Computers & Industrial Engineering 177 (2023) 109075

Contents lists available at ScienceDirect

Computers &
Industrial
Engineering

Computers & Industrial Engineering

FI. SEVIER

journal homepage: www.elsevier.com/locate/caie

t.)

Check for

Application of MADM methods in Industry 4.0: A literature review o

Wael Zayat®, Huseyin Selcuk Kilic?, Ahmet Selcuk Yalcin ", Selim Zaim ¢, Dursun Delen "

2 Department of Industrial Engineering, Faculty of Engineering, Marmara University, Aydinevler, 34840, Maltepe, Istanbul, Turkey

® Department of Industrial Engineering, Faculty of Engineering and Natural Sciences, Okan University, 34959, Tuzla, Istanbul, Turkey

¢ Department of Industrial Engineering, Faculty of Engineering and Natural Sciences, Istanbul Zaim University, Halkal, 34303, Kiigiikgekmece, Istanbul, Turkey
4 Department of Management Science and Information Systems, Spears School of Business, Oklahoma State, University, Stillwater, OK 74078, USA

¢ Department of Industrial Engineering, Faculty of Engineering and Natural Sciences, Istinye University, 34010, Zeytinburnu, Istanbul, Turkey

ARTICLE INFO ABSTRACT

Keywords:

Multi-criteria decision making (MCDM)
Multi-attribute decision-making (MADM)
Multi-objective decision-making (MODM)
Industry 4.0

Prescriptive Analytics

Decision Support

Industry 4.0 has received inordinate attention from the business as well as research communities. Along with the
development of Industry 4.0 applications and the diversity of potential alternatives, Multi-Attribute Decision
Making (MADM) techniques have been employed by researchers as systematic approaches to support the
decision-making processes. However, as the adoption of Industry 4.0 technologies requires considerable capital,
and as it is relatively difficult to identify the suitable MADM method for the decision-making process in certain
conditions, it becomes necessary to determine which components of Industry 4.0 are most commonly in demand
of MADM applications of decision making, and which MADM techniques are mostly preferred by researchers and
businesses for varied directions of Industry 4.0. Therefore, this study aims to provide a comprehensive review of
MADM methods and their applications for different components of Industry 4.0. A methodology, including a
review framework, is provided for the related analyses. The proposed framework includes analyses concerning
methods, subtopics, and bibliometry along with the related exploratory tables and figures. Finally, the trends and
research gaps are clearly stated to shed light on the further research areas taking into consideration different
challenges that can be encountered by researchers, along with a set of propositions to potentially overcome them.

1. Introduction

As a result of industrialization and globalization, technological de-
velopments have led to paradigm shifts widely known as industrial
revolutions (Lasi et al., 2014). Industry 4.0 is a term that was initially
introduced in 2011 at the Hannover Fair and the concept has spread in
various fields year by year (Vogel-Heuser and Hess, 2016). After the
introduction section, the term has been used mostly in high-tech projects
by the German state (Steiner, 2019). Industry 4.0 presents a technique
for developing a transition from machine-dominant production to digi-
tal production (Oztemel & Gursev, 2020). The 4.0 label implies that this
is the fourth industrial revolution in the world, the heir to three previous
industrial revolutions that created massive changes in productivity and
improved people’s lives all around the world (Davies, 2015). The key
principle of industry 4.0 is the development of “smart factories,” which
is mainly related to the cyber-physical systems (CPS) of the
manufacturing plants (Steiner, 2019). A smart factory is described as the

use of advanced digital technology innovations including “advanced
robotics and artificial intelligence; sophisticated sensors; cloud
computing; the Internet of Things (IoT); data capture and analytics;
digital fabrication (including 3D printing); software-as-a-service and
other new marketing models; smartphones and other mobile devices;
platforms that use algorithms to direct motor vehicles (including navi-
gation tools, ride-sharing apps, delivery and ride services, and autono-
mous vehicles); and the embedding of all these elements in an
interoperable global value chain, shared by many companies from many
countries” and these elements may be a connection between machine
and human (Geissbauer et al., 2016).

The rapid evolvement of Industry 4.0 technologies resulted in more
alternatives for businesses. The decision-making process for different
components of Industry 4.0 is a non-trivial problem and requires com-
plex control subsystems. As most of the real-life problems having various
and frequently conflicting criteria, objectives, and goals, Multi-Criteria
Decision Making (MCDM) methods play an important role in dealing
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with these problems in a systematic approach. There are two main parts
of MCDM. These are Multi Attribute Decision Making (MADM) and
Multi Objective Decision Making (MODM) methods. The main differ-
ence between them is the number of alternatives. There is a countable
number of alternatives within MADM methods. On the other hand, the
number of alternatives is infinite in MODM methods. There are more
than fifty methods under MADM (Watrobski et al., 2019) but not every
method can be used for solving every decision-making problem. MADM
models are used in different roles in the concept of Industry 4.0. For
instance, the AHP method, which is one of the remarkable MCDM
models, has been used by various researchers in the cloud computing
environment. Patiniotakis et al. (2013) and Kumar and Kumar (2016)
presented assessment systems for cloud service providers by employing
fuzzy AHP. Ramachandran et al. (2014) utilized the AHP method to
select a suitable cloud computing technology deployment model for an
academic institution. Moreover, using Fuzzy TOPSIS, Sohaib and
Naderpour (2017) evaluated the technological, organizational, and
environmental factors of public cloud computing service models in the
context of e-commerce. In the article of Yadav and Goraya (2018), AHP
was used to rank both cloud service providers and service requesting
customers. Saidi et al. (2019) proposed a deep supervised learning-
MCDM model using the ELECTRE III and ELECTRE TRI approaches for
energy consumption awareness in cloud computing. For the selection of
production simulation software in the Industry 4.0 environment,
Cafasso et al. (2020) employed an MCDM approach called Best Worst
Method (BWM). To effectually evaluate alternative technologies that
combine microelectromechanical systems with integrated circuits, Lee
et al. (2021) proposed an integrated approach using Fuzzy AHP and
Fuzzy VIKOR. Finally, in the paper of Sadreddini et al. (2021), a smart
reservation system is proposed that considers the behavior of electric
vehicle (EV) utilizers, the availability of parking spaces, and the state of
EV charge. They used AHP in their smart reservation system to consider
weighting the behavior of EV users.

Since the implementation of Industry 4.0 technologies requires
considerable capital, businesses have to select the best-fitting technol-
ogies amongst the available alternatives. This process can be risky and
requires an appropriate evaluation of all the options considering all the
criteria (Soni et al., 2022). Although there are many MCDM methods,
the characteristics of each method can be very different. Each method
has its advantages and disadvantages, and different results can be ob-
tained by applying different methods (Zardari et al., 2014). Therefore,
selecting the appropriate method for the decision-making process can be
very difficult (Bajec & Tuljak-Suban, 2019). Applying decision-making
methods for Industry 4.0 technologies makes the problem even more
challenging (Bai et al., 2020). First, there is a general lack of knowledge
regarding the real benefit of Industry 4.0 technologies because they are
relatively new. Second, the integration of these technologies with the
traditional production system adds more restrictions to the application
of Industry 4.0 technologies. Third, the performance of these technolo-
gies is associated with uncertainties due to the different contexts of
applications and the diversity of industries. Finally, Applying an un-
suitable method can lead to inaccurate decisions which might result in
spending a lot of money on unfitting technology.

So far, the literature has been quiet on addressing these challenges,
which made it a necessity to shed more light on the areas of Industry 4.0
where decision-making methods are most needed and to identify which
MADM methods are mostly implemented for each direction of Industry
4.0. Using the most-fitting MADM method can aid organizations in
further understanding and adopting Industry 4.0 technologies. Hence, a
systematic literature review methodology is applied to guide the re-
searchers as well as business practitioners to make the right decision and
reach the best outcome of applying MADM methods in the scope of In-
dustry 4.0 which is the main purpose of this literature review.

Due to the popularity of Industry 4.0 and MADM techniques, various
literature review studies have been provided by the literature for both
topics. Earlier review studies about the application of MCDM methods
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include supplier evaluation and selection (Ho et al., 2010; Chai & Ngai,
2020), green supplier selection (Govindan et al., 2015), and corporate
sustainability (Chowdhury & Paul, 2020). On the other hand, some of
the literature review studies about Industry 4.0 include the past, present,
and future of industry 4.0 (Liao et al., 2018), the related technologies
(Alcacer & Cruz-Machado, 2019; Oztemel & Gursev, 2020), industry 4.0
and lean manufacturing (Pagliosa et al., 2019) and the smart factory as a
key construct of industry 4.0 (Osterrieder et al., 2020). To the best of our
knowledge, there is not a literature review study about the application of
MADM methods in Industry 4.0, hence this study is the first attempt to
reveal the research gaps and future trends regarding the applications of
MADM methods in Industry 4.0. In addition, this study is important with
respect to classifying MCDM methods employed in the domain of In-
dustry 4.0 and being one of the first papers in this area to include sub-
ject, method, and bibliometric analysis with the clarification of trends
and research gaps.
The contributions of this systematic review are as follows:

e This research shows the trend of interest in MADM applications

within the scope of Industry 4.0 over the years.

