o1� x� p1

0 for x� p1

8

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

:

ð1Þ

324324 Remark 1 If lÛ xð Þ ¼ 1, in the closed interval [m1,o1],

325 then the pentagonal fuzzy number (PFN) is said to be

326 reduced to the trapezoidal fuzzy number (TrFN).

327 Remark 2 If m1 ¼ n1 ¼ o1, then the PFN is reduced to a

328 triangular fuzzy number (TFN).

329 Note 1 Fig. 2 denotes PFN, where

330 l1�m1� n1� o1� p1. The variable 0n01 possesses the

331 maximum degree of membership, i.e.,lÛ xð Þ = 1. The

332 variables 0m01and0o01 attain equal membership lÛ xð Þ ¼ 0.5,

333 whereas the variables 0l1’ and ’p01 have 0 membership value.

334 In other words, membership increases from 0l01, reaches the

335 maximum value at 0n01 and then starts diminishing till 0p
0
1:

336 2.1.1 Arithmetic operation on PFN

337 Definition 1 Let us assume two PFN I ¼
338 l1;m1; n1; o1; p1ð Þ and J ¼ (l2;m2; n2; o2; p2Þ, then the

339 arithmetic properties between them are defined as follows:

1:Addition : ðI þ JÞ
¼ l1 þ l2;m1 þ m2; n1 þ n2; o1 þ o2; p1 þ p2ð Þ

ð2Þ

341341 2: Subtraction : I � Jð Þ
¼ l1 � p2;m1 � o2; n1 � n2; o1 � m2; p1 � l2ð Þ

ð3Þ

3433433:Multiplication : I � Jð Þ ¼ l1l2;m1m2; n1n2; o1o2; p1p2ð Þ
ð4Þ

3453454: Scalar Multiplication : aI ¼ al1; am1; an1; ao1; ap1ð Þ
ð5Þ

347347
5:Division :

I

J

� �

¼ l1
p2

;
m1

o2

;
n1

n2

;
o1

m2

;
p1

l2

� �

ð6Þ

349349
6: Inverse : I� ¼ 1

p1

;
1

o1

;
1

n1

;
1

m1

;
1

l1

� �

ð7Þ

351351Tables 2 and 3 describe the linguistic variables in terms

352of PFN, the latter provides the rating on 1–9 scale. In

353Table 2, linguistic terms are generally used for rating the

354alternatives w.r.t. criteria, whereas in Table 3, linguistic

355ratings are used for the comparison of conflicting criteria.

356Note 2 PFNs selected in Tables 2 and 3 are assigned

357keeping in mind the graphical representation of PFN dis-

358cussed in Fig. 2. Considering the PFN for the linguistic

359term ‘very high/extremely good,’ i.e.,

3604:3� 4:5� 4:6� 4:8� 5. The maximum degree of

361belongingness, i.e., lÛ xð Þ = 1 is at point 4.6. The mem-

362bership function remains at the equal value of 0.5 at the

363points 4.5 and 4.8, however, considering the variables 4.3

364and 5 whose membership value is 0. To summarize,

365membership value increases from 4.3, attains its pick value

366at 4.6 and then starts declining to 5. A generalized

367description of PFN is explained in Note 1.

368Note 3 Table 2 denotes the linguistic term used for

369rating the alternatives w.r.t. the criteria, whereas the lin-

370guistic terms used in Table 3 are used for the comparison

371matrix of criteria.

3722.2 Pentagonal Intuitionistic Fuzzy Number
373(PIFN)

374In this section, the definition and pictorial representation

375(see Fig. 3) of PIFN and its arithmetic operations are

376defined Nasir and Beenu (2021).

377Definition 2 A PIFN ~I ¼ el1 ;fm1 ; en1 ; eo1 ; ep1

� �

;wI ; vI

n o

is

378a distinct fuzzy number on the real set <. The membership

379and non-membership functions of PIFN are defined as

380follows :

Fig. 2 Graphical representation of PFN

Table 2 Linguistic terms expressed in PFN

Linguistic terms Pentagonal fuzzy number

Very high/extremely good (4.3, 4.5, 4.6, 4.8, 5)

Moderately high/ very good (3.7, 3.9, 4, 4.2, 4.3)

Moderate/ good (2.9, 3, 3.2, 3.4, 3.6)

Low/ poor (2, 2.2, 2..5, 2.6, 2.8)

Very low/ very poor (1, 1.5, 1.6, 1.6, 2)
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lI xð Þ ¼

0; for x\l1

W
x� l1ð Þ

m1 � l1

; for l1� x�m1

W þ wI � 0:5ð Þ x� m1ð Þ
n1 � m1

; for m1� x� n1

wI for x ¼ n1

W þ wI �Wð Þ o1 � xð Þ
o1 � n1

; for n1� x� o1

W
p1 � xð Þ
p1 � o1

; for o1� x� p1

0 for x [ p1

8

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

:

ð8Þ

382382 and

#I xð Þ ¼

0; for x\l1

1�W x� l1ð Þ
m1 � l1

; for l1� x�m1

W � W � vIð Þ x� m1ð Þ
n1 � m1

; for m1� x� n1

vI for x ¼ n1

W � W � vIð Þ o1 � xð Þ
o1 � n1

; for n1� x� o1

1�W p1 � xð Þ
p1 � o1

; for o1� x� p1

0 for x [ p1

8

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

:

ð9Þ

384384Throughout the paper, we take the value of W ¼ 0:5,

385where the value of W 2 0; 1½ �. The DMs can assume the

386value depending on the particular research problems.

3872.2.1 Arithmetic operations on PIFN

388Definition 3 Let us assume two PIFN A ¼

389
el1 ;fm1 ; en1 ; eo1 ; ep1

� �

;wa; va0 and

390B ¼ el2 ;fm2 ; en2 ; eo2 ; ep2

� �

;wb; vb0 , then the arithmetic prop-

391erties between them are defined as follows:

392Nasir and Beenu (2021)

Addition : Aþ Bð Þ ¼ l1 þ l2; m1 þ m2; n1 þ n2; o1 þ o2; p1 þ p2ð Þ;
min wa;wbf g;max va0 ; vb0f g

ð10Þ

394394Subtraction : ðA� BÞ ¼ l1 � p2; m1 � o2; n1 � n2; o1 � m2; p1 � l2ð Þ;
min wa;wbf g;max va0 ; vb0f g

ð11Þ

396396Multiplication : ðA� BÞ ¼ l1l2; m1m2; n1n2; o1o2; p1p2ð Þ;min wa;wbf g;
max va0 ; vb0f g;A [ 0;B [ 0

ð12Þ

398398Scalar Multiplication: aI ¼ al1; am1; an1; ao1; ap1ð Þ;
wa; va0 ; a� 0

ð13Þ

400400
Inverse : A� ¼ 1

p1

;
1

o1

;
1

n1

;
1

m1

;
1

l1

� �

;wa; va0 ð14Þ

402402

4032.2.2 Distance measure between two PIFN

404Distance calculation between two fuzzy numbers is abso-

405lutely important in some of the MCDM methods. Distance

406measure gives an idea of ranking of the alternatives. In this

407research, TOPSIS approach is used for ranking the CSPs.

