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a b s t r a c t 

A crucial topic in expert system and operations research is fuzzy multi-criteria decision making (FM- 

CDM), which is used in different fields. Existing options and gaps in this topic must be understood to 

prepare valuable knowledge on FMCDM environments and assist scholars. This study maps the research 

landscape to provide a clear taxonomy. The authors focus on searching for articles related to (i) technique 

for order of preference by similarity to ideal solution (TOPSIS); (ii) development; and (iii) fuzzy sets in 

four primary databases, namely, IEEE Xplore, Web of Science, Elsevier ScienceDirect and Springer. These 

databases include literature that focuses on FMCDM. The resulting final set after the filtering process in- 

cludes 170 articles, which are classified into four categories. The first, second, third and fourth categories 

include articles that used a type-1 fuzzy set with the TOPSIS method, a type-2 fuzzy set with the TOPSIS 

method, two fuzzy membership functions and a survey paper, respectively. The basic attributes of this 

topic include motivations for utilising FMCDM, open challenges and limitations that obstruct utilisation 

and recommendations to researchers for increasing the approval and application of FMCDM. 

© 2018 Elsevier Ltd. All rights reserved. 
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. Introduction 

Fuzzy multi-criteria decision making (MCDM) (FMCDM), which

ontains numerous decision alternatives and criteria, is a cru-

ial topic in expert system and operation research. MCDM aims

o identify the most eligible alternative(s) from a set of alter-

atives on the basis of the selected criteria. MCDM techniques

an solve a wide range of engineering, economics, management

nd social problems ( Vahdani et al., 2011 a; Park et al., 2011 ;

ahdani et al., 2013 ; Singh and Benyoucef, 2011 ; Javadian et al.,

009 ; Aghaie et al., 2011 ; Abd et al., 2014 ). MCDM can also be used

o solve problems in many other fields, such as medicine, sports

cience, networking and communication ( Liu and Chang, 2010 ;

eng et al., 2016 ; Xing et al., 2009 ; Li and Zhang, 2009 ;

aykaso ̆glu and Gölcük, 2015 ; Xu and Zhang, 2013 ). Various tech-

iques are used to solve problems in MCDM. MCDM has two ap-

roaches: (1) the human approach, such as analytic hierarchy pro-

ess (AHP) and best–worst method (BWM). This approach depends

n human preferences; and (2) the mathematical approach, which

epends on mathematical operations, such as technique for order

f preference by similarity to ideal solution (TOPSIS) and simple

dditive weighting (SAW). TOPSIS is the most popular method used

n the mathematical approach. Its core idea is to select the optimal

olution by simultaneously measuring the distances of each alter-
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ative to positive (PIS) and negative ideal solutions (NIS). PIS is an

lternative and is the most preferred solution by decision makers

DMs) in maximising benefit criteria and minimising cost criteria,

hereas NIS is the least preferred solution in maximising cost cri-

eria and minimising benefit criteria. The preference order is sub-

equently constructed in accordance with the alternative that is

losest to the PIS and farthest from the NIS, thereby resulting in a

calar criterion that combines the two distance measures and the

ptimal alternative ( Roszkowska and Wachowicz, 2015 ). The steps

f fuzzy TOPSIS (FTOPSIS) are presented as follows: 

Step 1: The decision matrix is created. 

Step 2: The weight of the criteria is computed using various

techniques, such as AHP and BWM, based on the human ap-

proach or entropy that depends on mathematical operations.

Step 3: The normalised decision matrix is computed. 

Step 4: The weighted normalised fuzzy decision matrix is com-

puted. 

Step 5: The fuzzy PIS (FPIS) and fuzzy NIS (FNIS) are computed.

Step 6: The distance to the FPIS and FNIS from each alternative

is computed. 

Step 7: The closeness coefficient CCi for each alternative is com-

puted. 

Step 8: The alternatives are ranked as follows: The alternative

with the highest closeness coefficient represents the optimal

alternative ( N ̆ad ̆aban et al., 2016 ). 

However, TOPSIS has encountered many problems, such as the

ype of normalisation technique, its effect on data and its effect

https://doi.org/10.1016/j.cor.2018.12.019
http://www.ScienceDirect.com
http://www.elsevier.com/locate/cor
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cor.2018.12.019&domain=pdf
mailto:aws.alaa@fskik.upsi.edu.my
https://doi.org/10.1016/j.cor.2018.12.019
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on the final selection. In addition, the distance measurement that

uses TOPSIS involves various techniques for measuring the dis-

tance between PIS and NIS, and each technique provides differ-

ent results. In general, MCDM techniques contain DM preferences

and subjective judgments, including quantitative and/or qualitative

criteria ratings, in addition to the weights of criteria. However,

these issues can be imprecise, indefinite and uncertain, thereby

complicating the decision-making process when applied to real-

world problems ( Vahdani et al., 2011 a). Real number is not con-

stantly suitable for solving real-life problems, especially when

the problem requires subjective judgments ( Krohling and Cam-

panharo, 2011 ; Chamodrakas et al., 2011 ; Cheng and Lin, 2012 ;

Javadian et al., 2009 ; Wan et al., 2016 c; Yaakob et al., 2015 ).

Fuzzy set theory, which is introduced by Zadeh, can handle sub-

jective judgments ( Singh and Benyoucef, 2011 ; Krohling and Cam-

panharo, 2011 ; Vahdani et al., 2013 ; Li et al., 2009 ; Wang et al.,

2007 ). 

This paper aims to provide beneficial insights into decision-

making processes under a fuzzy environment and assist scholars

in understanding existing techniques to fill in the gaps of the topic

and present a coherent taxonomy for the literature. Moreover, the

benefits and challenges of the topic are determined. This paper is

organised as follows. Section 1 introduces the MCDM and TOPSIS

methods. Section 2 describes the research process, scope, literature

sources and filtering steps. Section 3 presents the results of the

final set of articles in this paper and creates a taxonomy for re-

lated literature and statistical information. Section 4 classifies and

discusses the benefits, challenges and recommendations extracted

from the final set of articles on the MCDM from 2007 to 2017.

Section 5 provides the conclusions. 

2. Method 

The keyword used in this study was ‘FTOPSIS’, which excludes

all algorithms used in the MCDM. The scope of this study was lim-

ited by selecting only English literature and research, review and

short survey articles. Furthermore, the search was limited to arti-

cles published in the last 10 years (2007–2017). In the real world,

the most important databases are Web of Science (WoS), Elsevier

ScienceDirect, IEEE and Springer. We searched for our articles from

these databases. 

In a systematic review, inclusion criteria are created to narrow

down from general to specific topics. 

2.1. Information sources 

Three significant digital databases that focused on the search

for targeted papers were used in this systematic review. 

i. ScienceDirect is a digital database provides access to many im-

portant journals in decision-making and expert systems. 

ii. IEEE Xplore is a digital library in technology and engineering. 

ii. WoS indexes cross and multidisciplinary studies of pure and so-

cial sciences. 

iv. Springer is a global scientific, technical and medical portfo-

lio that provides researchers in academia, scientific institutions

and corporate research and development (R&D) departments

with quality content through innovative information, products

and services. 

The logic behind this selection is to collect the most essential

articles that discuss the topic and cover the most specialised arti-

cles to conduct a systematic review. 

2.2. Study selection 

The study selection process consisted of searches in the three

digital databases and screening and filtering processes. The initial
lter was conducted by scanning the title and abstract and down-

oading articles that include the keyword ‘TOPSIS’ under a fuzzy

nvironment. After extracting the articles from the first filter, the

econd filter focused on improving FTOPSIS only. The full text of

ach article was read, and irrelevant articles were excluded. 

.3. Search 

The search commenced on the first week of April 2017 using

he ‘advanced search’ in IEEE Xplore and ScienceDirect databases.

e used a mix of keywords that included ‘TOPSIS’ or ‘technique

or order preference by similarity ideal solution’ and development.

he first study that used the keyword ‘without fuzzy’ is presented

n Table 1 . To exclude books and reports, the authors also applied

he operation in each digital database and included journals and

onference articles, which articles are the most appropriate types

f papers for publishing the latest research that specialises in this

eld. The search in the WoS database started on July 6, 2017, and

nly English articles were selected. The search in Springer started

n the first week of August 2018. 

The second study that used the keywords ‘TOPSIS’ or ‘technique

or order preference by similarity ideal solution’, ‘development’ and

fuzzy’ is summarised in Table 2 . 

The results in IEEE Xplore were similar in both cases. In Sci-

nceDirect, only five new articles were downloaded using the sec-

nd query. In WoS, the first query gathered all the articles in the

econd query. 

.4. Inclusion criteria 

Every article that satisfied the required criteria ( Fig. 1 ) was in-

luded. An article on the MCDM algorithms was classified into cat-

gories to build a taxonomy for our topic. After the two initial

lters, we proposed several established acceptance criteria and ex-

luded others. Articles that did not satisfy these criteria were ex-

luded. The exclusion criteria include the following details: (1) The

rticle is written in another language (non-English language). (2)

he article focuses on a specific part of decision making rather

han the development of FTOPSIS. (3) FTOPSIS was used only to

xtract the ranking (FTOPSIS is applied directly). (4) Any method

ith FTOPSIS was used. The same exclusion criteria are used in

he preview content option for the Springer database. 

. Results and statistical information 

The result of the first query search obtained 3072 articles: 1799

rticles from Elsevier ScienceDirect, 730 articles from IEEE, 363 ar-

icles from WoS and 180 articles from Springer. The search was

onducted from 2007 to 2017. After the first filter (scanning the

itles and abstracts) and the second filter (focus on the FTOPSIS

nly) were simultaneously applied, the results included 399 arti-

les and excluded 2493 papers. After the third filter (focus on the

rticles that discuss a specific improvement on the FTOPSIS only)

as applied, the results included 187 articles and excluded 232

apers. Only 8 articles were duplicated in the 3 digital databases.

fter full-text reading of all the articles, 8 duplicate articles were

xcluded and 171 articles remained. The final set included 170 ar-

icles because no information could be obtained from 1 article in

he WoS. These articles were read with the major aim of identi-

ying a comprehensive map for the final set of papers. The result

ndicated that most of the articles (84.11%; 143/170) used type-1

uzzy set, whereas several articles used type-2 fuzzy set (6.46%;

1/170). Certain articles did not explain the membership function

8.23%; 14/170). A survey article represents the ratio (1.17%; 2/170).

oreover, the authors found that these patterns captured the ma-

or categories of related studies, which were then classified into
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Table 1 

Query without using the word FUZZY. 

Database Query No. of articles 

IEEE (‘Abstract’: TOPSIS OR ‘Abstract’: ‘technique for order preference by similarity ideal solution’ AND ‘Abstract’: development) 730 

Science Direct (TOPSIS OR ‘technique for order preference by similarity ideal solution’) AND development 1799 

WoS TS = (TOPSIS OR ‘technique for order preference by similarity ideal solution’) AND TS = development 363 

Table 2 

Query using the word FUZZY. 

Database Query No. articles 

IEEE (‘Abstract’: TOPSIS OR ‘Abstract’: ‘technique for order preference by similarity ideal solution’ AND ‘Abstract’: 

development AND ‘Abstract’: Fuzzy) 

730 

Science Direct (TOPSIS OR ‘technique for order preference by similarity ideal solution’) AND development AND fuzzy 1392 

WoS TS = (TOPSIS OR ‘technique for order preference by similarity ideal solution’) AND TS = development AND TS = fuzzy 196 

Springer TOPSIS AND development AND fuzzy 180 

Fig. 1. Flowchart of the search query and inclusion criteria and the filtering process. 
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Fig. 2. Taxonomy of the research literature. 
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the categories of literature taxonomy ( Fig. 2 ). Several subcategories

could be divided into each main category. The taxonomy was cre-

ated based on the fuzzy types, and the membership function was

used in each article. In the next section, the categories and certain

statistics from the final set of articles are presented. 