This research provides information about which MADM methods are

most used by researchers for Industry 4.0 components and compares

the results obtained in different components.

This research specifically shows where MADM applications are most

needed within Industry 4.0.

This research highlights the appropriate MADM methods for each

Industry 4.0 component and demonstrates the link between a

particular component and a particular method.

e This research addresses the challenges researchers face and offers
recommendations for managing them.

The remainder of the study is organized as follows. Section 2 pro-
vides the research methodology utilized during the review process.
Theoretical background about MADM methods is provided in Section 3.
Section 4 includes the components of Industry 4.0. The review results
including MADM methods are presented in Section 5. Section 6 includes
the trends and research gaps including the challenges and the proposi-
tions to overcome them, and finally, the conclusion is provided in Sec-
tion 7.

2. Research methodology

The structure of this systematic literature review is constructed based
on the works of Lange & Pfarrer (2017) and Denyer & Tranfield (2009).
The methodology of Denyer & Tranfield (2009) has been implemented
in many other literature reviews in the fields of supply chain manage-
ment and big data analytics (Espadinha-Cruz et al., 2021; Ghadge et al.,
2012; Tachizawa & Yew Wong, 2014; Shayaa et al., 2018; Tukamu-
habwa et al., 2015) whereas similar methodologies are used in the
studies of Castellucci et al. (2020), Xavier et al. (2017), Zhang & Banerji
(2017), Zhao et al. (2019). The main framework of Denyer & Tranfield
(2009) consists of 5 main steps as shown in Fig. 1.

For the first step, research questions can guide the literature review
to show a clear direction toward the main objectives of the research. Our
main objective is to review the applications of MADM methods in In-
dustry 4.0 to understand the distribution of MADM applications for each
Industry 4.0 component. To this end, the following research questions
are proposed to show the main direction of the study as follows:

Q1I: What is the shape of the literature on applying MADM methods
for Industry 4.0?

Motivation for QI: Answering this question will show if the re-
searchers are interested in implementing MADM for Industry 4.0 ap-
plications. It will also show the trend of this interest over the years.

Q2: Which MADM classes and methods are mostly used for Industry
4.0 component applications?

Motivation for Q2: We already know that some MADM methods are
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Formulating research questions

Locating studies (database search, keywords
identification)

Study selection and evaluation (inclusion and
exclusion criteria to paper)

Analysis and synthesis

Reporting the results

Fig. 1. The review methodology.

more popular than others in general or in a particular field based on
other literature reviews (Kaya et al., 2018; Stojcic¢ et al., 2019; Yalcin
et al.,, 2022). Answering this question will give information on what
MADM methods are mostly used by researchers for Industry 4.0 com-
ponents and compare this result with the results obtained in different
fields.

Q3: Which Industry 4.0 components are mostly studied by re-
searchers with MADM methods?

Motivation for Q3: Obviously, researchers focus on some Industry 4.0
components more than others. This is probably due to the industry
needs. Answering this question will particularly show where exactly
MADM applications are needed the most.

Q4: Which MADM methods were frequently applied in a particular
Industry 4.0 component?

Motivation for Q4: Highlighting the favorable MADM methods for
each Industry 4.0 component might show a link between a particular
component and a particular method.

Q5: Which MADM methods are preferred to be applied together for
Industry 4.0 applications?

Motivation for Q5: It’s important to point out if two or three MADM
techniques are preferred to be used together.

Q6: What challenges can be encountered by researchers while
dealing with MADM applications in the domain of Industry 4.0?

Motivation for Q6: Addressing the challenges that are faced by re-
searchers and providing propositions to manage them will be very
important for future applications in this field.

As the second step, the search terms are determined both for Industry
4.0 and MADM as seen in Table 1. The intersections of these search
terms are looked for in either the title, abstract, or the keywords of the
articles in the Scopus database.

In the third step, several inclusion and exclusion criteria are applied
for the selection process. For inclusion criteria:

e Articles that include the intersection between the search terms of
Industry 4.0 and for MADM in their title, abstract, or keywords.

Table 1
Search terms for Industry 4.0 and MADM.

Industry 4.0 search terms MADM search

terms
Industry 4.0; Big data; Smart factory; Internet of Things; [oT; MCDM; MADM;
Cyber-Physical systems; Fourth industrial revolution; Smart MCDA

manufacturing; Cloud systems; Enabling technologies;
Augmented reality; Digital transformation; Digitalization;
Digitization
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e Articles that are written in English.
e Articles that are published before November 2021.

As for exclusion criteria, it includes:

e Articles that don’t focus on Industry 4.0 components.
o Articles that don’t apply or discuss MADM methods as a subject.
o Articles that don’t meet the inclusion criteria.

As seen in Fig. 2, the indexed papers resulting from the Scopus
database reached a total of 549 papers. After excluding 6 papers based
on language criteria and 205 based on topic, 328 papers were classified
and included in the analysis of this study.

In the fourth step, the analysis framework is determined. The
framework is based on three analyses. These are the method, topic, and
bibliometric analysis (journal & citation analyses, sector, corresponding
author country, keywords). For the fifth step, results are presented,
tabular and graphical analyses are provided, and the trends and research
gaps are presented.

3. Brief theoretical background about MADM methods

The MADM methods are divided into six groups including pairwise
comparison, distance-based, outranking, interaction-based, utility-
based, and other methods as illustrated in Fig. 3 (Yalcin et al., 2022).
Each group consists of various subgroups and methods.

The main characteristic of MADM methods is that there is a limited
number of alternatives in the decision-making problem. An interaction-
based method class is added to the classification provided in the study of
Kahraman et al. (2015). Brief information about each class is provided as
follows.

Pairwise comparison methods: This group is based on pairwise com-
parisons of the factors (criteria, alternatives) in the decision-making
process. The first and the most popular method of this class is Analytic
Hierarchy Process (AHP) which is proposed by Saaty (1980). The
problem is handled considering its hierarchy where the goal is at the top,
followed by the criteria in the middle, and alternatives at the very
bottom (Kilic et al., 2014). Besides its classical type, there are various
fuzzy versions of it including many applications (Kahraman et al., 2015).
Analytic Network Process (ANP), which is also proposed by Saaty
(2005), can be applied when there is dependency among factors. ANP is
the generalization of AHP method. Similar to AHP, ANP also has fuzzy
variations. However, instead of hierarchy, ANP has a network structure.
The third method is the Best Worst Method (BWM), which is proposed
by Rezaei (2015). This method employs relative importance ratios of
criteria in pairwise comparisons which are provided by a decision-maker
(DM) based on two assessment vectors: the best factor against the other
factor, and the other factor against the worst factor (Liang et al., 2020).
Besides the mentioned three methods, other pairwise methods will be
classified as “Other”.

Outranking methods: The outranking relation is implemented by
considering the superiority of one alternative over the other alterna-
tives. Dominance is defined by terms like “at least as good as” or “not
worse than” (Gong and Xu, 2006). ELimination Et Choice Translating
REality (ELECTRE), Preference Ranking Organization Method for
Enrichment Evaluations (PROMETHEE) and TODIM (an acronym in
Portuguese of Interactive and Multicriteria Decision Making) are the
three popular methods in this group. ELECTRE approach is based on
MAUT to increase effectiveness without influencing the result by
considering fewer data. It is a methodology that, in sequence, decreases
the number of alternatives (Chatterjee et al., 2010). The PROMETHEE
method is one of the most popular MCDA approaches suggested by Brans
(1982) and further developed by Brans & Vincke (1985). PROMETHEE
is an outranking approach for a limited range of alternatives to be sorted
and chosen from conflicting criteria. PROMETHEE is also a reasonably
easy sequencing method in design and implementation compared to
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6 documents were excluded based on language

215 documents were excluded based on topic

328 documents were analyzed including:
200 articles, 12 book chapter, and 116
conference papers

Fig. 2. The process of documents selection.

— MADM

PAIRWISE

- COMPARISON
METHODS

| | OUTRANKING 'ELECTRE, PROMETHEE,
METHODS { TODIM, OTHER

DISTANCE-BASED

METHODS : OTHER
TDEMATEL, GREY 777777
| | INTERACTION-  [:RELATIONAL ANALYSIS,
BASED METHODS |: CHOQUET INTEGRAL,
OTHER

UTILITY-BASED | WASPAS, SWARA,

METHODS : COPRAS, OTHER
VAXIOMATIC DESIGN, ™
L : DATA ENVELOPMENT
OTHER METHODS  ANALYSIS, SAW, WP,
(SMART... ...