408TOPSIS methodology determines the distance of each

Table 3 Linguistic terms on

PFN 1–9 scale
Linguistic terms 1–9 scale Pentagonal fuzzy number

Equally important (EI) 1 (1,1.5,2,3,5)

Moderately important (MI) 3 (2,4,5,6,6.5)

Strongly important (SI) 5 (3,5,6,7,8)

Very strongly important (VSI) 7 (6,7,7,8,9)

Absolutely important (AI) 9 (7,8,9,9,10)

Moderately not important (MUI) 1/3 (1/6.5,1/6,1/5,1/4,1/2)

Strongly not important (SUI) 1/5 (1/8,1/7,1/6,1/5,1/3)

Very strongly not important (VSUI) 1/7 (1/9,1/8,1/7,1/7,1/6)

Absolutely not important (AUI) 1/9 (1/10,1/9,1/9,1/8,1/7)

Fig. 3 Graphical representation of PIFN
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409 alternative from the positive ideal solution (PIS) and neg-

410 ative ideal solution (NIS), respectively. Hence, the final

411 ranking is based on the calculation of relative closeness

412 (RC) which is a formula for distance. As this research

413 incorporates PIFN, the following distance measures are

414 defined to compute the distance between two PIFN.

415 Definition 4 Let us take two PIFN, A ¼ el1 ;fm1 ; en1 ;
�

416 eo1 ; ep1Þ;wa; va0 and B ¼ el2 ;fm2 ; en2 ; eo2 ; ep2

� �

;wb; vb0 , then

417 the distance between two PIFN can be determined by using

418 the following distance methods:

419 2.2.2.1 Hamming distance

d A;Bð Þ ¼

1þ wa � va0ð Þel1 � 1þ wb � vb0ð Þel2
�

�

�

�

�

�

þ 1þ wa � va0ð Þfm1 � 1þ wb � vb0ð Þfm2j j
þ 1þ wa � va0ð Þ en1 � 1þ wb � vb0ð Þ en2j j
þ 1þ wa � va0ð Þ eo1 � 1þ wb � vb0ð Þ eo2j j
þ 1þ wa � va0ð Þ ep1 � 1þ wb � vb0ð Þ ep2j j

2

6

6

6

6

6

6

6

4

3

7

7

7

7

7

7

7

5

ð15Þ

421421 Example 1 Let a1 ¼ 1; 3; 5; 7; 10ð Þ; 0:6; 0:2 and a2 ¼
422 1; 2; 3; 5; 7ð Þ; 0:7; 0:2 be two PIFN; then, the distance

423 between them is calculated as follows:

dða1; a2Þ ¼
1

5

1þ 0:6� 0:2ð Þ1� 1þ 0:7� 0:2ð Þ1j j
þ 1þ 0:6� 0:2ð Þ3� 1þ 0:7� 0:2ð Þ2j j
þ 1þ 0:6� 0:2ð Þ5� 1þ 0:7� 0:2ð Þ3j j
þ 1þ 0:6� 0:2ð Þ7� 1þ 0:7� 0:2ð Þ5j j
þ 1þ 0:6� 0:2ð Þ10� 1þ 0:7� 0:2ð Þ7j j

2

6

6

6

6

6

6

4

3

7

7

7

7

7

7

5

425425 ¼ 1:92

427427

428 2.2.3 Reason for considering PIFN for the problem instead
429 of other fuzzy numbers:

430 Ranking of CSPs under the influence of various conflicting

431 criteria includes hesitancy, uncertainty, and vagueness of

432 the problem. PFNs capture the ambiguity and uncertainty

433 more compared to triangular fuzzy numbers (TFNs) and

434 trapezoidal fuzzy numbers (TRFNs). Incorporation of

435 PFNs with intuitionistic fuzzy numbers, i.e., PIFNs takes

436 the degree of confidence to an enhanced level, as now, the

437 experts or the DMs can express freely not only their degree

438 of assurance but also the degree of non- assurance. In real-

439 life situations, when an expert or group of experts have

440 been given the platform to express their sureness and

441 hesitancy, that indicates rational thinking, which leads to

442 optimal decision-making. Thus, in this paper, PIFN has

443 been integrated with MCDM methods AHP, TOPSIS, and

444COPRAS for obtaining the weight of the criteria and

445ranking of the CSPs.

4462.3 PIFN- AHP method

447AHP (analytic hierarchy process) is a famous mathematical

448tool which was first developed by the author of Wind and

449Saaty (1980), a scientific method used in multi-criteria

450decision-making (MCDM). This method helps decision-

451makers to resolve intricate problems with heuristic meth-

452ods. Calculations of criteria’s weights are the key points for

453ranking risk factors. AHP constructs the problem hierarchy

454with the creation of comparison matrices to give subjective

455findings about the factors which are considered vastly

456responsible for ranking. In this paper, FAHP is (see Fig. 4)

457used rather than AHP as Fuzzy takes under advisement the

458ambiguity and impreciseness of the decision experts. The

459steps for FAHP are described below.

460Step 1 Construction of a comparison matrix in terms of

461PIFN by a decision expert or a group of decision experts

462using Table 3. The linguistic ratings assigned by DMs are

463transformed into PIFN. The aggregation of the opinions is

464done by using Eq. 22.

465Step 2 Defuzzification of PIFN.

466Defuzzification or score value of PIFN can be calculated

467using the following formula:

Sp ¼
lþ mþ 3nþ oþ p

6
1þ wa � va0ð Þ ð16Þ

469469Step 3 Normalization of each of the defuzzified matrix

Ngh ¼
ngh

Pm
g¼1 ngh

; where g ¼ 1; 2; . . .:;m; g ¼ 1; 2; . . .:; n

ð17Þ

471471Step 4 Estimation of criteria priority weight (P.W)

P:W ¼ pthrootvalue
P

pthroot
ð18Þ

473473Step 5 Determination of the consistency index C:Ið Þ of

474the matrix

C:Ið Þ ¼ dmax � n

n� 1

476476where n denotes the size of the matrix considered in the

477study.

478Step 6 Calculation of consistency ratio (C.R)

C:Rð Þ ¼ C:I

R:I
ð19Þ

480480where random index (R.I) value changes with the size of

481the matrix ‘‘n.’’