3.1. Type-1 fuzzy set 

Uncertainty and lack of information are the most important rea-

sons that lead researchers to use the fuzzy set in the MCDM. In

this branch, all the articles that used the type-1 fuzzy set were in-

cluded. In fuzzy sets, each element is mapped to [0,1] by using a

membership function. μA: X → [0, 1], [0,1] are real numbers be-

tween 0 and 1 (including 0 and 1). Many membership functions

are available. The final set of papers distributed depends on the

membership function. 

Most researchers used the type-1 fuzzy set. We classify all

the articles of the type-1 fuzzy set into the following cate-

gories: The largest and easiest membership functions used in

the type-1 fuzzy set are triangular fuzzy membership func-

tion (46.15%; 66/143). This research has been published in Sci-

enceDirect (21 papers), WoS (11 papers), IEEE (26 papers) and

Springer (8 papers). Then, researchers used triangular member-

ship to solve various problems, including robot selection, rapid

prototyping selection ( Vahdani et al., 2011 a), project rankings

for participatory budget project ( Walczak and Rutkowska, 2017 ),

new product development (NPD) ( Özdemir et al., 2010 ), flood

vulnerability assessment ( Lee et al., 2014 ), competitiveness of
ourism industries in Asian countries ( Huang and Peng, 2012 ),

essel selection ( Yang et al., 2011 ), accidents with oil spill in

he sea ( Krohling and Campanharo, 2011 ), heterogeneous net-

orks ( Feng et al., 2016 ; Chamodrakas and Martakos, 2012 b),

ervice provider selection ( Chamodrakas et al., 2011 ), e-sourcing

 Singh and Benyoucef, 2011 ), personnel selection ( Kelemenis and

skounis, 2010 ; Perez et al., 2012 ; Kelemenis and Askounis, 2009 ),

ustomer evaluation ( Chamodrakas et al., 2009 ), software out-

ourcing problem ( Wang and Lee, 2009 ), green product develop-

ent ( Wang et al., 2015 ), configuration management ( Chang and

seng, 2008 ), water management ( Sadr et al., 2015 ; Minatour et al.,

015 ), pancreatic islet transplantation ( La Scalia et al., 2011 ),

ritical path (CP) definition ( Zammori et al., 2009 ), dean selec-

ion in a university and identification of the most competitive

ort of the Bohai Bay in China ( Fan and Feng, 2009 ), qual-

ty of service in the hotel industry ( Benitez et al., 2007 ), mis-

ile weapon system selection ( Li et al., 2010 ; Yang et al., 2014 ),

rioritising barriers to green manufacturing (GM) ( Mittal and

angwan, 2014 ), optimum air-conditioning system selection for

ibraries ( Xu and Chen, 2007 ), engine block and intake man-

fold ( Yang et al., 2017 ), general example ( Madi et al., 2015 ;

ian et al., 2010 ; Wei and Shengbao, 2008 ; Ran et al., 2008 ), e-

ommerce ( Mao et al., 2015 ; Duan et al., 2010 ), new informa-

ion system selection ( Wang et al., 2007 ), new fuzzy positive and

egative ideal solution ( Javadian et al., 2009 ), supplier selection

 Kar et al., 2014 ; Xie et al., 2016 ; Lima et al., 2013 ; Feng, 2012 ),

ransformer dissolved gas analysis ( Guo-wei et al., 2009 ), young

nd promising doctoral researcher selection ( Aghaie et al., 2011 ),
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Fig. 3. Triangular membership. 
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utomobile engine manufacturing ( Pei and Zheng, 2010 ), enter-

rise resource planning ( Lingyu et al., 2009 ), maintenance problem

 Cables et al., 2012 ), competitive strategies on Turkish container

orts ( Celik et al., 2009 ), contractor prequalification evaluation

rocess ( Cui and Yang, 2009 ), information system project selec-

ion ( Gao et al., 2008 ), support manager selection ( Kelemenis et al.,

011 ), location selection ( Zhou et al., 2012 ), human resource

election ( Polychroniou and Giannikos, 2009 ), supplier ranking

 Bandyopadhyay, 2016 ), ill-structured negotiation ( Roszkowska and

achowicz, 2015 ), construction project ( Huang et al., 2010 ), supply

hain (SC) risk evaluation ( Zhang, 2008 ), reuse of industrial build-

ngs in Hong Kong ( Tan et al., 2014 ), evaluation of IT project risk

 Xing et al., 2009 ), project selection problem ( Fu, 2008 ; Yeh et al.,

009 ), life cycle costs ( White and Chandrasekar, 2017 ), patient

afety management ( Wang and Chou, 2015 ), fragile state selection

 Afful-Dadzie et al., 2015 ), network selection ( Chamodrakas and

artakos, 2012 a), location distribution centre selection in China

 Chou and Chang, 2009 ) and partner selection of cooperation inno-

ation alliance ( Li, 2013 ). Fig. 3 shows the triangular membership

unction. 

The second largest branch is intuitionistic fuzzy, which is a

uzzy extension of the type-1 fuzzy set. This type has been used

n research 15.38% of the time (22/143). The research has been

ublished in ScienceDirect (9 papers), WoS (3 papers), IEEE (9 pa-

ers) and Springer (1 paper). The concept of this type is to com-

ute membership and non-membership. Two of these articles used

riangular intuitionistic fuzzy to solve MCDM problems, such as

election difficulty ( Wan et al., 2016 a); another study used tri-

ngular intuitionistic fuzzy to solve a scientific journal evalua-

ion ( Li and Zhao, 2014 ). Other papers generally used intuitionis-

ic fuzzy to solve different MCDM problems. These papers did not

ention membership but instead mentioned the use of intuition-

stic fuzzy. These papers include US wind energy ( Gumus et al.,

016 ), supplier selection problem ( Yue and Jia, 2015 ; Solanki et al.,

016 ; Guo et al., 2010 ; Ervural et al., 2015 ; Wood, 2016 ), out-

ourcing provider selection ( Wan et al., 2015 ), problems with a

attery industry involved in reutilising process ( Su et al., 2011 ),

valuation problem for horizontal directional drilling machine

 Geng et al., 2010 ), general example ( Li et al., 2009 ), RFID tech-

ology selection ( Wan et al., 2016 b), heating device manufac-

uring in China ( Pei, 2015 ), project risk evaluation ( Guo and

hang, 2009 ), project manager selection ( Chen et al., 2016 ), prob-

em evaluation in colleges ( Li and Zhang, 2009 ), structured se-
ection of partners in open innovation (OI) ( Aloini et al., 2016 ),

obile phone selection ( Büyüközkan and Güleryüz, 2015 ), town-

hip development ( Mishra, 2016 ), impact of criterion weight tech-

iques ( Dammak et al., 2015 ) and failure detection ( Aikhuele and

uran, 2016 ). Fig. 4 shows the intuitionistic membership function. 

Furthermore, the articles used interval-valued fuzzy sets

IVFSs), which were placed in another branch based on the obser-

ation that numerous studies used IVFSs (12.58%; 18/143). IVFSs

re classified into five subcategories. The first subcategory is

nterval-valued intuitionistic fuzzy set (IFS). This subcategory in-

ludes nine papers that used interval-valued IFS to solve differ-

nt MCDM problems, such as project manager selection ( Joshi and

umar, 2016 ), optimum air-conditioning system selection for li-

raries ( Park et al., 2011 ), supplier selection ( Wan et al., 2016 c;

ue, 2016 ; Wang et al., 2011 ; Xiao and Wei, 2008 ; Yadav and

umar, 2009 ), general example ( Wang and Xu, 2010 ) and selection

roblem ( Chu and Liu, 2014 ). The second subcategory contains one

esearch that used the interval-valued trapezoidal fuzzy member-

hip to solve robot selection ( Rashid et al., 2014 ). The third sub-

ategory includes three papers that used interval-valued triangu-

ar membership function to solve the following problems: Location

election ( Mokhtarian et al., 2014 ), robot selection ( Vahdani et al.,

013 ) and general example ( Run-qi, 2008 ). The fourth subcategory

ncludes one research that used hesitant fuzzy with the IVFS to

olve the energy policy selection problem ( Xu and Zhang, 2013 ).

he last subcategory includes four articles that used IVFS only

o solve the supplier selection problem ( Chen, 2011 ), general ex-

mple ( Rong and FAN, 2009 ), assess higher vocational education

evelopment levels ( Li et al., 2016 ) and overseas oil–gas project

 Huang et al., 2015 ). The other category in the type-1 fuzzy set

s hierarchical fuzzy. This category contains four articles that used

ierarchical fuzzy only, and the representative ratio of these arti-

les is 2.79% (4/143). These articles solve MCDM problems, such

s road safety evaluation ( Bao et al., 2012 ), the strategy selection

roblem ( Baykaso ̆glu and Gölcük, 2015 ), new product introduction

 Kahraman et al., 2007 ) and product design evaluation ( Wang and

han, 2013 ). Fig. 5 shows the IVFS (A (a) = [ x 1, x 2]) membership

unction. 

A common membership function used the type-1 fuzzy

et as a trapezoidal membership function, with 21 articles.

hese articles were published in ScienceDirect (9 papers), WoS

2 papers), IEEE (9 papers) and Springer (1 paper). The rep-

esentative ratio of these articles is 14.68% (21/143). These
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Fig. 4. Intuitionistic membership function. 

Fig. 5. IVFS (A (a) = [ x 1, x 2]). 
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studies solve MCDM problems, such as the Tehran stock exchange

( Hatami-Marbini and Kangi, 2017 ), credit limit allocation model for

banks ( ̇Iç, 2012 ), general example ( Jiang et al., 2011 ; Haleh et al.,

2010 ; Yuxun, 2010 ; Wang and Qin, 2008 ), supplier selection

( Liao and Kao, 2011 ; Igoulalene et al., 2015 ; Bai et al., 2014 ), power

planning in ICT infrastructure ( Li and Chou, 2014 ), performance

evaluation of technological innovation capabilities ( Cheng and

Lin, 2012 ), the largest producers of solar panels in Canada

( Hatami-Marbini et al., 2013 ), fuel bus selection ( Vahdani et al.,

2011 b), R&D projects ( Collan et al., 2015 ; Collan and Luukka, 2014 ),

portfolio optimisation model ( Yang and Liu, 2016 ), new food prod-

uct development ( Chen and Niou, 2011 ), the selection problem

( Yaakob and Gegov, 2015 ; Yaakob et al., 2016 ), supplier evalu-

ation ( Niyigena et al., 2012 ) and sustainable material selection

( Vinodh and Girubha, 2013 ). Fig. 6 shows the trapezoidal member-

ship function. 

Another category is hesitant fuzzy set, which is a type of

extension of the type-1 fuzzy set. Two papers used this cate-

gory. A paper used the hesitant fuzzy set only to solve weapon

selection problem ( Wang et al., 2014 ), and another paper used

triangular fuzzy hesitant fuzzy sets to solve hospital site selection
 Senvar et al., 2016 ). The representative ratio of these articles is

.39% (2/143). Several articles are placed under the linguistic fuzzy

ategory, which can be classified into two subcategories. The three

apers in the first subcategory used two tuples to solve supplier

election ( Hu et al., 2015 ), the second paper solved location selec-

ion ( Rao et al., 2015 ) and the third article has extended FMCDM

o the evaluation processes ( Espinilla et al., 2012 ). The second sub-

ategory in linguistic fuzzy includes one paper that used linguistic

uzzy with soft sets to solve the selection of a feasible candidate

nd the assessment of sound quality problems ( Tao et al., 2015 ).

he representative ratio of these articles is 2.79% (4/143). The

nal category in the type-1 fuzzy set was placed under hybrid

uzzy membership. This category includes six articles that used

wo memberships in the same article. These articles conducted

heir experiments using two memberships to demonstrate suit-

bility with different memberships or to illustrate the differences

etween the results when using each membership function.

he articles solved different FMCDM problems, such as project

election ( Khalili-Damghani and Sadi-Nezhad, 2013 b, 2013 a), sup-

lier evaluation ( Osiro et al., 2014 ), hierarchical medical system

 Gou et al., 2017 ), scheduling problems in robotic flexible assembly
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Fig. 6. Trapezoidal membership. 
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ells ( Abd et al., 2014 ) and selection problem for commercial

ff-the-shelf (COTS) products ( Mehlawat and Gupta, 2015 ). The

epresentative ratio of these articles is 4.19% (6/143). 