Fig. 3. The classification of MADM methods.

other multi-criteria analysis methods (Behzadian et al., 2010). TODIM
method is a discrete multi-criteria method based on Prospect Theory.
The concept of presenting loss and gain expressions in the same multi-
qualified function present in TODIM’s formulation gives this method
some resemblance to PROMETHEE which uses the net outranking
concept. TODIM indeed bears a resemblance to outranking methods,
because the global value of each candidate is relative to its domination

over the other candidates in the set (Gomes et al., 2009).

Distance-based methods: In this group, the best alternative is chosen
considering the shortest distance to the ideal solution. TOPSIS (The
Technique for Order of Preference by Similarity to Ideal Solution),
VIKOR (VlseKriterijumska Optimizacija I Kompromisno Resenje), and
EDAS (Evaluation Based on Distance from Average Solution) are the
three prevalent methods in this group. TOPSIS is introduced by Hwang
& Yoon (1981) and developed by Yoon (1987). The most appropriate
alternative is specified based on the closeness to the ideal solution (Kilic
& Yalcin, 2021). VIKOR is used for discrete multi-criteria problem with
unmeasurable and conflicting criteria. It concentrates on sorting and
choosing from a range of alternatives and identifies compromise solu-
tions for a problem with conflicting criteria. EDAS employs an average
solution to evaluate alternatives. In this approach, two measures called
PDA (distance from the positive mean) and NDA (negative distance from
the mean) are taken into account for evaluation (Kahraman et al., 2017).

Interaction-based methods: If the factors in the decision-making
problem have effects on each other, interaction-based methods are
used. DEMATEL (The Decision-Making Trial and Evaluation Labora-
tory), GRA (Gray Relational Analysis) and Choquet Integral are the three
popular methods in this group. DEMATEL is developed based on graph
theory, allowing analyses and solving of problems by visualization
approach. This structural modeling method embraces the version of a
directed graph, a causal impact diagram, to introduce the interdepen-
dence relations and values of the effective influence between factors
(Lin, 2013). GRA explores the ambiguous relationships between one
fundamental driver and all other drivers in a system. Gray theory has
been utilized in a broad array of decision-making environments relevant
to engineering and industry (Rajesh & Ravi, 2015). Choquet Integral, in
order to find the best interaction, focuses not only on certain subjects but
also on their subsets. Choquet integral is a generalized version of the
weighted average method, the ordered weighted average method, and
the maximum-minimum operator (Xu & Xia, 2011).

Utility-based methods: As proposed by Mardani et al. (2017), the final
category is based on determining the utilities. Dissimilar approaches are
presented for MADM within the environment of multi-attribute utility
theory. Amongst the suggested methods, weighted total and weighted
product techniques are well recognized and broadly accepted. In order
to develop the precision of WSM and WPM, a weighted batch product
evaluation (WASPAS) approach using an aggregation operator in WSM
and WPM was introduced (Zavadskas et al., 2014). The step-wise weight
assessment ratio analysis (SWARA), which is another popular method is
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improved in 2010 and implemented to choose a rational dispute reso-
lution method. The fundamental attribute of the SWARA approach is the
probability to predict specialists or opinions of special interest groups
about the importance ratio of each criterion in the process of detecting
their weights (Zolfani & Saparauskas, 2014). The COPRAS approach
provides a solution with the ratio to the most appropriate solution. This
approach presumes a direct and proportional dependence on the
importance and degree of utility of the versions examined, on a system
of criteria that sufficiently identifies the alternatives, and on the values
and criteria weights (Yazdani et al., 2011).

Other methods: Out of the five determined groups, there are other
techniques such as Axiomatic Design, Data Envelopment Analysis
(DEA), Simple Additive Weighting (SAW), Weighted Product (WP), and
Simple Multi-Attribute Rating Technique (SMART).

4. Components of Industry 4.0

Industry 4.0 has attracted much attention in recent literature. The
adoption of Industry 4.0 technologies has been identified as a major
contributor in the context of digital and automated manufacturing en-
vironments (Kamble et al., 2018). However, there is no agreed list of
Industry 4.0 enabling technologies in the literature; scholars lack mutual
understanding and there are some inconsistencies among the different
literature domains (Fettermann et al., 2018; Riel & Flatscher, 2017). In
this paper, we focus on the main recognized components of Industry 4.0
which include:

e Cyber-Physical Systems (CPS): Cyber-Physical Systems (CPS) are
transformative technologies for the management of interconnected
systems between their computational capabilities and physical as-
sets. CPS generally comprises of three basic factors; sensors, actua-
tors, and controllers. These three factors help to decrease operating
costs and optimize data processing time. CPS is widely applied in
digital medical devices, aviation control, control technology, social
system, and autonomous system (Lee et al., 2015; Jamaludin and
Rohani, 2018).

IoT: As defined by Sezer et al. (2017): “IoT allows people and things to
be connected anytime, anyplace, with anything and anyone, ideally using
any path/network and any service”. Today, IoT is widely used in
different fields including healthcare, transportation, and the total
production system. A network connected to the internet using a
Thing-to-Thing, Thing-to-Human and Human-to-Human (Alcacer
and Machado, 2019).

e Smart Factory/Smart Manufacturing: In the age of Industry 4.0,
manufacturing innovation accompanies ICT integration such as the
IoT and Cyber-Physical System, transforming the traditional factory
into a smart factory. Smart manufacturing combines a variety of
technologies, including but not limited to cyber-physical
manufacturing systems, [oT, robotics/automation, big data ana-
lytics, and cloud computing, to realize the data-driven, connected
supply network vision (Thoben et al., 2017; Sheen and Yang, 2018).
Big Data: Industry 4.0 is a revolution toward the digital world of
digital factories and smart products. Big data is an integration of
multi-disciplinary technologies and facilitates customers by bringing
incredible services to a click. Many data experts define Big Data by
the five main characteristics. They are volume, velocity, variety,
value, and veracity which respectively refer to large amounts of data;
acquisition speed; diversity of data sources; possible valuation; and
uncertain data quality (Bailly et al., 2018; Khan et al., 2017).

Cloud Systems/ Cloud Computing: Cloud computing generates a vision
of a network-based environment for users, paving the way for the
sharing of computations and resources irrespective of the location. In
cloud computing, since cloud service providers keep their data cen-
ters in geographically distributed locations, which leads to various
security problems and threats, utilizers are not aware of the specific
location of their sensitive data. Among all these issues, data
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breaches, account hijacking, compromised credentials, and broken
authentication are identified as some of the top security threats that
need to be addressed (Subramanian and Jeyaraj, 2018).

e Augmented Reality: In recent years, augmented reality (AR) has been
widely applied in industrial areas and has been adopted efficiently
and practically, especially in maintenance, training, assembly, and
collaboration operations. AR technologies have been particularly
appreciated for their ability to improve the human perception of the
environment by superimposing additional computer-generated vi-
sual information on the user’s vision through certain appliances such
as projectors, head-mounted displays, and smartphones. It is recog-
nized as one of the key enablers of digital industrial technologies,
which support the far-reaching issues of Industry 4.0 and facilitate
the digitization of the production sector (Bruno et al., 2019).

e Digital Transformation/Digitization: Digital Transformation has al-
ways played a key role in the development of all kinds of industry
and business. It concentrates on the end-to-end digitization of all
physical assets and their integration into digital ecosystems with
value chain partners (Reis et al., 2018).

5. Review results

As stated before, the literature review is performed based on three
main analyses. These are the method, topic, and bibliometric analysis.
These analyses will be performed for the studies including MADM
methods.

5.1. MADM review results

The first analysis is performed considering the methods applied by
scholars in the scope of Industry 4.0. There are six classes of methods
under MADM including pairwise comparison, outranking, distance-
based, interaction-based, utility-based, and other methods. Fig. 4
shows the number of documents for each class. Pairwise comparison
methods contributed to 34 % of the total methods which is the highest
proportion compared with the others, whereas utility-based methods
were considered in only 4 % of the total papers.

For the pairwise comparison method class, the articles are analyzed,
and the results are provided in Table 2.

AHP is the most employed method among all MADM classes. AHP
and TOPSIS are the most popular MADM methods in other reviews as
well (Kaya et al., 2018; Stojcic et al., 2019; Yalcin et al., 2022). Table 2
shows information regarding the used method, the consideration of
fuzzy, and whether the paper included any other methods in the study.
Fig. 5 provides information on the usage percentage for each MADM
method based on the reviewed subject.