482The value of C.R � 0:1 denotes the matrix to be

483consistent.
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484 2.4 Determination of pentagonal intuitionistic
485 fuzzy weights of criteria

486 Step 1 The geometric mean value of PIFN is obtained using

Mg ¼
Y

n

h¼1

ygh

 !

; min wgh
h¼1;2;::;n

;max vgh
h¼1;2;::;n

; g ¼ 1; 2; . . .;m ð20Þ

488488 Step 2 Summation of each Mg using Eq. 7.

489 Step 3 Calculation of the inverse of each Mg using

490 Eq. 11 and thereby arranged in increasing order.

491 Step 4To determine the pentagonal intuitionistic fuzzy

492 weight of criteria using the following equation:

Wg ¼ Mg � M1 þM2 þ � � � þMið Þ�1 ð21Þ

494494

495 2.5 PIFN- TOPSIS approach

496 The TOPSIS MCDM technique is one of the extensively

497 used methodologies, introduced by Hwang and Yoon

498 (Hwang and Yoon 1981) to rank the alternatives, and thus,

499 DMs have a clear idea about the most preferred alternative.

500 The TOPSIS process is categorized as a distance mea-

501 surement method in which the ideal alternative obtained is

502 nearby to the positive ideal solution (PIS) and extreme

503from the negative ideal solution (NIS). The linguistic terms

504assigned by the DMs can be captured better with fuzzy

505TOPSIS (FTOPSIS). The fuzzy approach is useful in

506dealing with the hesitancy and uncertainty of the DMs and

507the conflicting criteria. In this research, for the ranking of

508CSPs, which is dependent on multiple conflicting criteria,

509the MCDM method fuzzy TOPSIS is used. The PIFN has

510been incorporated with the classical TOPSIS technique to

511obtain FTOPSIS (see Fig. 5) formulae. The fuzzy logic

512extends our goal to obtain more sensitive results in this

513regard.

514For the ranking of Cloud Service Providers (CSPs), the

515MCDM technique TOPSIS introduced by the authors of

516Hwang and Yoon (1981) is applied. The PIFN-TOPSIS

517methodology is described in the following steps:

518Step 1 Determination of alternatives and their prefer-

519ential linguistic ratings in terms of PIFN.

520Let us assume a set of ‘m’ CSPs p1; p2; . . .:; pm and ‘n’

521criteria f1; f2; . . .:; fn. Let D1;D2; . . .:;Dk be the number of

522decision-makers (DMs). Thus, the DMs assign PIFNs as

523their decision for the alternatives depending on different

524criteria.

525Step 2 Aggregation of decisions of DM assigned in

526PIFN using the following equation:

Step 1
• Detailed analysis of criteria, alternatives and goal of the study

Step 2
• Construction of comparison matrix in preference of relations assigned

by DMs

Step 3
• Aggregation of the decision opinion in terms of PIFN

Step 4
• Defuzzification of PIFN

Step 5
• Calculation of weights of criteria

Step 6
• Check consistency index of findings

Step 7
• Computation of consistency ratio

Step 8 If C.R  Matrix is consistent; else go to step 2 

Fig. 4 Schematic structure of

AHP for strategy
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~lgh ¼ min
k¼1;2;::;K

~lhik

~mgh ¼ min
k¼1;2;::;K

~mhik

~ngh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Q
K

k¼1

~nhik
K

s

~ogh ¼ max
k¼1;2;::;K

~ohik

~pgh ¼ max
k¼1;2;::;k

~p hik

wgh ¼ min whik
k¼1;2;::;k

vgh ¼ max vhik
k¼1;2;::;k

8

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

:

ð22Þ

528528 Step 3 Normalization of the PIFN, using the formula:

N
^

¼ ½ngh�mn; g ¼ 1; 2; . . .;m; h ¼ 1; 2; . . .::; n

530530
NB

gh ¼
~lgh

~p�
;

~mgh

~p�
;

~ngh

~p�
;

~ogh

~p�
;

~pgh

~p�

� �

; whi; vhid 2 B:C; ~p�

¼ max pgh

532532
NNB

gh ¼
~l�h
~pgh

;
~l�h
~ogh
;

~l�h
~ngh
;

~l�h
~mgh

;
~l�h
~lgh

 !

; whi; vhid 2 N:B:C; ~l�h

¼ min ~lgh

ð23Þ

534534 where B.C and N.B.C signify the benefit criteria and non-

535 benefit criteria, respectively.

536 Step 4 To calculate the weighted fuzzy normalized

537 matrix, the criteria’s fuzzy weightage is multiplied by the

538 normalized fuzzy value. For the product of two PIFN,

539 Eq. 12 needs to be used.

W ¼ ½WNgh�mng ¼ 1; 2; . . .;m; h ¼ 1; 2; . . .:; n

541541where

FWgh ¼ N
^

gh � cWh ; g ¼ 1; 2; . . .:;m; h ¼ 1; 2; . . .; n

ð24Þ

543543Step 5 Computation of the fuzzy positive ideal solution

544(FPIS) Pþð Þ and fuzzy negative ideal solution (FNIS) N�ð Þ,
545where tþg denotes the maximum value of tgh and t�g denotes

546the minimum value of tgh:

Pþ ¼ aþ1 ; min
g

wg1;max
g

vg1

� �

; aþ2 ; min
g

wg2;max
g

vg2

� �

; :::;

aþn ; min
g

wmn;max
g

vmn

� �

¼
max tghjh 2 MBCÞ;

ðmin tghjh 2 MNBC

 !( )

;

548548N� ¼ a�1 ; min
g

wg1;max
g

vg1

� �

; a�2 ; min
g

wg2;max
g

vg2

� �

; :::;

a�n ; min
g

wmn;max
g

vmn

� �

¼
min tghjh 2 MBCÞ;

ðmax tghjh 2 MNBC

 !( )

ð25Þ

550550where MB denotes the benefit criteria, and MNB denotes the

551non-benefit criteria.