.2. Type-2 fuzzy set 

This category contains all the articles that used type-2 fuzzy

et, which is the popularised type-1 fuzzy set that can function

ith uncertainty. Type-2 fuzzy set indicates that the value of the

embership degree may include uncertainty. If the value of mem-

ership function is given by a fuzzy set, then this value is called

he type-2 fuzzy set. This concept can be used to extend the fuzzy

et into the type-n fuzzy set. It integrates the uncertainty of the

embership function into fuzzy set theory and solves the prob-

ems of type-1 fuzzy sets. Several authors preferred using type-

 fuzzy set, with 11/170 (6.47%) of papers included in this cate-

ory. These articles can be classified into two categories. The first

ategory uses the type-2 fuzzy set only to solve the selection of

n optimum portfolio of project problem ( Khalili-Damghani et al.,

013 ). This category includes one paper only, and the represen-

ative ratio of this paper is 9.09% (1/11). The second category is

alled the interval type-2 fuzzy set and includes 10 papers. This

ategory is further classified into two subcategories. The first sub-

ategory is the interval type-2 fuzzy set with trapezoidal member-

hip, which includes eight papers. The representative ratio of these

rticles is 72.72% (8/11). Researchers used interval type-2 fuzzy set

ith trapezoidal membership to solve different FMCDM problems,

uch as material selection ( Liao, 2015 ), customer satisfaction in the

ublic transportation of Istanbul ( Celik et al., 2013 ), business intel-

igence for enterprise system ( Zamri and Abdullah, 2013 ), general

xample ( Chen and Hong, 2014 b; Chen and Lee, 2010 ; Chen and

ong, 2014 a; Lee and Chen, 2008 ) and the stock selection problem

 Yaakob et al., 2015 ). Fig. 7 shows the interval type-2 fuzzy with

rapezoidal membership function. 

The second subcategory is the interval type-2 fuzzy set with tri-

ngular membership, which includes two papers only. The repre-

entative ratio of these papers is 18.18% (2/11). These articles used

he triangular membership with the type-2 fuzzy set to solve gen-

ral example ( Dymova et al., 2015 ) and tool magazine ( Shen et al.,

010 ). Fig. 8 shows the interval type-2 fuzzy with triangular mem-

ership. 
.3. Others 

The authors placed all the articles that did not mention trian-

ular membership or could not be placed in a specific category

ere placed in this category, which included nine articles only.

he representative ratio of this branch is 8.23% (14/170). This

ategory solved different FMCDM problems, such as flow control

n a manufacturing system ( Rudnik and Kacprzak, 2017 ), produc-

ion line evaluation ( Pei, 2013 ), vehicle performance evaluation

 Zhang et al., 2010 , 2009 ), general example ( Gołu ́nska et al.,

014 ), supplier selection ( Zhang et al., 2015 ), human resource

anagement (HRM) ( Mammadova and Jabrayilova, 2015 ), problem

f ranking traded equity ( Yaakob et al., 2017 ), convergence of

eterogeneous networks ( Liu and Chang, 2010 ), partner selection

 Crispim and De Sousa, 2009 ), FTOPSIS use with multi-objective

 Dey et al., 2014 ), project evaluation ( Ramezani and Lu, 2012 ),

utomated guided vehicle selection problem ( Sawant and

ohite, 2009 ) and location selection ( Simi ́c et al., 2013 ). 

.4. Survey paper 

The final category in our taxonomy included two papers in the

iterature that discussed this topic and presented a survey paper.

n the first article, the authors explained the TOPSIS method and

rovided an example of the use of this method. The representative

atio of this category is 1.17% (2/170) ( N ̆ad ̆aban et al., 2016 ). The

econd article provides an overview of interval-valued IFS ( Xu and

ou, 2017 ). However, the authors of most articles did not refer to

his category in this topic. Fig. 9 depicts the number of papers in

ach category and states that type-1 fuzzy set is the most exten-

ively used method for this topic. 

We also prepared certain statistics on the topic of all articles to

xplain which type of membership in a type-1 fuzzy set is mostly

sed. Fig. 10 demonstrates the triangular membership function,

hich is the most widely used membership function in the type-1

uzzy set. 

The most extensively used membership function in the type-2

uzzy set is the interval type-2 fuzzy set. Fig. 11 shows that the

ost widely used membership function in the type-2 fuzzy set is

he trapezoidal–interval type-2 fuzzy set. 

Fig. 12 illustrates that the most widely used form of fuzzy set

ased on the year of publication is the type-1 fuzzy set. 
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Fig. 7. Interval type-2 fuzzy set with trapezoidal membership. 

Fig. 8. Interval type-2 fuzzy set with triangular membership. 

Fig. 9. Number of papers in different categories using the source’s digital database. 
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Fig. 10. Number of articles in different categories in fuzzy type-1 using the source’s digital database. 

Fig. 11. Number of articles in different categories in fuzzy type-2 using the source’s digital database. 

Fig. 12. Number of papers in different categories by year of publication. 



216 M.M. Salih, B.B. Zaidan and A .A . Zaidan et al. / Computers and Operations Research 104 (2019) 207–227 

Table 3 

Distribution of papers by application area. 

Area No. of papers % 

Business and marketing management 25 14.88 

SC management and logistics 26 15.47 

Design, engineering and manufacturing 22 13.09 

Information technology and networking applications 16 9.52 

Human resource management 7 4.16 

Transportation management 9 5.35 

Health and safety management 4 2.38 

Military applications 4 2.38 

Energy management 3 1.78 

Geographic information system applications 3 1.78 

Water resource management 3 1.78 

Other selection and evaluation applications in different topics 16 9.52 

General example 30 17.85 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c  

c  

r  

t  

w  

r  

s

4

 

r  

t  

l  

M  

l

4

 

t  

a  

m  

d  

e  

n  

t  

(  

2  

Y  

2  

D  

g  

c  

o  

K  

t  

b  

f  

i  

f  

2  

K  

g  

2  

X  

d  

t  

t  

2  

h  
Related papers could also be distributed depending on the ap-

plication area to illustrate the areas of decision-making applica-

tions. Table 3 summarises the distribution of all papers by appli-

cation. 

4. Discussion 

This study aims to update MCDM research and highlight the di-

rections for research on this topic. This study differs from many

previous reviews in its recentness and its concentration on the lit-

erature on fuzzy MCDM. The taxonomy of the related literature

is also a contribution of this study. The taxonomy of the related

literature in a research area can introduce many advantages. A

taxonomy of published studies systematises various publications.

In this topic, a new researcher in decision making may be over-

whelmed by the large number of articles and the absence of any

type of structure, thereby preventing this researcher from obtain-

ing an overview of this research area. Several research articles dis-

cussed this topic from the preliminary viewpoint only, whereas

other articles have been developed in this area. In addition, certain

researchers merged decision making with other fields. Therefore,

the taxonomy of the final set of literature assistance is organised

from different studies and activities into an expressive, controllable

and solid design. Furthermore, the frame of taxonomy presented

in this study provides all researchers with important insights into

the subject field in numerous ways. Firstly, this study outlines the

possible directions for research on this topic. For example, in this

study, the taxonomy based on the fuzzy type and fuzzy member-

ship function shows that the researchers are interested in inform-

ing other researchers and the public about the available fuzzy type

and fuzzy membership function in the MCDM. Moreover, this study

emphasises a possible direction in this area. Another contribution

of the taxonomy is addressing the existing gaps in the topic. The

related literature that mapped the works on fuzzy membership

function highlighted the most and least used spots in coverage re-

search. For example, in this study, the taxonomy shows the fuzzy

type, the most used membership function in the fuzzy environ-

ment and the attention provided to the categories of the individ-

ual type of fuzzy set and the membership in terms of use (as re-

flected from the popularity of their categories). The survey on the

suitable and illustrative samples of the literature was combined.

A taxonomy also highlights the lack of studies that use another

membership function. In the related literature, the triangular fuzzy

membership received considerable attention in terms of the mem-

bership function, and the most used type of fuzzy is the type-

1 fuzzy set. The statistics on the subcategories of the taxonomy

also emphasise the active and less active sectors in the member-

ship function under fuzzy environment. Finally, several other tax-

onomies in other fields available in this research area were ap-

proved by the researchers for adoption in a certain taxonomy. A
ommunity language was improved amongst them to communi-

ate and discuss new works in this area. Three highlights of the

elated literature are presented in the next sections on the basis of

he surveyed works. The motivations behind the use of the MCDM

ith fuzzy set theory, the challenges and issues encountered by

esearchers in this area and recommendations for future work and

olutions to difficulties are presented. 

.1. Motivations 

In this subsection, we provide all the motivations derived from

elevant research that stimulated researchers in this field. The mo-

ivation can be divided into several sections, namely, benefit re-

ated to the use of fuzzy set, MCDM, MCDM with management,

CDM with evaluation problems and MCDM with selection prob-

ems. 

.1.1. Benefits related to the use of fuzzy set with MCDM 

In MCDM problems, the qualitative characteristics depend on

he DM’s judgment. Selection is frequently based on unsuit-

ble data or personal judgment given the ambiguity of a hu-

an being’s thought, which leads to inappropriate and biased

ecisions. The FMCDM techniques can suitably explain the DM

valuation of existing alternatives for selecting the best alter-

ative when the criteria have subjective perceptions. Therefore,

he evaluation process must work under a fuzzy environment

 Singh and Benyoucef, 2011 ; Vahdani et al., 2011 a; Cables et al.,

012 ; Liao, 2015 ; Chamodrakas et al., 2009 ; Wang and Lee, 2009 ;

ue, 2016 ; Gumus et al., 2016 ; Benitez et al., 2007 ; Tian et al.,

010 ; Zhang, 2008 ; Wang et al., 2007 ; N ̆ad ̆aban et al., 2016 ;

uan et al., 2010 ; Khalili-Damghani et al., 2013 ) to consider lin-

uistic variables. The uncertainty and subjectivity of this method

an result in weighting errors and difficulties in the process

f criterion weight selection ( Huang and Peng, 2012 ; Joshi and

umar, 2016 ). For example, in the supplier selection problem,

he decision making is influenced by uncertainty because am-

iguity is intrinsic to the evaluation of qualitative criteria. Dif-

erent DMs also determine the weight of criteria that lead to

mprecise weighing. Fuzzy set theory is an important method

or solving uncertainty in many real-life problems ( Lima et al.,

013 ; Hu et al., 2015 ; Igoulalene et al., 2015 ; Osiro et al., 2014 ;

ar et al., 2014 ; Yadav and Kumar, 2009 ), selection problem in

eneral ( Mehlawat and Gupta, 2015 ; Ran et al., 2008 ; Perez et al.,

012 ) or negotiation problem ( Roszkowska and Wachowicz, 2015 ;

u and Chen, 2007 ). The DMs operate in a multi-criteria group

ecision-making (MCGDM) context characterised by high uncer-

ainty and vagueness and transact with qualitative or quantita-

ive criteria and different perspectives/stakeholders ( Aloini et al.,

016 ; Tan et al., 2014 ). Thus, the idea of a linguistic variable is

ighly beneficial for transaction with cases that have increased
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s  
omplexity or are not completely determinant to be reasonably

escribed in conventional quantitative terms, where fuzzy num-

ers are introduced to appropriately express linguistic variables

 Cables et al., 2012 ; Gumus et al., 2016 ; Kelemenis et al., 2011 ;