As shown in Table 2, 70 % of the pairwise comparison method class
papers (122 papers) focused on AHP methods in solving MADM prob-
lems. Some papers involving crisp and fuzzy extensions of the AHP
method are briefly described; Ramachandran et al. (2014) used AHP to
evaluate Cloud Computing technology in the education sector. The au-
thors used AHP as it is one of the remarkable MADM models that is
widely used as a decision support tool in the decision-making process
and can cope with many criteria. AHP is widely used in the literature to
rank cloud service providers (CSPs) to make the final decision regarding
the convenience of a CSP in the cloud environment. For instance, in the
paper of Yadav and Goraya (2018), AHP was employed to evaluate the
ranking score of both cloud service providers and service requesting
customers. Sadreddini et al. (2021) suggested a smart reservation system
that takes into account the behavior of electric vehicle (EV) users, the
availability of parking spaces, and the state of charge of EVs. They used
AHP in their smart reservation system to consider weighting the
behavior of EV users. In the paper of Sangiorgio et al. (2021),
Augmented Reality Based Decision Making was suggested to obtain a
novel MCDA that follows the hierarchical structure of AHP. In order to
validate the potential of the method, a comparison is performed with the
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classical approach and two other improved versions of AHP.

Sun et al. (2016) noted that because a cloud service environment
contains many uncertainties that can prevent users from making sound
decisions, fuzzy information should also be considered when choosing
an appropriate service in an uncertain environment. They integrated
fuzzy concepts with AHP to calculate the weights of the service ranking
criteria based on user preference. In addition, Patiniotakis et al. (2013)
and Kumar and Kumar (2016) presented evaluation systems for CSPs
using fuzzy AHP. Moreover, in order to efficiently process ambiguous,
inconsistent and incomplete information, Abdel-Basset et al. (2018b)
used neutrosophic set theory. They proposed an integrated methodology
for the evaluation of the security criteria of SCM systems using DEMA-
TEL and AHP methods under the neutrosophic set concept. They noted
that AHP can transform complex problems into subproblems to be
solved more easily. In the paper of Nabeeh et al. (2019), AHP method is
integrated with neutrosophic sets to estimate the influential factors of
the business related to IoT. Their model can cope with ambiguous,
impressive, and inconsistent information, thanks to the neutrosophic
sets. Guan et al. (2017) proposed a novel framework based on the
combination of Cloud AHP and fuzzy assessment method to effectively
evaluate the earthquake relief emergency logistics capacity. Combining
it with traditional AHP, cloud AHP was evaluated by the researchers as
suitable for determining the weights in the evaluation index system.

The second most frequently used method after AHP is ANP with 31
papers which accounts for 17 % of the pairwise comparison methods.
While AHP represents a framework with a one-way hierarchical rela-
tionship, ANP was preferred by researchers as it deals with complex
relationships between decision levels and attributes. For instance,
Alhubaishy and Aljuhani (2021) collected assessments from instructors
and students and employed ANP method to prioritize their challenges
for digital transformation in Saudi universities. In the paper of Chang
et al. (2021a), an integrated method was proposed to estimate the per-
formance improvement potential of Industry 4.0 technology in SMEs. In
particular, they used ANP to solve problems of interdependence and
feedback of individual elements. Fan et al. (2020) proposed an inte-
grated MADM model using fuzzy-ANP and fuzzy-QFD to achieve an
optimum selection of design schemes in the cloud environment. Spe-
cifically, the weight of each indicator under dimensions was calculated
using ANP integrated with intuitionistic fuzzy and fuzzy sets that are
effective in handling uncertainty and ambiguity. Abdel-Basset et al.
(2020a) proposed an integrated MADM framework by using ANP and
TOPSIS under bipolar neutrosophic numbers for chief executive officer
selection. In this paper, neutrosophic ANP was used to deal with the
indeterminate information in each quantification factor and to address

the difficulty of dependency in the problem. Several researchers such as
Zoie et al. (2016), Al-Faifi et al. (2019), (cloud provider selection),
Hinduja ve Pandey (2019) (Cloud-Based ERP System selection), Tor-
backi (2021) (assessment of cybersecurity in industry 4.0), Haghparast
et al. (2021) (evaluating health security in IoT) used this method to
handle sophisticated relations among criteria.

BWM has several different characteristics compared to other MADM
approaches. Firstly, the method requires less comparison data and pro-
vides more trustworthy solutions. Also, experts determine the best and
worst factors, so that the most influenced dimension can be easily
determined. Additionally, it was preferred by researchers as it required
less pairwise comparisons than AHP or other sequencing techniques and
took significantly less time and resources to produce the desired results
(Caliskan et al., 2020; Gupta et al., 2020). Recent BWM implementations
have been used for various purposes such as cloud services selection
(Nawaz et al., 2018; Hussain et al., 2020b; Youssef, 2020), identification
of a list of digitization enablers that can improve SCM (Gupta et al.,
2020), additive manufacturing machine selection (Palanisamy et al.,
2020), Optimal Service Selection in a cloud environment (Kumar et al.,
2018c; Hussain et al., 2020a; Kumar et al., 2021a), IoT technology se-
lection (Aisyah & Dachyar, 2021), Cloud render farm services selection
(Annette & Banu, 2019), selection of manufacturing simulation software
in industry 4.0 (Cafasso et al., 2020), suggesting big data decision sup-
port tool for multi-scenario personnel assessment (Maghsoodi et al.,
2020), evaluation of marketing strategies based on big data analysis
(Mahdiraji et al., 2019), evaluating the performance of IoT based SCM
(Grida et al., 2020), evaluating the organizational readiness for big data
adoption (Nasrollahi and Ramezani, 2020).

Different from AHP, ANP, and BWM, other pairwise comparison
methods were used in 3 papers. Choochotkaew et al. (2015) investigated
the problem of sending large amounts of sensor data from a gateway to a
remote server over restricted resources in multi-user IoT systems. In
order to maximize satisfaction value, the researchers proposed a sensor
data prioritization approach based on user requirements. The approach
used the REMBRANDT technique, which adopts the concept of using
pairwise comparison to collect requirements and determine a single
priority value based on sensor data with different attributes. Researchers
stated that they used the REMBRANDT method in the evaluation due to
many criticisms of AHP.

Figs. 6 and 7 show the distribution of usages among the pairwise
comparison methods. Fig. 6 also provides information on whether single
or multiple techniques are used, whereas Fig. 7 focuses on the consid-
eration of fuzzy in the reviewed documents. AHP was implemented with
other methods in 63 % of the papers.
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Table 2
Analysis of articles with respect to the pairwise comparison method class.
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Pairwise
Comparison

No References

Crisp/ Fuzzy version Single/ Multi Tech.

AHP ANP BWM

Other Other Multi

Tech.

Intuition.
Fuzzy

Classic
Fuzzy

Crisp Neutrosophic Single

Tech.

1 Agrawal & Vinodh, 2021; Lin et al., 2021a; 31
Priyadarshini et al., 2021; Sadreddini et al.,
2021; Sangiorgio et al., 2021; Kachaoui &
Belangour, 2020; Mishra et al., 2020;
Varshney et al., 2020; Munjal & Singh, 2019;
Albahri et al., 2019; Khodaparas et al., 2019;
Kuznichenko et al., 2019; Bouayad et al.,
2018; Eswaran et al., 2018; Ghazizadeh &
Cusack, 2018; Voronova et al., 2018; Yadav &
Goraya, 2018; Dai et al., 2017; Lu et al., 2017;
Wasim et al., 2017; Md Kassim et al., 2017;
Priyadarshinee et al., 2017; Shang et al., 2017;
Vafaei et al., 2016; Khowfa et al., 2015;
Sundarraj & Venkatraman, 2015; Ribas et al.,
2015; Ramachandran et al., 2014; Cheng et al.,
2013; Liao et al., 2013; Sun et al., 2013

2 Abdel-Basset et al., 2020a; Nabeeh et al., 2019; 4
Abdel-Basset et al., 2018a; Abdel-Basset et al.,
2018b

3 Biiyiikozkan & Giiler, 2020; Dobre et al., 2019; 3
Guan et al., 2017

4 Verma & Chandra, 2021; Biiyiikozkan et al., 3
2020a; Hinduja & Pandey, 2019

5 Adem et al., 2022; Ozceylan et al., 2022; 36
Helmy et al., 2021; Hossain & Thakur, 2021;
Jamwal et al., 2021; Lee et al., 2021; Ortiz-
Barrios et al., 2021; Seh et al., 2021; Trabay
etal., 2021; Houari & Mazri, 2021; Baghapour
et al., 2020; Chauhan et al., 2020; Chou &
Liao, 2020; Basha et al., 2020; Mukul et al.,
2020; Pramanik et al., 2020b; Ahmad et al.,
2019; Bui & Perera, 2019; Drakaki et al., 2019;
Giiler & Biiyiikozkan, 2019; He et al., 2019;
Medic et al., 2019; Mohallel et al., 2019;
Ouadabh et al., 2019; Zadtootaghaj et al., 2019;
Alam et al., 2018; Medic et al., 2018; Preeth
et al., 2018; Singla et al., 2018; Son & Huh,
2018; Fouad et al., 2018; Mansouri & Leghris,
2017a; Sener et al., 2017; Alam & Ahmad,
2016; Becker & Wagner, 2016; Lee & Seo,
2016