552Step 6 Determination of the distance measure of all

553alternatives from the PIS and NIS. The two Hamming

554distances for an individual alternative can be computed as

555follows:

Calculate the 
weighted 

normalized 
decision matrix

FTOPSIS 

Selection of 
Cloud Service 

Pentagonal 
Intuitionistic Fuzzy 

Number (PIFN)

Determine the 
positive and 

negative ideal 
solutions

Calculate the 
distance measure 

of each 
alternative from 
ideal solution

Calculate the 
relative closeness 
co-efficients of 
the alternatives

Rank the 
alternatives

Consider 
decision 
matrix 

Standardise the 
decision matrix

Fig. 5 A schematic structure of

FTOPSIS strategy
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M
^ þ

g ¼
X

n

h¼1

dðtgh; t
þ
g Þ; g ¼ 1; 2; . . .::;m

557557
M
^ �

g ¼
X

n

h¼1

dðtgh; t
�
g Þ; g ¼ 1; 2; . . .::;m ð26Þ

559559 where (.,.) denotes the Hamming distance between two

560 fuzzy numbers. Using Eq. 15, the distance between two

561 PIFN can be computed.

562 Step 7 Determination of the relative closeness to the

563 ideal alternatives:

RCg ¼
M
^
�

g

M
^ �

g þM
^ þ

g

; g ¼ 1; 2; . . .:;m ð27Þ

565565 Step 8 Ranking of the alternatives:

566 The alternatives are ranked based on the value deter-

567 mined by RCg.The larger value of RCg represents the better

568 alternatives.

569 3 Pentagonal Intuitionistic Fuzzy MCDM
570 methodology for the ranking of CSPs

571 3.1 Pseudocode depicting the empirical study
572 application

573 The research model under consideration involving ‘g’

574 number of CSPs based on ‘h’ number of criteria is repre-

575 sented below. The input taken in our study is the prefer-

576 ential linguistic terms assigned by DMs. These variables

577 are converted to PIFN for obtaining the output, i.e., the

578 ranking of the treatment options.

579 g = Cloud Service Providers.

580 h = Number of criteria.

581 g*h = Size of the matrix.

582 Input The preferential rating matrix in terms of PIFN.

583 Output The ranking order of the CSPs in the TOPSIS

584 approach.

585 1. for(g = 1 to m, h = 1 to n)do.

586 2. Generate PIFN by DMs.

587 For every given criterion, create a matrix and compare

588 the given criteria with each other using linguistic terms on

589 PIFN 1–9 scale.

590 3. Calculating criteria weight in PIFN by using FAHP.

591 4. Use PIFN AHP methodology to check whether the

592 matrix is consistent or not.

593 5. If the matrix is consistent, calculate PIFN-TOPSIS for

594 ranking of CSPs.

595 Else, Go back to step 4.

596 6. Construct normalized values NZef

overset
^

N ¼ ½ngh�mn ; g ¼ 1; 2; . . .;m; h ¼ 1; 2; . . .::; n;

598598
NB

gh ¼
~lgh

~p�
;

~mgh

~p�
;

~ngh

~p�
;

~ogh

~p�
;

~pgh

~p�

� �

; whi; vhid 2 B:C; ~p�

¼ max pgh;

600600
NNB

gh ¼
~l�h
~pgh

;
~l�h
~ogh
;

~l�h
~ngh
;

~l�h
~mgh

;
~l�h
~lgh

 !

; whi; vhid 2 N:B:C; ~l�h

¼ min ~lgh;

6026027. Generate weighted normalized value

603FWgh ¼ N
^

gh � Ŵh;

6048. Calculate (FPISÞ and (FPISÞ

Pþ ¼ aþ1 ; min
g

wg1;max
g

vg1

� �

; aþ2 ; min
g

wg2;max
g

vg2

� �

;

. . .:; aþn ; min
g

wmn;max
g

vmn

� �

¼ max tghjh 2 MBCÞ; ðmin tghjh 2 MNBC

� 	
 �

;

606606
N� ¼ a�1 ; min

g
wg1;max

g
vg1

� �

; a�2 ; min
g

wg2;max
g

vg2

� �

;

�

:::; a�n ; min
g

wmn;max
g

vmn

� �


min tghjh 2 MBCÞ; ðmax tghjh 2 MNBC

� 	
 �

;

6086089. Calculate the distance measure of each CSPS from

609(FPISÞ and (FPISÞ

M
^ þ

g ¼
X

n

h¼1

dðtgh; t
þ
g Þ;

611611
M
^ �

g ¼
X

n

h¼1

dðtgh; t
�
g Þ;

61361310. Compute relative closeness RCg ¼
M
^
�

g

M
^�

g þM
^þ

g

;
61411. end for.

615Note 3.1 The decision-makers are the people who are

616using cloud services in either the organization where they

617work or in their business establishment 3.2 Flowchart of

618the application taken in the proposed research. The

619methodology are taken for solving the addressed issues are

620graphically shown in the Fig. 6 as follows:

6213.2 Description of the cloud service providers
622(CSPs) taken in this study

623Cloud Space is networked storage, or disk space, available

624over a specific network—the Internet.

625Cloud Service Providers are organizations who rent out

626the cloud space to other organizations or individuals and

627provide them with cloud-based platforms where data can

628be stored or accessed. The requirement of CSP arises when

629a business unit wants to reduce the cost of hardware, ser-

630vers and storage space and transfer all the data online so

631that it can be accessed from anywhere and anytime.

Selection of cloud service providers using MCDM methodology under intuitionistic fuzzy uncertainty

123
Journal : Large 500 Dispatch : 12-1-2023 Pages : 21

Article No. : 7772
h LE h TYPESET

MS Code : SOCO-D-22-00119R1 h CP h DISK4 4



R
E

V
IS

E
D

PR
O

O
F

632 Transferring data to the cloud gives the organization or an

633 individual an option to reduce the storage cost, streamline

634 work, and collaborate with other members remotely.

635 CSP helps in managing all the information technology-

636 related activities like backup, security, support, and main-

637 tenance of data being saved in cloud space. These com-

638 panies help in establishing and managing public and

639 private clouds or on-demand computing services which can

640 be customized as per the requirement of the customer.

641 Cloud Service Technologies are required to ascertain the

642best suitable services for the consumers. It empowers

643individuals or organizations to develop computing solu-

644tions quickly at a reasonable cost. Among the pool of CSPs

645available which provides services globally, we are select-

646ing six top alternatives for Cloud Service Providers and

647will compare them on various parameters. In this study, the

648alternatives selected are some renowned CSPs, the names

649have not been mentioned as they may have a problem

650ranking them without any authorization.

Selection Phase Decision Making Phase

CSP Alternatives Multiple Criteria Generate PIFN by DMs
Selection    

Computation and Result Generation Phase 

Calculate criteria 
weight in PIFN using 
FAHP

Calculate Criteria 
Weight in PIFN 

using FAHP

If matrix is 
consistent

No

Yes

Calculate PIFN-TOPSIS

Construct normalized 
values NZef

Generate weighted 

Compute relative closeness

Calculate distance measure 
of each CSPs from (FPIS) 

and (FNIS)

Calculate (FPIS) and 
(FNIS) 

Ranking Order of CSPs

A1

A2

A3

A4

A5

A6

Fig. 6 Flowchart depicting the methodology used in the study
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651 3.3 Cloud service provider selection criteria

652 Cloud Service Provider selection criteria are taken into

653 consideration after a detailed evaluation by a group of

654 decision expert. All the criteria have been taken keeping in

655 mind the general requirement of cloud users by doing a

656 survey with few decision-makers and industry colleagues.