 ̆ad ̆aban et al., 2016 ; Vahdani et al., 2011 b; Xie et al., 2016 ;

eng et al., 2016 ; Zamri and Abdullah, 2013 ; Javadian et al., 2009 ;

hang et al., 2015 ). Zadeh firstly used fuzzy set theory with MCDM

roblems, which have subjective judgment, as an efficient method

or solving vagueness, lack of information and ambiguity ingrained

n the human decision-making process called FMCDM ( Singh and

enyoucef, 2011 ; Krohling and Campanharo, 2011 ; Vahdani et al.,

013 ; Li et al., 2009 ; Wang et al., 2007 ). Therefore, fuzzy set the-

ry is considered an effective method for portraying ambiguity

r an uncertain environment with vagueness and other kinds of

uzziness, which is constantly involved in the field and the be-

aviour of manager decisions in the area ( Yang and Liu, 2016 ;

ollan and Luukka, 2014 ; Mishra, 2016 ; Zhang et al., 2010 , 2015 ).

he main contribution of fuzzy set theory is that it allows math-

matical operators to be applied in the fuzzy domain through its

bility to process ambiguous information ( Krohling and Campan-

aro, 2011 ; Wang and Chou, 2015 ; Lima et al., 2013 ; Lee et al.,

014 ; Yang et al., 2011 ; Wang et al., 2015 ). Moreover, experts

ave occasionally encountered challenges in determining the exact

eight for criteria and the membership degree for each element

f the fuzzy sets treated to rank the alternatives in terms of the

riteria and/or the values of criterion weights as a number in in-

erval [0,1]. Thus, IVFS-MCDM techniques must be applied to solve

uzzy MCDM problems ( Mokhtarian et al., 2014 ), trapezoidal mem-

ership functions ( Liao and Kao, 2011 ) or triangular fuzzy numbers

 Xu and Chen, 2007 ). Researchers have successfully applied fuzzy

et in many research fields to solve uncertainty and ambiguity

 Pei, 2013 ). However, knowledge on DMs is incomplete and impre-

ise. To handle this complex situation (uncertainty and hesitation),

FSs are used to select favourable DM preferences. IFS is a pow-

rful tool because it manages membership, non-membership func-

ions and hesitancy ( Solanki et al., 2016 ; Mishra, 2016 ; Yue, 2016 ;

i et al., 2009 ; Wang et al., 2011 ; Gumus et al., 2016 ; Chen et al.,

016 ; Wan et al., 2015 ). 

In practical problems, incomplete or unobtainable information

an be encountered by researchers. For example, ambiguity in hu-

an judgment preferences cannot be exactly evaluated using real

umbers. The information is frequently uncertain, and thus am-

iguity and imprecision are typically present. Several evaluation

riteria and alternatives are subjective considering that the de-

cription of linguistic information is qualitative in nature. Accord-

ngly, researchers have preferred fuzzy logic ( Cheng and Lin, 2012 ;

eng et al., 2010 ; Pei, 2013 ). An extensively used method for solv-

ng FMCDM problems is TOPSIS, where the use of real numbers

o rank the alternatives may have limitations in resolving uncer-

ainties. Thus, TOPSIS has been developed to solve the problems

f MCDM with uncertain information, followed by using FTOP-

IS ( Krohling and Campanharo, 2011 ; Chamodrakas et al., 2011 ;

heng and Lin, 2012 ; Javadian et al., 2009 ; Wan et al., 2016 c;

aakob et al., 2015 ). TOPSIS is effective in decision making but is

verwhelmingly criticised for its ineffectiveness in terms of un-

ertainty and ambiguity involved in judgment operation. Thus,

uzzy set theory is suggested to be combined with TOPSIS. This

ombined process can solve imprecise information by converting

t into linguistic variables ( Yang et al., 2017 ; Krohling and Cam-

anharo, 2011 ; Chamodrakas et al., 2011 ; Cheng and Lin, 2012 ;

ang et al., 2014 ; Perez et al., 2012 ; İç, 2012 ; Yaakob and

egov, 2015 ). 

In many real-world problems, DMs cannot provide numerical

alues to the judgments of comparison because the human pref-

rence pattern is uncertain. Fuzzy set theory has been success-

ully used in decision-making problems to solve extreme vague-
ess that emerges in the data from human judgment and pref-

rence ( Zhou et al., 2012 ; Cables et al., 2012 ; Rashid et al., 2014 ;

u and Zhang, 2013 ; Krohling and Campanharo, 2011 ; Park et al.,

011 ; Igoulalene et al., 2015 ; Sadr et al., 2015 ; Cheng and Lin, 2012 ;

enitez et al., 2007 ; Hatami-Marbini et al., 2013 ; Yang and

iu, 2016 ; Gao et al., 2008 ; Ran et al., 2008 ; Aghaie et al.,

011 ; White and Chandrasekar, 2017 ; Rudnik and Kacprzak, 2017 ;

ong and FAN, 2009 ; Chang and Tseng, 2008 ; Zhang et al., 2009 ;

ao et al., 2015 ). 

On the one hand, type-2 fuzzy sets include more uncertain-

ies than type-1 fuzzy sets. This type offers freedom to repre-

ent the uncertainty and fuzziness of real-world problems ( Lee and

hen, 2008 ; Shen et al., 2010 ; Pei, 2015 ), and the type-2 fuzzy

embership function can enhance the accuracy of the member-

hip ( Shen et al., 2010 ; Pei, 2015 ). Certain benefits of using soft

et theory are presented ( Tao et al., 2015 ). Many benefits of us-

ng triangular membership function are also discussed in the liter-

ture ( Zammori et al., 2009 ; Yang et al., 2014 ; Madi et al., 2015 ;

oszkowska and Wachowicz, 2015 ). The hesitant fuzzy linguistic

erm set is a useful tool for describing subjective cognitions in peo-

le in the decision-making process. MCDM involves two important

teps: (1) determining the criteria weights and (2) obtaining a suit-

ble ranking of alternatives ( Gou et al., 2017 ; Wang et al., 2014 ). 

.1.2. Benefits related to the use of MCDM 

Research interest in MCDM is increasing ( Yaakob and

egov, 2015 ) because MCDM is regarded as a prime part of

peration research, decision science and expert system, which

ontains multiple alternatives and criteria. The main goal of

CDM is to determine the optimal alternative(s) from a set

f obtainable alternatives versus the selected criteria. MCDM

pproaches can provide resolutions for numerous domains of

cience, such as management, society, economics, engineering

nd different problems ( Vahdani et al., 2011 a; Park et al., 2011 ;

ahdani et al., 2013 ; Singh and Benyoucef, 2011 ; Javadian et al.,

009 ; Aghaie et al., 2011 ; Abd et al., 2014 ; Büyüközkan and

üleryüz, 2015 ; Zhang et al., 2015 ; Wang and Qin, 2008 ;

ang et al., 2007 ; Madi et al., 2015 ; İç, 2012 ; Hatami-Marbini and

angi, 2017 ; Rudnik and Kacprzak, 2017 ; Liao and Kao, 2011 ;

alczak and Rutkowska, 2017 ; Cui and Yang, 2009 ; Yaakob et al.,

017 ; Hatami-Marbini et al., 2013 ; Wan et al., 2016 a), such as

igher vocational education ( Li et al., 2016 ), IT projects ( Xing et al.,

009 ), mobile heterogeneous networks ( Liu and Chang, 2010 ;

eng et al., 2016 ), optimisation problems ( Yaakob et al., 2015 ;

atami-Marbini and Kangi, 2017 ), NPD ( Özdemir et al., 2010 ) and

oftware development ( Mehlawat and Gupta, 2015 ). Most MCDM

ethods use subjective or objective weight given the difference of

lternative evaluations based on their importance ( Dammak et al.,

015 ). Several researchers also combined multiple attribute deci-

ion making (MADM) with MCDM. Many studies were completed

n the weight of evaluating a totally unknown or intelligible index.

n real life, a condition with complete or incomplete information

ccurs infrequently. In most cases, the MADM problem must

e solved using fuzzy set theory ( Fu, 2008 ; Wang et al., 2011 ;

ang and Xu, 2010 ; Xing et al., 2009 ; Yuxun, 2010 ; Wang and

in, 2008 ). 

MADM, multi-attribute group decision making (MAGDM) 

 Li et al., 2010 , 2009 ; Ervural et al., 2015 ) and dynamic MAGDM

DMAGDM) ( Su et al., 2011 ) are concerned with selecting the opti-

um alternative on the basis of a group of DMs to evaluate the

ttribute (criteria). They are applied in different fields, such as

edicine, society, economy and management ( Li and Zhang, 2009 ;

aykaso ̆glu and Gölcük, 2015 ; Xu and Zhang, 2013 ; Wei and Sheng-

ao, 2008 ; Chamodrakas et al., 2011 ; La Scalia et al., 2011 ). 

TOPSIS is a common and widely used technique for

olving MCDM ( Pei and Zheng, 2010 ; Zhang et al., 2015 ;
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Yuxun, 2010 ; Madi et al., 2015 ; Xing et al., 2009 ) and MADM

( Chamodrakas et al., 2011 ), but it is not a favourable judgment

method for solving all MCDM problems. In practical problems,

researchers have typically attempted to select numerous existing

techniques such that it seems to be maximally suitable for the

preferences of DMs and the specificity of the case. In general,

technique selection to solve a problem in the MCDM is a context-

dependent problem ( Dymova et al., 2015 ; Chen, 2011 ; Jiang et al.,

2011 ). 

MCDM solves different problems in the aforementioned fields.

In the medical field, MCDM can help doctors in classifying the dif-

ferent diseases of their patients, and the system can provide a sup-

port decision for determining the patient who should be served

first. In the management field, a leader cannot make a decision

when a problem has various alternatives or criteria. MCDM helps

managers select the optimum alternative from the set of alterna-

tives. Moreover, group decision making (GDM) is crucial because

the knowledge of the group DMs is better than that of one ex-

pert in one problem. In addition, in engineering and other fields,

MCDM can provide a support decision to managers. Finally, MCDM

can work with different fields to solve many real-life problems. 

4.1.3. Benefits related to the use of MCDM in the management field 

An important field in which MCDM is involved in is manage-

ment in all its forms, such as trading, financial markets, com-

panies, suppliers and commercial markets. Companies must de-

velop new products to maintain their commercial value amidst

increasing competition in global markets. NPD is a major func-

tion of companies. Companies have short product lifetime cycles.