6 Gautam & Kumar, 2021; Mathur et al., 2021; 31
Akmaludin et al., 2020; Banaie et al., 2020;
Bohlouli & Schrage, 2020; Biiyiikozkan &
Mukul, 2020; Cafasso et al., 2020; de Andrade
et al., 2020; Khodaparas et al., 2020; Nayak
et al., 2020; M. Singh et al., 2020; Tariq et al.,
2020a; Tariq et al., 2020b; Wang et al., 2020;
Zaidan et al., 2020; Annette & Banu, 2019;
Mian & Al-Ahmari, 2019; Wang et al., 2019;
Fouad et al., 2018; Kumar & Kumar, 2018a;
Ramos et al., 2018, 2020; Salehi et al., 2018;
Hioual et al., 2017; Kumar et al., 2017; Sidhu
& Singh, 2017; Bhushan & Reddy, 2016;
Sachdeva et al., 2016a; Lee et al., 2014; Liao
et al., 2014; Rehman et al., 2012

7 Radhika & Sudha Sadasivam, 2021; Hasgul & 14
Aytore, 2021; Ogundoyin & Kamil, 2020;
Viriyasitavat & Bi, 2020; Yadav et al., 2020; Lu
et al., 2019; Son et al., 2019; Fu et al., 2019;
Tanoumand et al., 2017; Kumar & Kumar,
2016; Sun et al., 2016; Patiniotakis et al.,
2015; Le et al., 2014a; Patiniotakis et al., 2013

8 Alhubaishy & Aljuhani, 2021 1

9 Zagradjanin et al., 2019 1

10 Chang et al., 2021a; Chang et al., 2021b; 20
Torbacki, 2021; Hu et al., 2021; Chuang et al.,
2020; Hinduja and Pandey, 2020; Liu & Han,
2020; Yang et al., 2020; Al-Faifi et al., 2019; Li
et al., 2018; Yang, 2018; Yang et al., 2018a;
Yang et al., 2018b; Hu et al., 2017, 2018; Chen

X X

(continued on next page)
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No References Pairwise Crisp/ Fuzzy version Single/ Multi Tech.
Comparison
AHP ANP BWM  Other Crisp Classic Intuition. Neutrosophic ~ Other  Single Multi
Fuzzy Fuzzy Tech. Tech.

et al., 2016; Lin et al., 2016; Zoie et al., 2016;

Le et al., 2014b; Huang et al., 2011
11 Abdel-Basset et al., 2020a 1 X X
12 Dong et al., 2021; Haghparast et al., 2021; 6 X X

Yasmin et al., 2020; Fan et al., 2020; Skondras

et al., 2018; Mansouri & Leghris, 2017a
13 Fan et al., 2020 1 X X
14 Hinduja and Pandey, 2019 1 X X
15 Caliskan et al., 2020; Palanisamy et al., 2020; 6 X X

Gupta et al., 2020; Hussain et al., 2020a;

Aboutorab et al., 2018; Nawaz et al., 2018
16 Aisyah & Dachyar, 2021; Gupta et al., 2021; 9 X X

Maghsoodi et al., 2020; Cafasso et al., 2020;

Youssef, 2020; Mahdiraji et al., 2019; Annette

and Banu, 2019; Kumar et al., 2018c, 2021a
17 Lin et al., 2021b; Grida et al., 2020 2 X X
18 Hussain et al., 2020b; Nasrollahi and 2 X X

Ramezani, 2020
19 Li et al., 2021a 1 X X
20 Rafiee et al., 2019; Choochotkaew et al., 2015; X X

Shetty and D’Mello, 2015
TOTAL 122 31 20

ELECTRE WASPAS
2% 2%

GREY RELATIONAL ANALYSIS...
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4%

Fig. 5. The percentage of papers with respect to the MADM method.

For the outranking method class, the articles are analyzed, and the
results are provided in Table 3.

PROMETHEE methods are recognized as one of the best and most
popular approaches to outrank. PROMETHEE methods were the most
frequently encountered ranking methods in our review, with 17 articles,
as they allow experts evaluating alternatives to probably not have full
and complete knowledge of all criteria, but also to clearly articulate the
importance of their choices. For instance, in the paper of Veza et al.
(2015), the PROMETHEE method was used to manage the innovative
production network of smart factories, which is presented as one of the
three basic elements of Industry 4.0. Da Cruz et al. (2018) performed the
performance assessment of the [oT middleware via the PROMETHEE II
method. In this paper, it was concluded that the proposed approach is
beneficial when choosing the most appropriate middleware platform.

In the study of Ramos et al. (2020), the PROMETHEE approach, due
to its nature of the relevant evaluation space, was employed to identify
and rank which systems most agree with the defined criteria based on

the functional requirements obtained of Industry 4.0 projects. Contreras-
Masse et al. (2020) implemented a novel MCDA exercise with
PROMETHEE-II method to select Industrial IoT platforms for smart
manufacturing. The authors noted that PROMETHEE well encompasses
the aspect that the roles of experts involved in a decision of the industrial
IoT platform. Recent PROMETHEE implementations have been
employed for several objectives including service ranking based on
network and non-network QoS (Bhushan & Reddy, 2016), trust evalu-
ation of cloud database servers (Sidhu and Singh, 2017), assessment of
cybersecurity in industry 4.0 (Torbacki, 2021), selection of organiza-
tional innovations in manufacturing companies (Medic et al., 2018). It is
noteworthy that the integration of the PROMETHEE method with ex-
tensions such as intuitionistic fuzzy concept, neutrosophic or classic
fuzzy concept was not found.

One of the main advantages of applying ELECTRE is that this method
can handle data from various measurement scales, both quantitatively
and qualitatively. According to Samaras et al. (2014), the strength of
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Fig. 7. Analysis of pairwise comparison method documents considering fuzzy.

ELECTRE lies in both its adaptability and mathematical precision. For
instance, in order to improve road safety by predetermining hotspots
and giving drivers a chance to avoid hazards, Ait-Mlouk and Agouti
(2019) presented a web-based platform for data mining and multi-
criteria decision analysis. In this study, firstly, data processing was
performed, then the extraction of association rules using the Apriori
algorithm and the ordering of association rules using the ELECTRE TRI
method were performed. At last, they used Times Series analysis to es-
timate injuries and deaths. Saidi et al. (2019) stated that energy waste

should be prevented during resource allocation in Cloud Computing. For
energy consumption awareness in cloud computing, they proposed deep
supervised learning -MCDA model by using ELECTRE III and ELECTRE
TRI methods. Akmaludin et al. (2020) selected the best programmer in
generation 4.0 using AHP and ELECTRE elimination methods. Ben Alla
et al. (2021) proposed a novel hybrid MADM method, namely ELECTRE
III, and a meta-heuristic algorithm called differential evolution to assess
and identify tasks’ priorities in cloud computing.

Ma et al. (2017) used an interval neutrosophic set to precisely
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Analysis of articles with respect to the outranking method class.
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No Reference Outranking Method

ELECTRE PROMETHEE TODIM  Other

Crisp

Crisp/Fuzzy Version Single/ Multi Tech.

Multi
Techniques

Neutrosophic ~ Other  Single

Technique

Intuition.
Fuzzy

Classical
Fuzzy

1 Ait-Mlouk & Agouti, 1
2019
2 Ben Alla et al., 2021; 6
Akmaludin et al.,
2020; Mian & Al-
Ahmari, 2019; Saidi
et al., 2019; Rehman
et al., 2012; Yazir
et al., 2012
3 Cal1 & Balaman, 2019 1
Ma et al., 2017 1
5 Contreras-Masse et al., 7
2020; Mishra et al.,
2019; Da Cruz et al.,
2018; Yazir et al.,
2018; Dos Santos
et al., 2018; Benatia
et al., 2016; Veza
et al., 2015
6 Torbacki, 2021; 7
Chuang et al., 2020;
Medic et al., 2019;
Ouadah et al., 2019;
Ramos et al., 2018,
2020; Medic et al.,
2018; Sidhu & Singh,
2017; Bhushan &
Reddy, 2016; Rehman
et al., 2012; Yazir
et al., 2012
7 Gocer & Biiyiikozkan, 1
2020
8 Liu & Teng, 2019 1
9 Yin & Shyur, 2019 1
10 Lin et al., 2020 1
11 Yazir et al., 2012 1
TOTAL 9 14 4 1

EN

X

describe the degree of truth, falsity, and indeterminacy in the statements
of decision-makers. In their article, the time-aware trustworthiness
ranking prediction problem was structured as an MADM problem of
generating an ordered list of services employing interval neutrosophic
set theory, and an improved ELECTRE approach was developed to solve
this. Cali and Balaman (2019) presented a two-stage decision support
system to rank alternative products, considering a set of product criteria
and customer comments regarding these criteria in order to suggest the
most suitable alternative to potential customers. They used the VIKOR-
integrated IF-ELECTRE method to rank alternative products. In partic-
ular, they integrated the IF concept with ELECTRE to effectively repre-
sent customer reviews with hesitant expressions in the decision matrix.