657 We also did secondary research in order to validate our

658 findings through case paper studies and Internet research.

659 In this segment, we have briefly explained the criteria taken

660 in this study.

661 1. Cloud Security/Privacy—Protection of data against

662 data loss, theft or leakage. Cloud security consists of

663 policies, procedures and technologies that work to

664 protect the data and customers’ privacy.

665 Data privacy and data security are considered to be

666 the top priority for any organization. CSP also needs to

667 abide by the industry and regulatory requirements so

668 that any kind of data breach can be avoided. So, any

669 organization needs to clearly understand the security

670 measures offered by the CSP and also the mechanism

671 that is being used to protect the organization’s data and

672 applications. In case the organization deals in sensitive

673 data like finance or national security, then it is

674 imperative to have data privacy and data security at

675 the highest level.

676 2. Pricing—Cost of cloud services and discounts if any

677 are based on business models and their framework.

678 While it may not be a big factor for any small usage

679 organization, it plays a significant role if cloud usage is

680 significant or a big organization.

681 One needs to look into the pricing structure and its

682 various components charged by CSP. Some CSPs

683 determine the price on an hourly usage basis, some

684 charges on a minutes basis or some charges on a pay-

685 as-per-go basis. So, the pricing component is one of the

686 important factors for any customer.

687 3. Downtime—It is the total time period in which services

688 are not available due to unexpected circumstances such

689 as outages, maintenance activities or maintenance or

690 updates of the providers. Many natural disasters also

691 lead to the downtime of cloud solutions.

692 The unavailability of services being provided by the

693 CSP may increase the cost to the client. It may affect

694 their normal working routines and they might incur

695 heavy losses due to it. It also impacts the reputation of

696 the provider, as well as the customer.

697 4. Support Services—These are the activities which

698 provide QoS and high-performing networks and also

699 ensure a high-quality end-user experience. Support

700 services are important in the deployment of CSP in any

701 organization. One has to check whether CSP’s cloud

702architecture and support services offered are suit-

703able for the organization’s workload and roadmap.

704Customization or any recoding is required by CSP to fit

705into the organization’s requirements. Additionally, one

706has to enquire about the extra or any hidden charges

707and response time for any additional support services

708or not?

7095. Portability—It is the ability to be easily deployed or

710migrated to a new user or location without any

711integration issues. It ensures smooth change from one

712environment to another with minimum disruption.

713(Büyüközkan et al. 2018).

714There may be chances that the data of customers

715might be lost due to moving the data from one platform

716to another. To avoid this, CSP should provide an

717environment or an API (Application Program Inter-

718face) which helps to retrieve the data from the old

719platform/source to a new platform (Cloud Standards

720Customer Council 2017).

7216. Scalability—It is the ability to increase or decrease

722resources or services to meet the changing demands. In

723cloud computing, scalability refers to the ability to

724increase workload with existing hardware resources.

725This is important to evaluate in order to determine

726whether a system can handle a large number of

727application requests. (Jeong 2013; Almishal and

728Youssef 2014).

7297. Disaster recovery—Any organization going for CSP

730implementation needs to understand the disaster recov-

731ery and data recovery options and CSPs ability to

732support data preservations. Does CSP have any backup

733plan, data restoration plan, integrity checks, and the

734additional cost associated with data recovery, if any?

7358. Deployment and upgrades—For deployment, there are

736mainly three basic variants that can be distinguished as

737Public Cloud (offering of services from a freely

738accessible provider), Private Cloud (services which

739can only be accessed by one company) and Hybrid

740Cloud (i.e., getting best from the former two and

741combining it). Also, one needs to see whether CSP is

742giving regular updates or not and are they included or

743charged separately.

7449. Service Level Agreements (SLAs) —It is the agree-

745ment between the provider and customer about the

746quality and reliability of service. It describes all the

747negotiations and terms and conditions of the contract

748(Ashraf 2014). SLAs could be very complex as there

749are no standards available in the cloud industry on how

750to construct SLAs and define it. Anyone take the

751different alternative as different service providers and

752give inputs with respect to the alternatives. Using the

753proposed methodology any one can rank the alternative
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754 easily. In the Fig. 7 hierarchical framework of the

755 criteria and alternatives taken in the paper are shown.

756 Note 4.1 In the criteria given above, pricing and

757 downtime are non-benefit criteria, while security/privacy,

758 support services, portability, scalability, upgrades, disaster

759 recovery, and SLA are benefit criteria.

760 Table 4 illustrates the PIFN linguistic terms taken in this

761 study for the calculation of criteria’s weight. Since the

762 membership degree and non-membership value may vary

763 for each DMs, the generalized value ðwa; va0 Þ is represented

764 in Table 4.

765Note 3 The transpose of the matrix is represented in

766Table 5.

767The linguistic data collected by the DMs in Table 5 are

768transformed to PIFN. The individual PIFN assigned by the

769DMS is integrated into a single PIFN by using Eq. 22. The

770PIFN weights are calculated using the steps described in

771sub-Sect. 3.4 of this paper. Table 6 depicts the final PIFN

772weights which will be used further for ranking the alter-

773natives using the FTOPSIS approach.

774Table 7 represents the weights of the criteria calculated

775by using the MCDM tool FAHP. For the calculation of

776criteria’s crisp weights, firstly, the PIFN is defuzzified

Selecting Best 
Cloud Service 

Provider

Security (C1)  A1

 A2

 A3

Pricing (C2) 

DownTime (C3) 

 A4

Support Services 
(C4) 

 A5

Portability (C5) 

A6

Scalability (C6) 

Disaster 
Recovery (C7) 

Upgrades (C8) 

SLA (C9) 

Fig. 7 Hierarchical framework

representing the criteria and

alternatives taken in this

research

Table 4 Linguistic variables

rating in terms of PIFN
Linguistic terms 1–9 Scale Pentagonal intuitionistic fuzzy number

Equally important (EI) 1 1; 1; 1; 1; 1ð Þ; wa; va0h i
Moderately important (MI) 3 2; 4; 5; 6; 6:5ð Þ; wa; va0h i
Strongly important (SI) 5 3; 5; 6; 7; 8ð Þ; wa; va0h i
Very strongly important (VSI) 7 6; 7; 7; 8; 9ð Þ; wa; va0h i
Absolutely important (AI) 9 7; 8; 9; 9; 10ð Þ; wa; va0h i
Moderately not important (MUI) 1/3 1=6:5; 1=6; 1=5; 1=4; 1=2ð Þ;wa; va0h i
Strongly not important (SUI) 1/5 1=8; 1=7; 1=6; 1=5; 1=3ð Þwa; va0h i
Very strongly not important (VSUI) 1/7

Absolutely not important (AUI) 1/9 1=10; 1=9; 1=9; 1=8; 1=7ð Þwa; va0h i
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777using Eq. 16, and then, the AHP tool is applied to get the

778priority weights. The AHP technique is discussed in sub-

779Sect. 3.3 of this research paper.