Thus, improving new product platforms and products that achieve

sensible requests on quality, price, safety and performance is im-

portant. NPD interprets this idea as a sensible material asset that

is constructed around well-defined stages. Several decision points

are found in each stage, where the management decides on the fu-

ture of a project. A critical decision when managing NPD projects

is to select the idea of a new product. Many studies have de-

duced that managers must finish the NPD projects that they have

started ( Kahraman et al., 2007 ; Özdemir et al., 2010 ), such as green

product development ( Wang et al., 2015 ) and project management

( Zammori et al., 2009 ). Moreover, cities that are densely populated

and are undergoing economic growth must use scientific methods

to improve the management of an economy in large cities. One of

these methods is MCDM ( Rao et al., 2015 ; Tan et al., 2014 ). ICT

companies must consider effective planning to provide various ser-

vices. These companies typically rely on staff experience. There-

fore, decision-making techniques can be greatly utilised ( Li and

Chou, 2014 ) and have become necessary in heterogeneous net-

works ( Liu and Chang, 2010 ), electronic marketplace management

( Chamodrakas et al., 2009 ) and HRM ( Mammadova and Jabray-

ilova, 2015 ; Polychroniou and Giannikos, 2009 ). Considerable re-

search has discussed managing the reuse of freshwater, prevent-

ing floods that threaten human life and destroys infrastructure and

using MCDM to manage such issues ( Sadr et al., 2015 ; Lee et al.,

2014 ). Furthermore, the concept of OI has generated extensive in-

terest in the previous decade. OI uses external resources and part-

ners to develop the innovation ability of an organisation; it de-

pends on the concept that invention and innovation can emerge

inside and outside company walls ( Aloini et al., 2016 ; Cheng and

Lin, 2012 ). SC management (SCM) has drawn considerable atten-

tion from researchers given its pervasive nature. SCM is the pro-

cess of managing the smooth flow of goods and services from ori-

gin to destination. The various factors that play important roles in

this process are cost price, risk factor, optimised inventory levels,

improved customer service and maximised customer satisfaction.

The most effective supplier shall be the one who can provide max-

imum satisfaction, is reliable, provides the best-quality product,
inimises time delay ( Solanki et al., 2016 ; Igoulalene et al., 2015 ;

ima et al., 2013 ; Gao et al., 2008 ; Xiao and Wei, 2008 ; Feng, 2012 ;

hang, 2008 ) and utilises outsourcing management ( Wan et al.,

015 ). 

On the other hand, MCDM techniques are strategies for eval-

ating services and providing support decision to the manage-

ent of the transportation to manage road safety, public transport,

orts and overseas oil–gas transport through a scientific method

o obtain the optimal possible solution ( Celik et al., 2013 , 2009 ;

uang et al., 2015 ; Bao et al., 2012 ). R&D management ( Li, 2013 ;

ollan and Luukka, 2014 ) and MCDM are also used by companies

n managing and developing structures that lead to their success

 Kelemenis and Askounis, 2009 ) and determining the application

f GM ( Mittal and Sangwan, 2014 ). MCDM can be used in electric

ower management, risk reduction and safety maintenance ( Guo-

ei et al., 2009 ). 

The management of most projects is difficult and involves risk

ecause they contain many actions related in a complex way.

herefore, many network techniques must be developed to identify

he CP, which locates project fulfilment time. In fact, once the CP is

dentified, project managers can concentrate on it to control time

nd costs and efficiently allocate resources under the supposition

hat activities with short allowable delay are the most dangerous

nes ( Zammori et al., 2009 ; Haleh et al., 2010 ). 

.1.3.1. Benefits related to the use of MCDM in evaluation problems.

CDM is a powerful method that is commonly utilised to solve

he evaluation problems that involve various and typically incon-

istent criteria ( Mao et al., 2015 ). Thus, evaluating product devel-

pment and product line becomes increasingly difficult, and un-

ertain information increases. Thus, evaluating MCDM is necessary

 Pei, 2013 ; Geng et al., 2010 ). Moreover, the development of tech-

ology, science and economy leads to increased uncertainties in-

olved in project management. Thus, evaluating project risk is a

rucial task ( Guo and Zhang, 2009 ). 

The evaluation process must be conducted to enhance quality

 Li and Zhao, 2014 ; Espinilla et al., 2012 ). The objective is to sup-

ort DMs in the evaluation process by presenting different options

 Cables et al., 2012 ). In several branches, such as scientific jour-

als and research evaluations ( Li and Zhao, 2014 ), quality of service

 Benitez et al., 2007 ) and patient safety ( Wang and Chou, 2015 ),

CDM is effective, and the evaluation result can be used by man-

gers as a benchmarking tool ( Benitez et al., 2007 ; Gou et al.,

017 ) and for evaluating suppliers on the basis of their perfor-

ance ( Osiro et al., 2014 ). 

.1.3.2. Benefits related to the use of MCDM in selection problems.

he important aim of MCDM is to select an improved substitute

rom a set of alternatives on the basis of a set of criteria and help

anagers make decisions; thus, it is widely used in the selection

roblem ( Xu and Chen, 2007 ; Chen and Niou, 2011 ; Krohling and

ampanharo, 2011 ; Fan and Feng, 2009 ; Vahdani et al., 2011 b).

CDM is also one of the most researched topics in recent years

 Tian et al., 2010 ). It is used to solve the selection problem in many

opics and is combined with fuzzy methods, such as supplier selec-

ion ( Hu et al., 2015 ; Kar et al., 2014 ; Xie et al., 2016 ; Liao and

ao, 2011 ; Bai et al., 2014 ; Bandyopadhyay, 2016 ; Wood, 2016 ;

iyigena et al., 2012 ; Guo et al., 2010 ), new product design se-

ection ( Özdemir et al., 2010 ; Aikhuele and Turan, 2016 ) or eval-

ating remanufacturing product design ( Wang and Chan, 2013 ),

ptimal location selection ( Senvar et al., 2016 ; Mokhtarian et al.,

014 ; Zhou et al., 2012 ; Chou and Chang, 2009 ; Simi ́c et al.,

013 ), qualified human resources selection ( Kelemenis and Askou-

is, 2010 ; Perez et al., 2012 ), engineering design material selec-

ion ( Vinodh and Girubha, 2013 ; Liao, 2015 ), suitable robot selec-

ion ( Rashid et al., 2014 ), most energy-efficient network selection
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 Chamodrakas and Martakos, 2012 b), vessel selection ( Yang et al.,

011 ), ranking renewable energy alternatives ( Gumus et al., 2016 ),

eapon system selection ( Yang et al., 2014 ), software selection

 Lingyu et al., 2009 ), production strategy selection ( Chang and

seng, 2008 ) and technology selection ( Wan et al., 2016 b). Portfolio

heory is considerably used in the economic and financial sectors

 Yang and Liu, 2016 ; Khalili-Damghani and Sadi-Nezhad, 2013 a). 

.2. Open challenges and issues 

This section explains all the open challenges and researchers’

ssues that were collected from the related literature. These chal-

enges include those related to MCDM methods and DMs; chal-

enges from SCM, the selection problem, evaluation and the energy

roblem; and other challenges encountered by researchers in this

eld. 

.2.1. Challenges related to MCDM methods 

In real-world problems, the most important challenges that

esearchers encounter in MCDM methods include (1) unquan-

ifiable information, (2) incomplete information, (3) unobtain-

ble information, (4) uncertain information, (5) partial igno-

ance, (6) ambiguous information and (7) vague information.

Ms use linguistic terms and cannot determine the weight in

eal numbers. Therefore, the problems that include this informa-

ion cannot be solved easily. Numerous researchers have men-

ioned this challenge ( Wang et al., 2007 ; Mishra, 2016 ; Xu and

hang, 2013 ; Huang and Peng, 2012 ; Chen, 2011 ; Lee et al., 2014 ;

hamodrakas et al., 2011 ; Vahdani et al., 2013 ; Hatami-Marbini

t al., 2013 ; Vahdani et al., 2011 b; Xu and Chen, 2007 ; Bai et al.,

014 ; Wang and Qin, 2008 ; Hatami-Marbini and Kangi, 2017 ;

ao et al., 2015 ; Li and Zhang, 2009 ; Dymova et al., 2015 ;

amri and Abdullah, 2013 ; Chamodrakas et al., 2009 ; Pei, 2015 ;

an et al., 2015 ; Kahraman et al., 2007 ; Wan et al., 2016 b;

hen et al., 2010 ; Liu and Chang, 2010 ; Niyigena et al., 2012 ;

aakob and Gegov, 2015 ; Mammadova and Jabrayilova, 2015 ;

ang et al., 2015 ; Khalili-Damghani et al., 2013 ; Huang et al., 2010 ;

üyüközkan and Güleryüz, 2015 ; Wood, 2016 ; Kelemenis et al.,

011 ). Moreover, many scholars have discussed the challenges

n losing data when converting expert opinions from linguistic

erms to fuzzy numbers or in the aggregation processes or when

nifying heterogeneous information. This situation leads to inac-

urate results ( Dymova et al., 2015 ; Gou et al., 2017 ; Hatami-

arbini and Kangi, 2017 ; Niyigena et al., 2012 ; Chu and Liu, 2014 ;

an et al., 2016 c; Yang et al., 2011 ; Khalili-Damghani and Sadi-

ezhad, 2013 a). The vagueness of expert opinions indicates that

eal numbers cannot be used to represent such opinions. Thus,

istance measurement must be used in selecting PIS and NIS.

any scholars also mentioned a challenge with distance mea-

urement in FTOPSIS ( Wang et al., 2014 ; Aghaie et al., 2011 ;

iyigena et al., 2012 ; Ran et al., 2008 ; Mehlawat and Gupta, 2015 ;

uxun, 2010 ). Another new challenge in credibility theory is the

uzzy variables based on the credibility measure ( Pei, 2015 ) and

he similarity measurement between fuzzy sets ( Haleh et al., 2010 ;

iyigena et al., 2012 ). The aggregation process in the TOPSIS

ethod and other extended methods has problems that affect the

anking results ( Chamodrakas et al., 2009 ; Chamodrakas et al.,

011 ; Gou et al., 2017 ; Wan et al., 2016 a, 2016 c). The indepen-

ent criterion is also a challenge in MCDM and requires further

esearch ( Baykaso ̆glu and Gölcük, 2015 ; Yang et al., 2011 ; Joshi and

umar, 2016 ). The type-2 fuzzy set used with the TOPSIS

ethod has several drawbacks and limitations ( Dymova et al.,

015 ; Chen and Hong, 2014 b). Furthermore, when the IVFS

s used to represent a subjective judgment, covering the en-

ire range may be a major challenge. The results will be in-

ccurate ( Rong and FAN, 2009 ), thereby complicating the de-
ermination of the precise membership degree for each ele-

ent of the fuzzy sets by using a number in the interval [0–

, ( Mokhtarian et al., 2014 )], and the membership status in IFS

s determined ( Rong and FAN, 2009 ; Wan et al., 2016 c). The

VIFN disregards interval hesitation degree ( Wan et al., 2016 c),

nd the implication of inclusion between IVIFNs is unclear

 Yue, 2016 ). Fuzzy set theory has a limitation in the decision-

aking process because a single membership degree provides

nadequate information about uncertainty ( Geng et al., 2010 ). Find-

ng the optimum decision when working with a decision-making

roup is difficult because of the differences in the knowledge be-

ween the decision makers. Furthermore, aggregating the opinion

f experts affects the weight of the criteria that lead to an ef-

ect on the final decision ( Geng et al., 2010 ; Zhang et al., 2010 ;

an et al., 2016 b). Moreover, the large amount of math involved

ay inhibit workers in this field who do not have in-depth knowl-

dge of mathematics ( Yang et al., 2011 ). The principle that the op-

imal alternative is the closest to the ideal solution and simultane-

usly the farthest to the negative solution may also be contradic-

ory ( Chamodrakas et al., 2009 ). A weakness of the classic FTOP-

IS is the difficulty in recognising the optimum selection when

wo or more alternatives have the same distances from the PIS

nd NIS ( Li and Chou, 2014 ). FTOPSIS is not concerned with the

elative importance of distances between PIS and NIS with re-

ard to the reference points ( Li et al., 2010 ). In addition, FTOP-

IS cannot solve fuzzy MCGDM because the divergent views of ex-

erts cannot determine the degree of membership ( Li et al., 2010 ;

an et al., 2016 b; Zhang et al., 2009 ; Joshi and Kumar, 2016 ),

nd the existing aggregation methods cannot solve the heteroge-

eous MCGDM problems ( Wan et al., 2016 c). Another challenge is

ranslucence, in which existing TOPSIS methods have low translu-

ence and are therefore unable to track the performance of bene-

t and cost criteria ( Yaakob et al., 2016 , 2017 ). Several researchers

entioned zero problems in which the alternatives in certain sit-

ations cannot be ranked ( Chen et al., 2016 ; Yang et al., 2011 ).