TODIM is an effective method based on an expectation function to
capture psychological behaviors at risk (Liu and Teng, 2019). The
traditional TODIM method may have been preferred in 4 papers, as it
considers the psychological behavior of decision-makers to help them
choose desirable alternatives. Liu and Teng (2019) proposed an
extended probabilistic linguistic TODIM approach to help potential
customers assess alternative products through consumer insights into
product performance. The probabilistic linguistic term set (PLTS) was
used by researchers as it not only describes all possible interpretations in
the form of linguistic terms but also reveals the corresponding proba-
bility information. In addition, Lin et al. (2020) evaluated IoT platforms
using the integrated probabilistic linguistic TODIM method. Gocer and
Biiyiikozkan (2020) performed an evaluation of big data vendors by
using IF-TODIM. They used the IF concept to comprehensively identify
uncertain information.

Most of the reviewed documents focused on PROMETHEE’s method.

10

Figs. 8 and 9 show the visualization of this data.

For the distance-based method class, the articles are analyzed and
presented in Table 4.

TOPSIS is denoted for 21 % (106 papers) of the total methods
reviewed by this study. Almost half of these papers implemented other
methods along with TOPSIS. 62.5 % of the papers considering TOPSIS as
MADM method, applied another method along with TOPSIS. This
method may have been used by scholars because it has a process that
takes into account subjective and objective criteria, has a relatively easy
calculation process, and is easy to understand by practitioners who may
be uninformed about decision-making.

Some papers using TOPSIS approach are described in brief; Rehman
et al. (2012) attempted to identify the most effective MADM method for
Taa$S cloud selection using an expanded dataset and a much broader set
of criteria. They stated that if the number of available services is huge,
TOPSIS can be used easily because of the simple calculation steps.
Becker and Wagner (2016) identified key machines to support the
phasing out of decentralized control of production systems. In the pro-
cess of identifying key machines, they developed a structure based on
FAHP and TOPSIS. Sohaib and Naderpour (2017) assessed the techno-
logical, organizational and environmental factors of public cloud
computing service models in the context of e-commerce. Using the fuzzy
TOPSIS approach, they found that SaaS is the best option for their e-
commerce business. In the paper of Ahuja and Khosla (2019), a network
selection algorithm for data collection was proposed to enable ubiqui-
tous communication in the smart energy system. TOPSIS technique was
used for network selection in a heterogeneous environment at the HAN/
NAN and WAN levels of the multilayer communication infrastructure of
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the smart energy system.

In order to deal more effectively with incomplete information in the
decision-making process, Sachdeva et al. (2016b) used intuitionistic
fuzzy (IF) sets. They proposed an IF-TOPSIS approach for assessing and
ranking the most appropriate cloud solution for implementing big data
projects. Lately, the fog-to-cloud paradigm began to emerge as a tool to
ease communication between several IoT sensor nodes and support the
adaptation of services according to the current context of IoT devices.
Since the selection of the most suitable services and their configuration
is a challenging task, Bangui et al. (2018) used Fuzzy TOPSIS approach
for ranking candidates to facilitate the selection of services in fog-to-
cloud platforms. They used the fuzzy concept to cope with imprecise
and incomplete information in the decision-making process. In the paper
of Yoriikoglu and Aydin (2020), three dissimilar smart containers were
assessed according to seven distinct conflicting criteria in the neu-
trosophic environment. The relative closeness coefficients of the alter-
natives were calculated using the neutrosophic TOPSIS method and the
best alternative was determined.

After TOPSIS, VIKOR is the second most popular distance-based
method used in 29 studies. This method may have been preferred by
researchers as it can address multiple alternatives and criteria and offers
a compromise solution that provides maximum group benefit for the
“majority” and minimal individual regret for the “opponent”. For
instance, using DEMATEL, ANP, and VIKOR, Yang (2018) conducted the

11

development of an intelligent building management system (IBMS)
evaluation and selection for the smart factory. After determining the
weights of the evaluation criteria, the VIKOR method was applied by the
researcher in the IBMS smart factory selection. Farzaneh et al. (2019)
indicated that IoT includes sensor networks where nodes are limited in
terms of memory, energy usage, and power consumption, and routing
protocol for low power and loss networks can be specially designed for
IoT. In this paper, each route connection chooses the best parent ac-
cording to the solution of VIKOR. To deal with uncertainty in the
decision-making process, Lee et al. (2021) integrated fuzzy concepts
with VIKOR. In order to effectively assess alternative technologies that
incorporate microelectromechanical systems with integrated circuit, Lee
et al. (2021) proposed an integrated approach by using Fuzzy AHP and
Fuzzy VIKOR. In addition, Biiyiikozkan et al. (2020a) used IF concept to
eliminate uncertainty in decision-making processes and to take into
account the hesitations and intuitions of decision-makers. They pro-
posed an integrated approach based on IF MADM using IF-AHP and IF-
VIKOR techniques to analyze the success factors of aviation 4.0.

Using the integration of modified VIKOR and DANP methods, Lin
et al. (2016) explored the dynamic relationship between project risk,
project management, and organizational performance target of a Cloud
CRM project. In this paper, priority gaps for improvement of the Cloud
CRM project are calculated by modified VIKOR. In the paper of Liu et al.
(2017), the main influential factors of consumer adoption behavior in
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No

References

Distance Based Method

Crisp/Fuzzy Version Single/Multi Tech.

TOPSIS

VIKOR

EDAS

Other  Crisp  Classic Neutrosophic  Intuition. Other  Single Multiple.
Fuzzy Fuzzy Techn.

10

Chakraborty & Das, 2021; Chakravarthi
& Shyamala, 2021; Vigneshvaran &
Vinodh, 2021; Vafaei et al., 2021;
Zhang et al., 2021b; Al-Tarawneh,
2020; Chakravarthi et al., 2020; Mo

et al., 2020; Muruganantham & Gandhi,
2020; Singh & Tiwari, 2020;
Domaschka et al., 2020; Ahuja &
Khosla, 2019; Bolivar et al., 2019;
Nayak & Tripathy, 2019; Unnikrishnan
et al., 2019; Araujo et al., 2018; Azar &
Majma, 2018; Hemam et al., 2018;
Kumar & Kumar, 2018b; Thomas &
Silas, 2018; Chen et al., 2017; Hemam
& Hioual, 2017; Dai et al., 2017; Wasim
et al., 2017; Hioual & Hemam, 2016;
Ravi & Peddoju, 2015; Rehman et al.,
2013, 2015

Buyukozkan & Gocer, 2019

Singh & Misra, 2021; Pramanik et al.,
2020a; Bangui et al., 2018; Liu et al.,
2018; Sohaib & Naderpour, 2017; Sun
et al., 2016; Peng et al., 2014; Le et al.,
2014a; Cheng et al., 2011; Lo et al.,
2010

Skondras et al., 2021

Sachdeva et al., 2016b

Abdel-Basset, Gamal, Son, &
Smarandache, 2020a; Yoriikoglu &
Aydin, 2020

Nguyen et al., 2022; Brodny & Tutak,
2021; Gautam & Kumar, 2021; Liu

et al., 2021; Mathur et al., 2021; Houari
& Mazri, 2021; Ayoub et al., 2020;
Bohlouli & Schrage, 2020; de Andrade
et al., 2020; Khodaparas et al., 2020;
Kumar et al., 2020; Nayak et al., 2020;
Ning et al., 2020; M. Singh et al., 2020;
Tariq et al., 2020a; Tariq et al., 2020b;
Wang et al., 2020; Xu et al., 2020; Yang
& Wang, 2020; Youssef, 2020; Zaidan
et al., 2020; Annette & Banu, 2019;
Mian & Al-Ahmari, 2019; Wang et al.,
2019; Yin & Shyur, 2019; Fouad et al.,
2018; Kumar et al., 2018¢c, 2021a; Li
et al., 2018; Nikam & Ingle, 2018; Pu
et al., 2018; Rebello & Tavares, 2018;
Salehi et al., 2018; Amini & Chang,
2017; El Kassabi & Serhani, 2017;
Hioual et al., 2017; Kumar & Kumar,
2017, 2018a; Sidhu & Singh, 2017; Lee
et al., 2014; Rehman et al., 2012
Mahmoudi et al., 2021; Ortiz-Barrios
et al., 2021; Seh et al., 2021; Shaabani
et al., 2021; Trabay et al., 2021; Zhou
et al., 2021; Baghapour et al., 2020; Hu
et al., 2020; Ahmad et al., 2019; Bui &
Perera, 2019; Drakaki et al., 2019; He
et al., 2019; Mohallel et al., 2019;
Preeth et al., 2018; Singla et al., 2018;
Skondras et al., 2018; Kumar et al.,
2017; Mansouri & Leghris, 2017a; Alam
& Ahmad, 2016; Becker & Wagner,
2016; TalebiFard & Leung, 2014
Wankhede & Vinodh, 2021; Chen et al.,
2020; Farzaneh et al., 2019