780Table 7 and Fig. 8 represent the crispified weights of

781criteria calculated by using FAHP.

782Note 3 The scores and chart represent the criteria ‘se-

783curity ðc1)’ with the highest score followed by ‘disaster

784recovery ðc7),’ ‘upgrades ðc8),’ ‘portability ðc5),’ ‘down-

785time ðc3),’ ‘scalability ðc6),’ ‘support services ðc4),’ ‘SLA

786)’ and ‘pricing ðc2).’

787According to the score value shown in above Table 5, it

788is evident that ‘Security’ is the most vital attribute for

789selecting a Cloud service provider with the crisp weight of

790‘0.294.’ Protection of data against data loss, theft or

Table 5 Criteria to criteria comparison were conducted by three DMs

Criteria Security

ðc1)

Pricing

ðc2)

Downtime

ðc3)

Support

Services

ðc4)

Portability

ðc5)

Scalability

ðc6)

Disaster

Recovery

ðc7)

Upgrades

ðc8)

SLA

ðc9)
Decision-

makers

(DMs)

Security ðc1) DM1 EI 1/AI EI 1/AI EI 1/AI EI 1/AI 1/AI

DM2 EI 1/AI 1/AI 1/AI 1/AI 1/AI EI 1/AI 1/AI

DM3 EI 1/AI 1/AI 1/AI 1/AI EI EI EI 1/AI

Pricing ðc2) DM1 AI EI EI VSI VSI 1/SI AI VSI EI

DM2 AI EI VSI VSI SI 1/SI AI VSI VSI

DM3 AI EI VSI SI VSI VSI AI AI VSI

Down Time

ðc3)

DM1 AI EI EI EI EI 1/VSI AI EI EI

DM2 AI 1/VSI EI 1/VSI VSI 1/VSI EI EI EI

DM3 AI 1/VSI EI SI EI VSI AI AI EI

Support

Services

ðc4)

DM1 AI EI EI EI EI 1/VSI AI EI EI

DM2 AI 1/VSI VSI EI EI EI AI VSI EI

DM3 AI 1/SI EI EI EI VSI AI AI EI

Portability

ðc5)

DM1 AI 1/VSI EI EI EI 1/VSI EI EI 1/

VSI

DM2 AI 1/SI EI EI EI 1/SI AI VSI 1/

VSI

DM3 AI 1/VSI EI EI EI AI AI AI EI

Scalability

ðc6)

DM1 AI SI VSI VSI VSI EI AI VSI VSI

DM2 AI SI VSI EI SI EI AI VSI SI

DM3 AI 1/VSI 1/VSI 1/VSI 1/AI EI EI EI VSI

Disaster

Recovery

ðc7)

DM1 EI 1/AI 1/AI 1/AI EI I/AI EI 1/AI 1/AI

DM2 EI 1/AI EI 1/AI 1/AI 1/AI EI 1/AI 1/AI

DM3 EI 1/AI 1/AI 1/AI 1/AI EI EI EI 1/AI

Upgrades

ðc8)

DM1 AI 1/VSI VSI EI EI 1/VSI AI EI EI

DM2 AI 1/VSI EI 1/VSI 1/VSI 1/VSI AI EI EI

DM3 EI 1/AI 1/AI 1/AI 1/AI EI EI EI 1/AI

SLA

ðc9)

DM1 AI EI EI EI VSI 1/VSI AI EI EI

DM2 AI 1/VSI EI EI VSI 1/SI AI EI EI

DM3 AI 1/VSI EI EI EI 1/VSI AI AI EI

Table 6 The PIFN weights of criteria taken in this research

Criteria PIFN weights of Criteria

Security ðc1) 0:182; 0:217; 0:376; 0:574; 0:677ð Þ; 0:5; 0:4h i
Pricing ðc2) 0:005; 0:006; 0:017; 0:046; 0:059ð Þ; 0:5; 0:4h i
Down time ðc3) 0:009; 0:010; 0:042; 0:165; 0:189ð Þ; 0:5; 0:4h i
Support services ðc4) 0:013; 0:016; 0:044; 0:129; 0:151ð Þ; 0:5; 0:4h i
Portability ðc5) 0:016; 0:019; 0:063; 0:208; 0:242ð Þ; 0:5; 0:4h i
Scalability ðc6) 0:006; 0:007; 0:030; 0:176; 0:214ð Þ; 0:5; 0:4h i
Disaster recovery ðc7) 0:077; 0:086; 0:261; 0:560; 0:662ð Þ; 0:5; 0:4h i
Upgrades ðc8) 0:029; 0:033; 0:114; 0:444; 0:518ð Þ; 0:5; 0:4h i
SLA ðc9) 0:016; 0:020; 0:047; 0:104; 0:120ð Þ; 0:5; 0:4h i

Selection of cloud service providers using MCDM methodology under intuitionistic fuzzy uncertainty

123
Journal : Large 500 Dispatch : 12-1-2023 Pages : 21

Article No. : 7772
h LE h TYPESET

MS Code : SOCO-D-22-00119R1 h CP h DISK4 4



R
E

V
IS

E
D

PR
O

O
F

791 leakage is a topmost priority so that any kind of data breach

792 can be avoided. This is followed by Disaster recovery with

793 the weight of ‘0.278.’ For any organization; data recovery

794 options, data preservation and a backup plan for data

795restoration, and integrity checks are crucial. Next comes

796upgrades which are also important and need to be done in

797regular intervals so that it complies with the ongoing

798market trends along with the dynamism of the macro-

Table 7 Criteria weights were obtained by using FAHP

Security

ðc1)

Pricing

ðc2)

Down time

ðc3)

Support services

ðc4)

Portability

ðc5)

Scalability

ðc6)

Disaster recovery

ðc7)

Upgrades

ðc8)

SLA

ðc9)