he main drawback of traditional TOPSIS is ranking abnormality

 Feng et al., 2016 ). The difficult discrimination between multiple

ariants of TOPSIS is another challenge ( Madi et al., 2015 ). Further-

ore, existing FTOPSIS methods are mostly afflicted by the lack of

reservation of the fuzziness up to the end of the calculation pro-

ess ( Hatami-Marbini and Kangi, 2017 ). Moreover, DMAGDM prob-

ems and the process of solving them pose difficulties to MCDM

ethods ( Su et al., 2011 ). Handling FMCDM problems is based on

nterval type-2 fuzzy sets ( Chen and Lee, 2010 ) or fuzzy preference

elations ( Chen and Niou, 2011 ). The removal of the dismissed at-

ributes, especially in large and complicated problems, is also a

onsiderable challenge because not all the attributes are neces-

ary to find the final decision ( Pei, 2013 ), represent the ideal and

nti-ideal solutions used as minimum and maximum values and

valuate the criteria of the values that may not cover all possi-

le packages to be evaluated ( Roszkowska and Wachowicz, 2015 ).

nother challenge is finding an optimisation model on the basis

f the maximising deviation method, which can utilise and deter-

ine the weight of attributes and calculate the relative closeness

f each alternative to the hesitant PIS ( Xu and Zhang, 2013 ). A rel-

tive closeness for each alternative offers only one possible solu-

ion to an FMCDM problem but cannot reflect the whole picture of

ll possible solutions for this problem ( Yang et al., 2011 ). A seri-

us problem may also arise from the analysis process of subjective

udgments concerning appraisal behaviours and errors of positive

r negative leniency ( Chen, 2011 ). Fuzzy extent analysis has sev-

ral issues, such that the technique cannot completely utilise all

uzzy comparisons of the matrix information and the allocation of

n illogical zero weight to certain useful decision criteria. This pro-

ess may achieve improper decisions ( Wang et al., 2015 ). Diverse

pinions from stakeholders in decision making ( Sadr et al., 2015 )
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and solving MCDM problems under the interval-valued intuition-

istic fuzzy environment are also a problem for MCDM methods

( Wang et al., 2011 ). In addition, challenges encountered by several

researchers are the focus of this study, but this challenge is not the

optimum approach to ranking fuzzy numbers ( Wan et al., 2016 a).

Another challenge is transforming MCDM problems with triangu-

lar fuzzy interval-valued weight and indexes into MCDM problems

( Fu, 2008 ). The analysis of the performance of the resulting sys-

tem is frequently difficult given limited knowledge ( Mehlawat and

Gupta, 2015 ). Most MCDM techniques do not manage the end-

user attitude, which may be a major factor in decision making

but depends only on the subjective weights of DMs ( Wang and

Lee, 2009 ). Most fuzzy linguistics are defined only on one side,

which is a positive fuzzy number ( Zamri and Abdullah, 2013 ). The

present study discusses the challenges of transforming complex

reasoning into a simple mathematical calculation ( Guo-wei et al.,

2009 ). 

4.2.2. Challenges related to decision makers 

In the related literature, many challenges were encountered by

DMs, which are presented in this section. 

In this study, the approaches do not consider the degree of ef-

fect of DMs. This problem is crucial because the results can change

( Yaakob and Gegov, 2015 ). In many real-world problems in deci-

sion making, DMs provide their preferences for each alternative.

The preference information provided by DMs is generally vague

because the socioeconomic environment is complex, and uncer-

tainty and ambiguity in DM preferences may exist considering the

time pressure in making the decision, the lack of knowledge or

data or the incomplete attention and information processing ca-

pacities of DMs ( Wei and Shengbao, 2008 ; Park et al., 2011 ; Khalili-

Damghani and Sadi-Nezhad, 2013 a; Khalili-Damghani et al., 2013 ;

Mishra, 2016 ; Li et al., 2016 ; Tao et al., 2015 ; Wan et al., 2015 ;

Wang and Xu, 2010 ; Tian et al., 2010 ; Madi et al., 2015 ). Moreover,

DMs cannot express their evaluations through a single linguistic

term because of ignorance and incomplete information ( Jiang et al.,

2011 ). An important problem related to DMs but is disregarded

in the decision-making process is the reliability of the informa-

tion and the experience of DMs ( Yaakob and Gegov, 2015 ). Another

challenge is that DMs focus on the technical index but disregard

the project cost, thereby leading to high project costs ( Xie et al.,

2016 ). The external pressures of shareholders on the DMs may

also affect the latter’s opinions ( Celik et al., 2009 ). Redundant cri-

teria may also cause considerable unnecessary burden on DMs

( Pei, 2013 ). 

GDM is a decision-making problem category in which multi-

ple DMs work together to analyse problems, evaluate alternatives

and select the optimum solution from the available alternatives. In

most real-world problems, DMs may not be eligible to offer pref-

erences for alternatives to a certain degree given the absence of

the exact or sufficient level of knowledge related to the problem

or the difficulty of evaluating the alternatives. Moreover, different

perspectives of DMs contribute to the problem of aggregating var-

ious opinions ( Yue, 2016 ; Aloini et al., 2016 ; Yue and Jia, 2015 ;

Khalili-Damghani and Sadi-Nezhad, 2013 b; Geng et al., 2010 ). Het-

erogeneous MCGDM problems are also complex and interesting in

real-world applications of decision making ( Li et al., 2010 ). The so-

lution to the problem of consensus reaching and its related GDM

has been discussed ( Gołu ́nska et al., 2014 ). Obtaining appropriate

weights is also difficult, and weights are typically different for each

standard despite teamwork, given the different experiences and

scientific visions of the evaluators and other factors that lead to

varying weights ( Li and Zhao, 2014 ). The evaluation of alternatives

on each criterion is problematic for DMs given the diversity and

incommensurability of the outsourcing criteria ( Wan et al., 2015 ). 
.2.3. Challenges of the SCM 

A difficult task in management is decision making, that is, se-

ecting the optimum alternative among a set of alternatives which

ay include certain contradictory and incommensurable criteria.

he continuing development of society and economy has led to

hanges in decision environments ( Yue and Jia, 2015 ). The most

mportant issue in MCDM is SCM. In related literature, numer-

us studies have been conducted to solve this problem. Many fac-

ors represent a challenge in managing SC risks ( Zhang, 2008 ).

he current complexity of SC activities necessitates organisation

nd coordination between SC companions to exploit efficiency,

hich is considered by experts as a major SC coordination problem

 Igoulalene et al., 2015 ). The selection problem is the most impor-

ant issue in the SC problem, which is explained in detail in the

ext section. 

.2.3.1. Challenges of the selection problem. The supplier selection

roblem, such as the selection criteria, is an issue that requires

urther research. In the literature, numerous criteria are used and

nused by every organisation ( Bandyopadhyay, 2016 ). Moreover,

any factors affect the process, and the qualitative and quanti-

ative weights make the selection of the optimum alternative a

omplex and challenging task ( Vahdani et al., 2013 ; Singh and

enyoucef, 2011 ). The selection problem based on uncertain infor-

ation is a complex task ( Wang et al., 2007 ). 

In the related literature, many studies have been conducted to

olve the selection problem in different ways. The selection pro-

ess is generally applied to several problems containing numerous

ncertainties ( Ervural et al., 2015 ), such as NPD ( Kahraman et al.,

007 ), human resources ( Kelemenis et al., 2011 ; Polychroniou and

iannikos, 2009 ), supplier selection ( Lima et al., 2013 ; Hu et al.,

015 ; Liao and Kao, 2011 ; Osiro et al., 2014 ; Solanki et al., 2016 ;

iao and Wei, 2008 ; Kar et al., 2014 ; Feng, 2012 ; Guo et al.,

010 ), robot selection ( Rashid et al., 2014 ), optimum combat re-

ponse selection ( Krohling and Campanharo, 2011 ), IT selection

 Kelemenis and Askounis, 2010 ; Wang and Lee, 2009 ; Chang and

seng, 2008 ; Gao et al., 2008 ), water management ( Sadr et al.,

015 ; Minatour et al., 2015 ), project selection ( Yeh et al., 2009 ;

halili-Damghani and Sadi-Nezhad, 2013 b), service of quality

 Benitez et al., 2007 ; Feng et al., 2016 ; Chamodrakas and Mar-

akos, 2012 a), fuel bus selection ( Vahdani et al., 2011 b), mate-

ial selection ( Yang et al., 2017 ; Vinodh and Girubha, 2013 ), port-

olio selection ( Yang and Liu, 2016 ), weapon system selection

 Yang et al., 2014 ), personal selection problem ( Perez et al., 2012 )

nd team member selection ( Kelemenis and Askounis, 2009 ). A

hallenging and famous type of MCDM problems that include

uantitative and qualitative criteria is facility location selection

 Mokhtarian et al., 2014 ; Zhou et al., 2012 ; Chou and Chang, 2009 ;

envar et al., 2016 ) and automated guided vehicle selection prob-

em ( Sawant and Mohite, 2009 ). 

.2.4. Challenges with the evaluation problem 

In MCDM, an important issue is the evaluation process, which

s a complex problem ( Ervural et al., 2015 ; Run-qi, 2008 ). Current

valuation methods based on ambiguous sets do not satisfy our

bjective of ensuring effectiveness and accuracy ( Geng et al., 2010 ).

oreover, the researchers used MCDM to evaluate different prob-

ems, with the main challenge being the evaluation of sets with

ncertain information ( Cheng and Lin, 2012 ). Studies have used

valuation to solve problems, such as patient safety evaluation

 Wang and Chou, 2015 ), customer evaluation ( Chamodrakas et al.,

009 ), supplier evaluation ( Osiro et al., 2014 ), project risk evalua-

ion ( Guo and Zhang, 2009 ; Ramezani and Lu, 2012 ), mobile phone

valuation ( Büyüközkan and Güleryüz, 2015 ) and bidding process

reparation ( Cui and Yang, 2009 ). The evaluation process also has
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ertain issues when working with GDM. The first issue is to de-

ermine a set of appropriate weight multi-criteria that evaluates

 group of DMs with a frequently difficult job. The determination

f random weights for criteria by using subjective term judgments

ill increase subjectivity and decrease decision accuracy. The sec-

nd issue is reaching an effective collective consensus from differ-

nt provisions of two evaluators ( Li and Zhao, 2014 ). The prob-

em is managing multi-criteria to evaluate the reuse of a build-

ng for residential living, retail, training centres or other purposes

 Tan et al., 2014 ). Finally, an evaluated alternative can receive high

cores when the reported capabilities are greater than the objec-

ive criteria ( White and Chandrasekar, 2017 ). 

.2.5. Challenges with the energy problem 

Studies that discussed the energy problem and the solutions

o these problems through MCDM methods are found in the re-

ated literature. The energy problem has several issues, such as en-

rgy security, environmental sustainability and economic competi-

iveness ( Gumus et al., 2016 ; Chamodrakas and Martakos, 2012 b;

uo-wei et al., 2009 ; Krohling and Campanharo, 2011 ; Li and

hou, 2014 ). Processing uncertain data and human judgment

n this problem is difficult ( Krohling and Campanharo, 2011 ;

umus et al., 2016 ). In addition, many studies are subjected to

ignificant uncertainties given sector aggregation, linearity assump-

ions and uncertainties, which are not sufficiently integrated with

 fuzzy MCDM model alone ( Gumus et al., 2016 ). 