Brodny & Tutak, 2021; Chang et al.,
2021a; Chang et al., 2021b; Liu & Han,
2020; Nayak et al., 2020; Kao et al.,
2019b; Rebello & Tavares, 2018; Yang
et al., 2018a; Yang et al., 2018b; Yang,

28

10

42

21

14

X X
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TOPSIS VIKOR EDAS Other Crisp Classic Neutrosophic  Intuition. Other  Single Multiple.
Fuzzy Fuzzy Techn.
2018; Hu et al., 2017, 2018; Liu et al.,
2017; Yang et al., 2017; Lin et al., 2016
11 Biiyiikozkan et al., 2020a; Mishra & 3 X X
Rani, 2019; Biiyiikozkan & Gocer, 2018
12 Biiyiikozkan & Goger, 2021; Grida 2 X X
et al,, 2020
13 Lee et al., 2021; Biiyiikozkan & Goger, 6 X X
2021; Cali & Balaman, 2019; He et al.,
2019; Zhou et al., 2018; Alam &
Ahmad, 2016
14 Kao et al., 2019b 1 X X
15 Ajay & Aldring, 2022 1 X X
16 Belhadi et al., 2021, Gireesha et al., 2 X X
2020a
17 Chakraborty et al., 2021; Mukul et al., 5 X X
2020; Biiyiikozkan & Mukul, 2020;
Sansabas-Villalpando et al., 2019;
Hassanpour & Pamucar, 2019
TOTAL 106 29 3 5

the development and promotion of smart medical terminals were eval-
uated. They used the modified VIKOR approach to fulfill consumers’
requirements for continuous improvement and sustainable product
development. Moreover, Kao et al. (2019b) evaluated the performance
of systemic innovation problems of the IoT in manufacturing industries.
Different from the others, in this research, rough interval numbers and
Bayesian theory are simultaneously introduced to investigate systemic
innovation problems under uncertain conditions. The researchers
modified the VIKOR method accordingly.

Moreover, the main advantage of the EDAS method, which is used in
3 studies in the literature, is that it requires less calculation compared to
other decision-making and classification methods. Gireesha et al.
(2020a) introduced an integrated approach for the determination of
appropriate and reliable cloud service providers using the EDAS method.
Belhadi et al. (2021) proposed an integrated technique by using Fuzzy
WNN and EDAS to identify patterns in Al techniques for developing
different supply chain resilience strategies. In order to evaluate catering
services in Aviation 4.0, Ajay and Aldring (2022) proposed an intelligent
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system on the basis of EDAS approach by employing the complex
spherical fuzzy clustering operators. In addition, Chakraborty et al.
(2021) proposed a distinct distance-based approach to select an ideal
cloud service provider for IoT applications.

CODAS, which has been observed in 3 studies in the literature, is
used to make decisions in more than one discipline and field, in cases
where there is not much information. Hassanpour and Pamucar (2019)
have researched the sustainability of Iranian home appliance industries
considering the whole availability of industries. The CODAS model is
proposed by researchers to prioritize the challenges discovered in the
company. In order to increase the flexibility of obtaining linguistic
knowledge through linguistic expressions, Sansabas-Villalpando et al.
(2019) integrated hesitant fuzzy linguistic term sets (HFLTS) and
CODAS. They used the HFLTS CODAS method to assess the corporate
culture of innovation and complex technological change environments.
In the paper of Biiyiikozkan and Mukul (2020), an integrated HFLTS
MADM methodology was suggested to assess smart health technologies.
The authors determined the importance weights of the criteria with the

E—— I
EDAS Others
2 0
1 5

Fig. 10. Analysis of distance-based method documents considering the applied technique.
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HFLTS AHP and then evaluated the smart health technologies with the
HFLTS CODAS method.

This can be easily noticed in Figs. 10 and 11 which show the analysis
of distance-based method documents considering the applied technique
and fuzzy, respectively.

For the interaction-based method class, the articles are analyzed, and
the results are provided in Table 5.

The DEMATEL method, used in 33 studies, can find solutions to
complex and intertwined problems by creating an impact relationship
map of the criteria. This approach was implemented to establish the
feedback and interrelationships in the criteria and sub-criteria and to
find the pivotal criteria to represent factor effectiveness. For instance,
Huang et al. (2021) proposed a novel framework for mining social media
data based on text mining and they used the DEMATEL method to
determine the influence relationships between aspects and criteria. In
the paper of Liu and Han (2020), the MADM model was employed to
validate through an empirical analysis the key criteria that influence
consumer adoption of wearables. They used DEMATEL to determine the
interaction between the criteria and to create the effect relationships
map. Al-Faifi et al. (2019) proposed a hybrid MADM method for cloud
service selection from smart data using DEMATEL, ANP, and k-means
algorithm. In this paper, in order to address and validate interdepen-
dence and relationships among criteria, they used the DEMATEL
method. Chang et al. (2021a) evaluated industry 4.0 technology appli-
cations in SMEs using a Hybrid MADM approach. Herein, the DEMATEL
approach took on the role of constructing a matrix of total influence
relationships and investigating the effect and cause interrelations among
parameters.

In 12 studies, DEMATEL was used together with the classical fuzzy
logic concept or its extensions. For instance, Kazancoglu and Ozkan-
Ozen (2018) analyzed workforce 4.0 in the fourth industrial revolu-
tion and proposed a roadmap from the perspective of operations man-
agement. They used DEMATEL as it is useful for analyzing complex
relationships using matrix operations, furthermore, the uncertainty
found in the experts’ assessments was handled with fuzzy logic. Vinodh
and Wankhede (2020) highlighted the analysis of 20 workforce char-
acteristics for Industry 4.0. The authors prioritized the relevant criteria
using fuzzy DEMATEL. Hossain and Thakur (2021) prioritized the
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relationships among the key factors of the smart healthcare supply chain
(HSC) by applying the Industry 4.0 concept. In this paper, while fuzzy-
AHP prioritized Industry 4.0 implementation factors in HSC, cause-
effect relationships between factors were investigated using fuzzy-
DEMATEL. Yasmin et al. (2020) integrated the IF concept with DEMA-
TEL to take into account the degree of hesitation of individuals. In
particular, IF-DEMATEL is used to describe interactions between BDA
capabilities and to map network relationships.

However, Singh and Misra (2018) stated that the concept of gray
mathematics is a powerful concept for overcoming the subjective errors
of experts’ input. They used interpretative structural modeling together
with the grey DEMATEL to identify causal challenges and their hierar-
chy of cloud product lifecycle management adoption. Moreover, Kao
et al. (2019a) indicated that the combination of both rough set and
Bayesian theories can be a strong tool to effectively address vagueness
and uncertainty in collective decision-making. They used the RF-based
SMOTE technique to select 23 criteria from raw data with the 28
criteria. They then obtained causal relationships using the BR-DEMATEL
analysis based on the selected criteria. Abdel-Basset et al. (2018b) used
the Neutrosophic DEMATEL method to reveal the cause and effect
relationship between the criteria of smart supply chain security re-
quirements. In order to cope effectively with uncertain, vague, and
incomplete information, they presented DEMATEL approach in a neu-
trosophic environment.

We found that the GRA method was used in 13 studies, however, it is
remarkable that the GRA method integrated with the fuzzy concept was
not found. Some of those papers are described; Huang et al. (2021)
proposed a hybrid MADM model to assess cloud computing-based tele-
communications service quality improvement. Through the GRA model,
the researchers created the performance matrix of alternatives for
improvement strategies. In order to compare personal cloud storage
products and find the gap between them to improve service levels, an
integrated method consisting of AHP-TOPSIS and GRA was presented by
Dai et al. (2017). Moreover, they stated that they used GRA approach as
it helps deal with weak, incomplete, and uncertain information in the
process. Fang et al. (2020) introduced the Cloud model integrated GRA
to deal with ambiguous linguistic judgments in photovoltaic technology
selection and to overcome errors caused by a small sample size. They
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Fig. 11. Analysis of distance-based method documents considering fuzzy.
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Table 5
Analysis of articles with respect to the interaction-based method class.
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No References Interaction Based Method

Crisp/ Fuzzy Version Single/Multi Tech.

DEMATEL  GRA
Int.

Choquet Other

Crisp  Classic Intuition. Neutrosophic ~ Other  Single Multiple

Fuzzy Fuzzy Tech. Tech.