0.294 0.013 0.055 0.049 0.073 0.053 0.278 0.141 0.043

0.294 

0.013 0.055 0.049 0.073 0.053 

0.278 

0.141 

0.043 

Weights of Criteria's
Fig. 8 Clustered column

chart depicting the weights of

criteria obtained using FAHP

Table 8 Linguistic variables

rating in terms of PIFN for

alternative rating w.r.t criteria

Linguistic terms Pentagonal intuitionistic fuzzy number

Extremely good (EG)/ extremely high (EH) 5; 5:4; 5:5; 5:6; 6ð Þ; wa; va0h i
Very good (VG)very high (VH) 4:2; 4:5; 4:7; 4:9; 5ð Þ; wa; va0h i
Good (G)/ high (H) 3; 3:3; 3:6; 3:8; 4ð Þ; wa; va0h i
Poor (P)/ low (L) 2:2; 2:3; 2:5; 2:9; 3ð Þ; wa; va0h i
Very poor (VP)/ very low (VL) 1; 1:2; 1:5; 1:7; 2ð Þ; wa; va0h i

Table 9 Alternatives linguistic ratings assigned by DMs w.r.t criteria

Alternatives A1 A2 A3 A4 A5 A6

Decision-makers (DMs) DM1 DM2 DM1 DM2 DM1 DM2 DM1 DM2 DM1 DM2 DM1 DM2

Security EG EG EG EG EG EG EG EG VG VG VG VG

Pricing L H H H H H H H L H L L

Down time VL VL L L L L H L L L H H

Support Services EG EG EG EG EG EG VG VG VG VG EG VG

Portability EG EG VG VG EG EG EG EG VG VG VG VG

Scalability EG EG G G VG VG EG VG VG VG VG VG

Disaster Recovery EG EG EG EG VG VG G VG G VG VG G

Upgrades EG EG EG EG EG EG VG VG VG VG G G

SLA EG EG EG EG EG EG EG EG VG VG G G
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799environment. We use the linguistic variable rating in terms

800of PIFN for the alternative with respect to criterion in

801Table 8. DMs rating for alternative are mention in Table 9.

8023.4 TOPSIS for final ranking of the CSPs
803(Numerical study)

804Step 1. Formation of integrated PIFN using Eq. 22.

805Step 2 Calculation of normalized matrix using equation

80623.

807Step 3 Computation of weighted normalized matrix

808using equation 24.

809Note 4 The weighted normalized matrix is constructed

810using the product of PIFN weights of criteria obtained and

811the normalized matrix.

812Step 4 PIS and NIS are calculated using equation 25.

813Step 5 Distance measures of each CSPs are calculated

814from the PIS and NIS using Eq. 15.

815Step 6 Lastly, the relative closeness is determined for

816each alternative using Eq. 27 as mention in Table 10. The

817higher value of RC represents the optimal CSPs (see the

818Table 10 and Fig. 9).

8194 Sensitivity Analysis

820Sensitivity analysis is carried out by interchanging the

821PIFN weights of the most sensitive criterion. Three dif-

822ferent cases have been undertaken, and thus, the rankings

823obtained under these cases are represented in Table 11.

824Graphically, these rankings are illustrated with the help of

825a line chart in Fig. 10.

826Case 1 Interchange of PIFN weights of support services

827and pricing—On interchanging the given values by deci-

828sion-makers for support services and pricing, we found that

829the ranking of Alternative 1 has changed, while the rest

830others are not showing any change. This shows that pricing

831is one of the factors which is responsible to change the

832selection of cloud service providers A1 and A2.

Table 10 Representation of distance measure from PIS and NIS,

relative closeness and ranks of the alternatives

Alternative D ? D- Relative closeness Rank

A1 0.059 0.293 0.833 1

A2 0.063 0.288 0.820 2

A3 0.080 0.272 0.773 3

A4 0.123 0.228 0.649 4

A5 0.232 0.119 0.339 5

A6 0.269 0.083 0.235 6

0.000

1.000

2.000

3.000

4.000

5.000

6.000

7.000

A1 A2 A3 A4 A5 A6

Ranks of CSP's 

D+ D- RC Rank

Fig. 9 Line chart representing the distance measure, relative close-

ness and rankings of the CSPs

Table 11 Rankings obtained under sensitivity analysis

Alternatives Case 1 Case 2 Case 3

A1 2 4 1

A2 1 1 2

A3 3 2 3

A4 4 3 4

A5 5 6 5

A6 6 5 6

2 

1 

3 

4 

5 

6 

4 

1 

2 

3 

6 

5 

1 

2 

3 

4 

5 

6 

0 

1 

2 

3 

4 

5 

6 

7 

1 2 3 4 5 6 

Sensitivity Analysis

Alterna�ve Case 1 Case 2 Case 3

Fig. 10 Line chart illustration of rankings obtained under sensitivity

analysis

Table 12 Ranks of the alternatives using FCOPRAS and FTOPSIS

Alternatives Rank (FCOPRAS) Rank (FTOPSIS)

A1 1 1

A2 2 2

A3 3 3

A4 4 4

5 5

6 6
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833 Case 2 Interchange of PIFN weights of upgrades and

834 Downtime—This case shows a drastic change in the

835 ranking of all the alternatives except A2. Minimal down-

836 time and regular updates should be the main criteria of

837 cloud service provider but according to the decision-mak-

838 ers, these two criteria have different values if we consider

839 different CSP alternatives. As, downtime is considered a

840 vital factor for selecting CSP, interchanging its value with

841 other criteria shows a substantial change.

842 Case 3 Interchange of PIFN weights of portability and

843 scalability—As both the criteria portability and scalability

844 are at par, the changes in the ranking of alternatives are

845 very negligible.

846 The ranking obtained under the first two cases depicts

847 that the alternative A1 ranking order is changed from the

848 first position to 2nd and 4th place in the two cases,

849 respectively. This change in ranking under the change of

850 two sensitive criterion represents the importance of these

851 criteria. Considering the case 3, it is easy to understand

852 from Table 11 and Fig. 10 that the same ranking is

853 obtained as the methodology used in this paper. The

854 interchange of weight of criteria’s portability and scala-

855 bility shows no alteration in ranking of the alternatives.

856 This indicates the equivalency of these two criteria. Thus,

857 these three cases in sensitivity study deliver an overall

858 thought to the CSPs about the significance of individual

859 criteria. Moreover, in future, CSPs can efficiently utilize

860 this idea to obtain maximum benefit.

861 Remark The three cases are considered as per the opinion

862 of the decision expert. The most sensitive criteria are taken

863 into account, and accordingly, their weights are inter-

864 changed to obtain the ranking. This mechanism is utilized

865 to analyze the change in the pattern of ranking and to get a

866 clear and deeper concept of the most important criteria.