.2.6. Other challenges 

In this section, we present several challenges that the re-

earchers have attempted to solve but still required additional

olutions, such as fuzzy group problems, which represent the

ierarchical structure for DM preferences on the fuzzy prior-

ty of goals and their associated fuzzy aspiration levels ( Khalili-

amghani et al., 2013 ). The danger of floods and the destruc-

ion they cause to human lives and economic losses ( Lee et al.,

014 ) and the rapid growth in the traffic sector and public trans-

ort, especially road transport and road safety problems, are also

iscussed ( Bao et al., 2012 ; Celik et al., 2013 ). A problem with

valuation was discovered in this study ( La Scalia et al., 2011 ).

he determination of the distribution of the completion time of

 project is difficult and frequently inapplicable ( Zammori et al.,

009 ). Similar plans lead to a decrease in the benefits of market-

ng strategies ( Benitez et al., 2007 ). In R&D projects, the challenge

s profitability-based assessment of financial projects, which refers

o the difficulty of estimating the size and timing of future project

ash flows; project ranking is also a real problem for companies

 Collan and Luukka, 2014 ). Furthermore, the risks of IT projects

ust be considered and quantified. However, risks cannot be ex-

ctly expressed by real numbers ( Xing et al., 2009 ). A promising

hallenge in the OI paradigm is, in fact, building cross-enterprise

rocesses to leverage internal strengths with partner competen-

ies and knowledge to provide new/superior products/services, re-

uce risk and possibly open new market segments ( Aloini et al.,

016 ; Crispim and De Sousa, 2009 ). The corporate survival pat-

ern is a major reason for the decline in technological innovation

 Cheng and Lin, 2012 ). Many barriers to implementing GM have

een identified ( Mittal and Sangwan, 2014 ). 

.3. Recommendations 

To support and extend research in the future, additional study

ssues must be explored. This section presents all the recommen-

ations extracted from the related literature. 

.3.1. Recommendations to researchers 

The recommendations to researchers were classified into two

ranches, namely, the recommendation to researchers in general
nd to governments and managers. The former can be classified

urther into recommendation as limitations in many articles in the

elated literature and other recommendations to researchers. 

The recommendations to researchers are presented in MCDM

nder a fuzzy environment. Many researchers have claimed that

he proposed method in their studies was flexible and could be

asily applied to other MCDM problems. This claim is a recommen-

ation for researchers to use the proposed method in these stud-

es in future works. The modified FTOPSIS method has been pre-

ented in their studies and applied to the case study, but it could

e used for other fields to make the optimum decision; these fields

nclude engineering and management, business problems and hu-

an resources. Examples of such applications include project se-

ection, production line evaluation, NPD, supplier selection and

ocation selection problems when available data are inexact,

ague, imprecise and uncertain in nature ( Vahdani et al., 2011 a;

aykaso ̆glu and Gölcük, 2015 ; Mishra, 2016 ; Polychroniou and

iannikos, 2009 ; N ̆ad ̆aban et al., 2016 ; Mokhtarian et al.,

014 ; Chen, 2011 ; Krohling and Campanharo, 2011 ; Liao and

ao, 2011 ; Park et al., 2011 ; Chamodrakas et al., 2011 , 2009 ;

umus et al., 2016 ; Yue and Jia, 2015 ; Xing et al., 2009 ; Chang and

seng, 2008 ; Büyüközkan and Güleryüz, 2015 ; Wang et al., 2014 ;

ammadova and Jabrayilova, 2015 ; Lingyu et al., 2009 ; Xu and

hang, 2013 ; Li and Chou, 2014 ; Vahdani et al., 2013 ; Khalili-

amghani and Sadi-Nezhad, 2013 b; Su et al., 2011 ; Li et al.,

010 ; Bai et al., 2014 ; Khalili-Damghani and Sadi-Nezhad, 2013 a;

an et al., 2016 b; Fu, 2008 ; Xiao and Wei, 2008 ; Kar et al., 2014 ;

zdemir et al., 2010 ; Pei, 2013 ; Wang and Qin, 2008 ). The re-

earchers suggested using MCDM in the future when facing one

f the aforementioned problems. 

In this study, the proposed approach is recommended to mea-

ure the quantitative parameters ( La Scalia et al., 2011 ). More-

ver, several researchers recommended using another type of fuzzy

et in their approaches or applied the same type of fuzzy set to

olve other problems ( Tao et al., 2015 ; Hu et al., 2015 ; Yang et al.,

011 ; Igoulalene et al., 2015 ; Wan et al., 2015 ; Senvar et al., 2016 ;

i et al., 2009 ; Osiro et al., 2014 ; Fu, 2008 ; Kar et al., 2014 ;

udnik and Kacprzak, 2017 ; Yue and Jia, 2015 ; Wan et al., 2016 c).

n the current study, two changes in the algorithm of Hwang are

ntroduced. Firstly, normalisation was removed because it was un-

ecessary, and all the values were measured within the same rank.

econdly, the imaginary alternatives that conform to the vocabu-

ary terms were introduced ( Cables et al., 2012 ). 

Several studies also recommended comparing Hwang’s ap-

roach with other MCDM methods or applying other meth-

ds, such as AHP, ELECTRE III, PROMETHEE II, VIKOR, ANP

 Kelemenis et al., 2011 ; Senvar et al., 2016 ; Liao, 2015 ;

elemenis and Askounis, 2010 ; Yang et al., 2014 ; Perez et al.,

012 ; Hatami-Marbini and Kangi, 2017 ; Dammak et al., 2015 ;

hamodrakas and Martakos, 2012 a; Aloini et al., 2016 ) and fuzzy

ierarchical TOPSIS ( Kahraman et al., 2007 ; Bao et al., 2012 ), or

ggregating it with other methods ( Collan et al., 2015 ). Another

tudy recommended comparing the impact of distance measures

n MCDM methods ( Dammak et al., 2015 ). In the present study,

he recommendation is to perform benchmarking with other ports

 Celik et al., 2009 ). 

In the future, the application of the Takagi–Sugeno technique

an be explored ( Lima et al., 2013 ). Another future research can

ocus on the values of hybrid criteria under a fuzzy environ-

ent in the location selection problem ( Rao et al., 2015 ) and on

uilding an electronic negotiation system ( Roszkowska and Wa-

howicz, 2015 ) that can focus on discovering the possibility of

sing alternative fuzzy set design methods ( Madi et al., 2015 ).

his study can help in modelling uncertainty in real-world prob-

ems. The method must be developed properly under a fuzzy en-

ironment ( Khalili-Damghani and Sadi-Nezhad, 2013 b). Another
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recommendation is to combine qualitative and quantitative meth-

ods to solve additional decision problems in a fuzzy environment

in a scientific and rational manner ( Hu et al., 2015 ). In addition,

this study recommends using demographic characteristics not ap-

plied to the assessment process for different countries, transport

systems and/or number of respondents ( Celik et al., 2013 ). An-

other recommendation is to study hotel evaluations ( Benitez et al.,

2007 ). Another study recommends improving new generalised ge-

ometric aggregation operators of TIFNs in the decision analysis

field ( Wan et al., 2016 a). In the future, various information con-

tents can be integrated to find a rich and accurate user profile

( Mao et al., 2015 ). Other suitable MCDM methods can also be used

to improve this method by utilising other attributes because, in

this method, different criteria are involved in determining the most

similar fuzzy number to the required fuzzy number. This finding

indicates that this approach can use other criteria ( Haleh et al.,

2010 ). In the future, studies on distance measurement can mod-

ify this method to other hybrid approaches ( Hatami-Marbini et al.,

2013 ). This study has opened paths for additional applications of

credibility theory and hybrid methods in the COTS product selec-

tion problems ( Mehlawat and Gupta, 2015 ). Further improvements

to this method can be used to create various mathematical pro-

gramming models, such as fuzzy goal programming and dynamic

programming ( Ervural et al., 2015 ). This study also recommended

working on several evaluation methods with simple ideas, unpre-

tentious operations and well-founded treatment ( Yue, 2016 ). In the

future, this approach will be implemented and analysed in de-

veloping and developed financial markets after the financial cri-

sis ( Yaakob et al., 2017 ). Another study recommended applying

other types of fuzzy sets in this approach ( Li and Zhang, 2009 ).

As a future direction, for different countries, transportation sys-

tems and/or number of respondents, the demographic character-

istics, which are not used in the evaluation process, can be con-

sidered ( Celik et al., 2013 ). Additional research can be productive if

these considerations are regarded, and the results can be returned

to the same hotel in different seasons to determine customer sat-

isfaction with the quality of service ( Benitez et al., 2007 ). Another

research recommended using intuitionistic fuzzy variables in the

optimisation field and of intuitionistic fuzzy variables containing

more ambiguous information than that of normal fuzzy variables

( Pei, 2015 ), a method that is more practical and flexible ( Wan et al.,

2016 b). One research recommended an in-depth study of the deci-

sion matrix merits of FTOPSIS given the various weighting methods

for different criteria ( Collan and Luukka, 2014 ). Several researchers

recommended improving their methods, such as the evaluation cri-

teria and their fuzzy weight ( Zhou et al., 2012 ). 

The reason for considering DM preferences in assessing higher

vocational education development levels was verified ( Li et al.,

2016 ). Other recommendations were to produce integrated weights

by combining the objective and subjective weights ( Wang et al.,

2007 ; Singh and Benyoucef, 2011 ) and including the membership

degree for each class and extending the classification ( Walczak and

Rutkowska, 2017 ). Another recommendation was to develop the

optimisation of the membership function parameters to make it

better than the traditional one ( Zhang et al., 2009 , 2010 ). This

study also recommended further research to enhance the work ef-

ficiency of the buyers, save on social costs and achieve a mecha-

nism for developing an open software flat plan for buyers. Conse-

quently, buyers will be the most important research object in the

future. The inclusion of compelling and quantification indicators

into the decision is another research object ( Cui and Yang, 2009 ).

Another study recommended a precise study on the differences

in primary sets of the model and on clarifying other effects

( Wang and Chou, 2015 ). The proposed method requires further

study to verify its effectiveness in the future ( Li and Chou, 2014 ).

Another direction for future work is that the weight information
f DMs may also be a linear inequality-type information, which is

 difficult but promising research problem ( Xu and Chen, 2007 ).

nother recommendation is to improve the proposed methodol-

gy into a comprehensive material design system and increase

he knowledge acquisition for automation ( Yang et al., 2017 ). This

tudy recommended solving the problem on fuzzy ratings and

hat fuzzy weights must result in fuzzy relative closeness coeffi-

ients, not crisp numbers, which are implemented in this study

 Gao et al., 2008 ). The study recommended enhancing the pro-

osed method for use in synchronised design applications. More-

ver, the proposed method can be integrated with other modules,

f available, and will be most useful to modern design engineers

 Liao, 2015 ). This study suggests that several equations require ad-

itional details to aggregate the relative importance of every DM to

he aggregation process ( Kelemenis and Askounis, 2009 ). The au-

hors of this research also mentioned that the robustness and re-

iability of the proposed system must be checked, and the results

ust be compared with those of the traditional process ( La Scalia

t al., 2011 ). The use of a belief distance measurement as an al-

ernative optimisation in MCDM was recommended ( Jiang et al.,

011 ). Another recommendation is for the proposed method to un-

ergo further testing to enhance its practical importance, update

ata and improve continuously ( ̇Iç, 2012 ). Chen and Lee’s technique

as two drawbacks. Firstly, it provides an incorrectly preferred or-

er of the alternatives in several states. Secondly, the preferred

rder of the alternatives changes if other alternatives are added

 Chen and Hong, 2014 a). The results provide the PCB industry with

ew directions for future work to improve the general performance

f this method ( Cheng and Lin, 2012 ). The next objective is to im-

lement and analyse the performance of the approach in devel-

ping and developed financial markets during a post-crisis period

 Yaakob et al., 2017 ). The situation in which the approximate ele-

ent of a soft set cannot be provided with objective evaluations

s disregarded ( Tao et al., 2015 ). This study recommended modify-

ng the decision matrix and reflecting uncertain important weights

f DMs and criteria ( Ran et al., 2008 ). These studies recommended

ork in the areas because limited research was found in the lit-

rature ( Chu and Liu, 2014 ; Abd et al., 2014 ). This study recom-

ended that further studies are required to provide an easy-to-use

nd adjustable model that helps banks identify risks accurately ( ̇Iç,

012 ). In this research, the claim that fuzzy numbers can be gener-

ted by using the Rasch model was not only feasible but also cor-

ected the inexactness of fuzzy numbers ( Huang and Peng, 2012 ).

n this study, several theories about dual hesitant fuzzy sets were

ecommended for development ( Wang et al., 2014 ). Another rec-

mmendation is the use of FTOPSIS because it is simple and robust

n GDM ( Afful-Dadzie et al., 2015 ). 