867 5 Comparative Analysis

868 The comparative study has been divided into two segments.

869 In the first analysis, our methodology, i.e., FTOPSIS

870 ranking, has been compared with the FCOPRAS MCDM

871 ranking tool. In the second segment, the fuzzy number, i.e.,

872 PIFN, which has been applied in this study, has been

873 compared with the trapezoidal intuitionistic fuzzy number

874 (TRIFN), triangular intuitionistic fuzzy number (TIFN).

875 Thus, the ranking obtained under these two different con-

876 cepts has been discussed in the following subsections.

877 5.1 Comparative study with FCOPRAS technique

878 The complex proportional assessment (COPRAS)

879 methodology was first developed by the authors of

880reference (Zavadskas et al. 1994). Fuzzy COPRAS is a

881comprehensive method of COPRAS technique, widely

882applicable to decision-making problems. It is a stepwise

883ranking and evaluation technique for the alternatives with

884reference to significance and utility degree. Table 12,

885Figs. 11, 12 and 13 demonstrate the ranking obtained using

886the existing MCDM tool FTOPSIS with FCOPRAS. The

887latter approach has been used for comparing with the

888existing one, and the observation or the ranking obtained is

889the same.

8905.2 Comparative study with different fuzzy
891numbers

892This section depicts Table 13 and Fig. 12, which are

893obtained under the ranking of CSPs under trapezoidal

894intuitionistic fuzzy numbers (TrIFN), (Parvathi and Mala-

895thi 2012) and (Rezvani 2013) and triangular intuitionistic

896fuzzy numbers (TIFN), (Wang et al. 2013) and (Li 2010)

897and the ranking is compared with PIFN which is used in

898this research. The author of reference (Vashishtha and

899Susan 2022) developed multi-lexicons adaptive neuro

900fuzzy inference system (MultiLexANIFS), which integrates

901inputs from different lexicons to carry out the sentiment

902analysis of social media posts. The existing method, i.e., by

903use of PIFN, the alternative A1 ranks the highest, followed

904by A2 [ A3 [ A4 [ A5 [ A6. The rank obtained under

905TrIFN shows that the rank of the alternative A1&A2

906remains the consistent position of 1st and 2nd followed by

907A3 [ A4 [ A6 [ A5. In TIFN, the ranks of the alternatives

908are interchanged, A2 being the first followed by

909A1 [ A3 [ A4 [ A6 [ A5.

910Remark The ranking obtained under comparative analysis

911in this section depicts same ranking when FTOPSIS is

912compared with FCOPRAS. This indicates the equivalency

913of the two methods. Thus FTOPSIS technique is used for

914ranking and FCOPRAS technique isfor comparative study.

915In numerical we get consistent results for both techniques.

916The comparative analysiswas also done with respect to

917different types of intuitionistic fuzzy numbers i.e., TrIFN

918and TIFN insubsection 5.2 A1;A2;A3andA4 but interchange

919of ranking for the A5andA6 alternatives. In comparison of

920PIFN with TFN, it is seen that the alternative A2 scored

921first rank followed by A1 scoring second rank. The other

922alternatives ranking obtained under TFN hold consistent

923rank with TrFN. The ranking obtained under PIFN with

924MCDM tool TOPSIS can be said as the best technique

925because PIFN incorporates the degree of hesitancy and

926vagueness of the DMs in an optimal way compared to other

927type of Intuitionistic fuzzy number.
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928 6 Main findings

929 This paper reveals the rankings of the Cloud Service Pro-

930 vider alternative using fuzzy AHP and fuzzy TOPSIS

931 methods. The ranking technique FTOPSIS is further com-

932 pared with the other MCDM technique FCOPRAS. The

933 comparative study is presented in Sect. 5. The comparative

934 study has been integrated into two sections. The first sub-

935 Sect. 5.1 depicts the comparison of MCDM FTOPSIS used

936 in this paper with FCOPRAS. The ranking obtained under

937these two MCDM shows that the alternatives A1 and A2

938obtain the rankings 1 and 2, respectively. Thus, the

939FTOPSIS technique for ranking used in this study and the

940FCOPRAS for comparison yields consistent rankings of the

941CSPs. In the second segment, the intuitionistic fuzzy

942number, i.e., TrIFN and TIFN.

943Using TOPSIS, the final ranking has been done, which

944shows that Alternatives 1 and 2, i.e., are the best Cloud

945Service Providers taking into consideration all the factors

946responsible for selecting the best alternative. The sensi-

947tivity analysis shown in Sect. 4 shows that in case 1 and 3,

948where the most sensitive criteria’s fuzzy weights are

949interchanged, also alternative 1 and 2 obtain consistent

950ranks of 1 and 2, which implies that they are the top giants

951of the market due to the fact that it provides excellent

952services along with customer satisfaction and any business

953house can consider it reliable to store and access their

954important data.

9557 Conclusion and future research scope

956This paper primarily focuses on the use of intuitionistic

957fuzzy numbers with fuzzy AHP-fuzzy TOPSIS tool for

958obtaining the weights of criteria and ranking of CSPs.

959Formulae are developed using PIFN for determine the

960weight of criteria and also aggregate the decision-maker’s

961estimation into a single comprehensive value. Further,

962Fuzzy AHP- TOPSIS and Fuzzy AHP- COPRAS have been

963used to determine the final ranking of the alternatives. The

964requirement to move the business to the cloud has

965increased manifold due to the fact that it reduces the

966operational cost and provides flexibility to the business to

967grow its functional areas. So, the opinions of different

968decision-makers have been considered to determine the

969best alternative. Although the views of decision-makers are

970highly influenced by their working environment and the

971size and severity of business, the attempt to determine the

972alternative ranking is done. Comparative and sensitivity

0

1

2

3

4

5

6

7

A1 A2 A3 A4 A5 A6

Ranking obtained under Comparison Analysis

Rank (FCOPRAS) Rank (FTOPSIS)

Fig. 11 Line chart representation of rankings obtained under com-

parative analysis
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Fig. 12 Bar graph representation of rankings obtained under the

comparative analysis of different types of intuitionistic fuzzy number
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Fig. 13 Line chart representation of rankings obtained under the

comparative analysis of different types of intuitionistic fuzzy number

Table 13 Ranks of the alternatives using different types of intu-

itionistic fuzzy numbers

Alternatives PIFN TrIFN TIFN

A1 1 1 2

A2 2 2 1

A3 3 3 3

A4 4 4 4

A5 5 6 6

A6 6 5 5
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973 analyses have been conducted to check the robustness and

974 steadiness of the techniques used.

975 In the future study, the researchers can use different

976 types of fuzzy numbers depending on the problem and

977 availability of the data. The different number of criteria and

978 alternatives can be added or eliminated. Diverse MCDM

979 tools such as WASPAS, ELECTRE, PROMETHEE,

980 VIKOR methodology can be used in future.
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