Another type of membership was recommended because the

ype used in this study may not be suitable for many real-world

roblems ( Mehlawat and Gupta, 2015 ). Several studies recom-

ended that researchers use the type-2 fuzzy set in future work

ecause it is more flexible and involves more uncertainties than

ype-1 fuzzy sets ( Chen and Hong, 2014 a, 2014 b; Yaakob et al.,

015 ; Dymova et al., 2015 ; Zamri and Abdullah, 2013 ; Pei, 2013 ;

olanki et al., 2016 ; Pei and Zheng, 2010 ; Chen et al., 2016 ;

hen and Lee, 2010 ; Yaakob et al., 2017 ; Lee and Chen, 2008 ). 

.3.1.1. Recommendations as limitations of the research. This sec-

ion presents several limitations encountered by researchers in

he related literature. Certain researchers encountered limitations

ith the accuracy of data because the DMs determined a range

f imprecision in the experimental data. A wide range of im-

recision can deform the rating of the alternatives ( Rudnik and

acprzak, 2017 ; Hatami-Marbini and Kangi, 2017 ). Moreover, when

 group of experts is available, varying opinions may appear,

hereby resulting in intrinsic cognitive biases and subjectivity in
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valuating criteria weights. Such factors cause changes in the re-

ults ( Li and Chou, 2014 ; Büyüközkan and Güleryüz, 2015 ), and

airwise comparisons of DMs are constantly subjective decisions

 Wang et al., 2015 ). Therefore, the accuracy of decision information

nd the experience of experts still require improved integration

nto complex decision-making modelling processes ( Yaakob et al.,

017 ). Studies must also focus on the input data quality given

y the DMs ( Madi et al., 2015 ). Moreover, a limitation still exists

n these studies, in which hybrid criteria values cannot be used

 Rao et al., 2015 ). The proposed method must be improved to sup-

ort the situations of other information forms, such as numbers or

ntervals ( Fan and Feng, 2009 ). 

Several limitations are related to the number of criteria when

ncluding new ones, thereby indicating an exponential increase

n decision rules ( Osiro et al., 2014 ) and resulting in a selection

rocess that may be time-consuming and exhausting ( Gao et al.,

008 ). This research was also conducted based on a single com-

any and therefore cannot be circulated to other companies. It did

ot include the risk factors in SCs ( Zhang, 2008 ). Another lim-

tation is related to the time of data collection because several

tudies focused on the service quality in hotels, thus indicating

hat data collection is affected by seasons and, therefore, the re-

ult may change ( Benitez et al., 2007 ). This study has a limita-

ion in applying another type of fuzzy sets, such as triangular and

rapezoidal fuzzy number, and it applied the interval number only.

oreover, it has several limitations in programming ( Yue, 2016 ;

i and Zhang, 2009 ). The authors did not include related opera-

ions and economic factors ( Wang et al., 2015 ). This study has lim-

tations on the evaluation process of the higher vocational educa-

ion development level ( Li et al., 2016 ). Most studies also limited

he applications of fuzzy set theory to outranking potential suppli-

rs, excluding a qualification stage in the decision process in which

on-compensatory types of decision rules can be used to reduce

he set of potential suppliers ( Lima et al., 2013 ). In addition, the

eakness of this study is related to the fuzzy probabilistic orien-

ation of the alternatives, and the same orientation was performed

or the criteria ( Bandyopadhyay, 2016 ). 

.3.1.2. Other recommendation to researchers. In the literature, var-

ous papers claimed that the proposed method is simple, ef-

ective, feasible, useful and can help DMs in decision making

 Rong and FAN, 2009 ; Wang and Lee, 2009 ; Tian et al., 2010 ;

hang et al., 2015 ; Huang et al., 2010 ; Wei and Shengbao, 2008 ;

ang and Liu, 2016 ; Guo et al., 2010 ; Guo and Zhang, 2009 ; Run-

i, 2008 ; Liao, 2015 ; Xie et al., 2016 ; Joshi and Kumar, 2016 ;

i and Zhao, 2014 ; İç, 2012 ; Kelemenis and Askounis, 2009 ). It

s also a flexible and intelligent method for accurately presenting

xpert data ( Yaakob et al., 2015 , 2016 ; Yaakob and Gegov, 2015 ;

ee and Chen, 2008 ; Yaakob et al., 2017 ; Gołu ́nska et al., 2014 ).

he proposed method has better veracity, feasibility and ratio-

ality than the traditional TOPSIS ( Liu and Chang, 2010 ). Thus,

his study has a useful impersonation ( Lee et al., 2014 ). This ap-

roach can solve complex evaluation problems and is reliable for

roduct development ( Geng et al., 2010 ). DMs may consider ad-

itional information to make decisions accurately ( Wang et al.,

007 ). The proposed method can be used with quantitative pa-

ameters ( La Scalia et al., 2011 ). This method can also be used

o evaluate other MCDMs ( Wang and Qin, 2008 ). In the present

tudy, the proposed algorithm proved useful and exceeded the

riginal FTOPSIS ( Aghaie et al., 2011 ). The network attributes must

e denoted by linguistic terms, such as best and better ( Liu and

hang, 2010 ). This study claimed that, when different similar-

ty measures are applied, different rankings of suppliers are de-

ived from those obtained by the distance-based classical TOPSIS

 Niyigena et al., 2012 ). This study contended that the proposed

uzzy MCGDM method can overcome the disadvantages of Chen
nd Lee’s method ( Chen and Hong, 2014 a). In this work, results

how that the network-selected algorithm can select a suitable net-

ork for each service ( Feng et al., 2016 ). 

.3.2. Recommendations to governments and managers 

This section presents the recommendations found in the related

iterature to governments and managers. 

This study is useful for general managers and DMs because it

ompares fuzzy utilities in fuzzy decision problems ( Javadian et al.,

009 ). The present study is useful for hospital managers because

t can help them improve patient safety ( Wang and Chou, 2015 ).

oreover, this study can help hotel managers understand their rel-

tive ranking position and motivate them to increase their qual-

ty of service ( Benitez et al., 2007 ). The manufacturing managers

f machining centres must support the management of procure-

ent quality and quality control of fittings. Thus, the reliability of

heir factories can be increased ( Shen et al., 2010 ). This study rec-

mmended that the project manager must understand and analyse

ach task in the project, thereby enabling him/her to evaluate the

isk criteria ( Zammori et al., 2009 ). 

Several studies recommended that governments oblige organi-

ations to participate in advertising activities to promote the im-

ortance of environmentally friendly products. The governments

ust also invest in science and technology to support environ-

entally friendly products and develop environmental laws re-

uired to force the industry to invest in green technologies. The

nfrastructure of environmental law enforcement depends on gov-

rnments. Finally, governments must ensure that environmental

aws are implemented in all regions ( Mittal and Sangwan, 2014 ).

 study presented a method aligned with government require-

ents ( White and Chandrasekar, 2017 ). Another study recom-

ended enhancing tourism in East Asia ( Huang and Peng, 2012 ).

inally, a study recommended ways to enhance the ports in Turkey

 Celik et al., 2009 ). 

. Research synthesis 

A review of the academic literature published within the scope

f this article shows that most of the articles were extended ver-

ions of the original TOPSIS using different types of fuzzy mem-

erships. A more beneficial approach would be to look at different

ersions of TOPSIS, which addressed several issues in the original

orm ( Chen et al., 2011 ; Kuo, 2017 ). These articles handled several

ssues in the original form and produced a more reliable TOPSIS

pproach. 

The other observation is related to the usage of fuzzy classes

nd types of memberships. Our statistics show that the usage of

ype-1 fuzzy occupied a larger proportion of the published arti-

les in the academic literature as compared with type-2 fuzzy;

owever, type-2 fuzzy is more recommended because it produces

igher certainty than type-1 fuzzy. In addition, a high-dimension

uzzy corresponds to high certainty. However, more articles ex-

ended TOPSIS into a fuzzy environment by using triangular mem-

ership rather than trapezoidal membership. 

Finally, z-number or fuzzy complex number is utilised in one

rticle. Such limited attempts do not allow readers to conclude for

ertain whether this type of fuzzy is useful to extend TOPSIS or

ot. 

Given that TOPSIS is a widely used decision-making technique,

e still believe a reliable version of fuzzy TOPSIS or group fuzzy

OPSIS requires more intensive research, comparisons and bench-

arking process towards achieving this goal. 
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6. Limitations 

This study has several limitations. The first and most important

limitation of this work is related to the ScienceDirect database,

which cannot show more than 10 0 0 articles. The second limitation

is that an article from the WoS database could not be accessed.

However, our selected articles can provide an adequate amount

for our research topic. The third limitation is related to the rapid

growth in this field, which hardly allowed for any timeliness in the

survey. The last limitation emphasises that a snapshot of research

activity in this energetic direction of decision making does not re-

flect the reality of MCDM utilisation but reflects only the response

of our search in this direction, which is the objective of this study.

7. Conclusion 

An important and vital topic for research is decision making.

Research on this trend is continuing, and findings remain vague

and require further research, although extensive research is avail-

able. Information on this trend must also be obtained. This study

aims to contribute to such an understanding by inspecting and cat-

egorising related studies. From the different works, specific styles

can be drawn on the MCDM. These studies are generally classi-

fied into four categories, namely, type-1 fuzzy set, type-2 fuzzy set,

others and survey paper. An in-depth analysis of the final set of

studies can help recognise and describe the motivations and ben-

efits of this topic. The challenges encountered by the researchers

and the recommendations related to FMCDM have been discussed.

Results indicated the available types of fuzzy numbers used in

decision-making applications and the existing gaps in using such

applications in FMCDM. Researchers have identified issues and pro-

vided recommendations, including the use of fuzzy numbers with

MCDM. We also recommended using fuzzy numbers with MCDM

to solve vagueness and uncertainty in data because the subjective

judgment of experts cannot be easily determined using real num-

bers. Moreover, TOPSIS has encountered many problems that the

researchers can solve in the future. These problems may be solved

through normalisation and distance measurement techniques, and

the weight of criteria may affect the final selection and aggrega-

tion techniques. All these issues provide the researchers with cer-

tain reasons to conduct studies in this field in the future. This rec-

ommendation can solve challenges encountered by researchers in

MCDM. Insights have been provided in this systematic review, and

a summary of published studies about FMCDM has been presented.

Surveys of these studies may serve well as a reference for scholars

in this field. Scholars must continue and implement new studies

and learn FMCDM directions. At present, scholars are using FM-

CDM in different fields to solve many problems. 
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