1 Huang et al., 2021; Schaefer et al., 3
2021; Hu & Chen, 2016

2 Nguyen et al., 2022; Chang et al., 22
2021a; Chang et al., 2021b;
Jamwal et al., 2021; Hu et al.,
2021; Liu & Han, 2020; Yang et al.,
2020; Sharma et al., 2020; Al-Faifi
et al., 2019; Hinduja & Pandey,
2019; Lamba & Singh, 2018; Yang,
2018; Yang et al., 2018a; Yang
etal., 2018b; Hu et al., 2017, 2018;
Liu et al., 2017; Yang et al., 2017;
Lin et al., 2016; Huang et al., 2011,
2012
Abdel-Basset et al., 2018b
Kao et al., 2019a; Kao et al., 2019b
Singh & Misra, 2018
Vinodh & Wankhede, 2020;
Kazancoglu & Ozkan-Ozen, 2018
Hossain & Thakur, 2021
Yasmin et al., 2020 1
Lin et al., 2017; Yiiksel et al., 2021

1 Liu et al., 2021; Hinduja & Pandey, 11
2020; Yang & Wang, 2020; Fang
et al., 2020; Singh & Misra, 2018;
Puetal., 2018; Dai et al., 2017; Lee
et al., 2014; Li, 2012; Huang et al.,
2011, 2012

12 Lou et al., 2021; Venkataramanan 2

et al., 2020

13 Zhang et al., 2021a 1

14 Biiyiikozkan et al., 2021 1

15 Raut et al., 2017 1

TOTAL 33 13 4 1
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noted that thanks to GRA, the proposed method is able to overcome
errors due to the small sample size and reveal internal correlations of the
system. In the paper of Yiiksel et al. (2021), the assessment of the
challenges of companies in the industry 4.0 transformation was per-
formed using the GRA method. They noted that they used GRA because
it can produce good outputs even with a small amount of data. An in-
tegrated MADM scheme is proposed by Liu et al. (2021) for the selection
of cloud services in cloud systems. In this study, the GRA method was
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used to solve for relative closeness to improve TOPSIS so that the
approximate distance and degree of correlation between the alternative
and ideal solution can be considered simultaneously.

Studies using the Choquet Integral (CI) method are briefly explained;
Venkataramanan et al. (2020) proposed a cyber-physical security
assessment metric (CP-SAM) that leverages graphical theoretical anal-
ysis, probabilistic availability model, attack graph metrics, and vulner-
abilities in different layers of the microgrid system. In this paper, these
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Fig. 12. Analysis of interaction-based method documents considering the applied technique.
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factors are integrated into a single metric using the CI method to
calculate the CP-SAM. An edge-based distributed decision-making
method for product design scheme evaluation was presented by Lou
et al. (2021). All evaluation results from more than one decision-maker
group are combined with fuzzy measures and CI to determine the
optimal design scheme. In the paper of Biiyiikozkan et al. (2021), a new
Pythagorean fuzzy set with the CI approach was recommended for the
evaluation of vertical farming technology, an indoor plant production
system. They used the Pythagorean fuzzy set to manage the uncertainty
in the process. Lastly, Zhang et al. (2021a) conducted a credit assess-
ment of big data companies listed in China. In this study, experts used IF
numbers to evaluate the performance of the alternative, and researchers
calculated the order of the alternatives by determining fuzzy CI values.

Figs. 12 and 13 show the distribution of interaction-based methods
considering the applied technique and fuzzy, respectively.

The results for the utility-based method class are presented in
Table 6. This class is the least studied class among MADM classes.

With 8 studies, the WASPAS method has been the most commonly
used utility-based method. Sharma and Joshi (2020) suggested that the
integrated SWARA-WASPAS method is the most advanced approach in
MADM for factor evaluation. Considering the uncertainty inherent in the
data and the perceptions of policymakers, Kumar et al. (2021b) pro-
posed a hybrid framework that uses the modified SWARA methodology
to rank the different barriers and prioritize strategies to overcome these
barriers using the WASPAS methodology. Gireesha et al. (2020b) used
an integrated objective and subjective weight evaluation method and IF-
WASPAS approach to identify the significance of QoS features and to
rank the cloud service providers, respectively. They noted that the
conversion of crisp data to IF sets enables individuals to describe their
satisfaction, dissatisfaction, and ambiguity, thereby achieving the cor-
rect cloud service ranking. Ozceylan et al. (2022) proposed an integrated
framework based on FAHP and WASPAS for the assessment of explosive
and narcotics trace detection devices. They used WASPAS method to
identify the most appropriate device for explosive and narcotics trace
detection. In the remaining four studies, WASPAS was used for ranking
and determining the most appropriate alternative.

COPRAS is used as an MADM technique to rank alternatives based on
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decision criteria in four studies. Sriram and Vinodh (2021) used the
COPRAS method to analyze the readiness factors for Industry 4.0
implementation in SMEs. In the paper of Aisyah and Dachyar (2021),
COPRAS method was employed to determine the priority technology
that can be applied. In the paper of Mahdiraji et al. (2019), experts
clustered customers, and the most effective clusters were ranked by
COPRAS and a digital banking strategy was developed for them. Saraji
etal. (2021) used COPRAS method to rank the challenges of industry 4.0
adoption for a sustainable digital transformation. In addition, the
MOORA method was used to rank alternatives in 5 papers. For instance,
Maghsoodi et al. (2018) proposed a hybrid approach based on the
integration of k-means clustering method with MULTI-MOORA tech-
nique to choose the best supplier in a big data structured supplier se-
lection problem. The authors stated that they used the MULTIMOORA
method because it is a fast and logical decision-making tool. Brodny and
Tutak (2021) evaluated the digital maturity level of businesses in Cen-
tral and Eastern European countries using MADM using MOORA, TOP-
SIS, and VIKOR. Jayant et al. (2021) proposed an integrated MADM
approach using “MOORA and WASPAS” methods in the assessment of
third-party logistics service providers. It also includes the weight of
importance provided by the SWARA technique and helps DMs make
efficient decisions. Sorting by MOORA considering a linear preference
function gave the same results as ranking by WASPAS.

Hassanpour and Pamucar (2019) and Biiyiikozkan and Giiler (2020)
employed ARAS method for ranking alternatives. In addition, Kumar
et al. (2020) proposed an open-source Android-based application to
explore the available fog nodes and offload the computational task to the
best-chosen one. Since the choice of fog node for unloading depends on
multiple parameters, they integrated the multi-feature additive utility
(MAAU) and TOPSIS. In the MAAU approach, the weighted sum of all
criteria is calculated for each fog node or executor.

Figs. 14 and 15 show the analysis of utility-based method documents
considering the applied techniques and fuzzy, respectively. WASPAS
technique is used mostly with other techniques.

The SAW method, also known as the weighting sum method, has
been used in 15 studies. The basic concept of the SAW method used in
the papers is to find a weighted sum of performance ratings for each
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Fig. 13. Analysis of interaction-based method documents considering fuzzy.



W. Zayat et al.

Computers & Industrial Engineering 177 (2023) 109075

Table 6
Analysis of articles with respect to the utility-based comparison method class.
No References Utility-based Method Crisp/Fuzzy Version Single/Multi Tech.
WASPAS SWARA  COPRAS Other Crisp  Classic Intuitionistic Neutrosophic ~ Other  Single Multiple
Fuzzy fuzzy Technique Technique
1 Boltiirk & Kutlu 1 X X
Giindogdu, 2021
2 Jayant et al., 2021; Kumar 4 X X
et al., 2021b; Sharma &
Joshi, 2020; Zhang et al.,
2020
3 Ozceylan et al., 2022; 3 X X
Gireesha et al., 2020b;
Alam et al., 2018
4 Kumar et al., 2021b; 2 X X
Jayant et al., 2021;
Sharma & Joshi, 2020
5 Sriram & Vinodh, 2021 1 X X
6 Aisyah & Dachyar, 2021; 2 X X
Mahdiraji et al., 2019
7 Saraji et al., 2021 1 X X
8 Biiyiikozkan et al., 2017 1 X X
9 Brodny & Tutak, 2021; 9 X X
Jayant et al., 2021;
Biiyiikozkan & Giiler,
2020; Maghsoodi et al.,
2020; Saberi et al., 2020;
Kumar et al., 2020;
Hassanpour & Pamucar,
2019; Maghsoodi et al.,
2018; Grygorenko et al.,
2016
10 Lin et al., 2021b 1 X X
TOTAL 8 2 4 11
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Fig. 14. Analysis of utility-based method documents considering the applied technique.

alternative over all criteria. However, Xu et al. (2019), Biiyiikozkan et al.
(2020b) and Biiyiikozkan and Goger (2021) used the SAW method to
calculate the weights of several criteria. Ten of these studies considered
crisp fuzzy where Friedel et al. (2020), Qi et al. (2020), Saripalli &
Pingali (2011), Xu et al. (2019) and ZenAlden et al. (2018) applied SAW
as a single technique. On the other hand, Ayoub et al. (2020), El Kassabi
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& Serhani (2017), Hassanpour and Pamucar (2019), Hayat et al. (2019)
and Mian & Al-Ahmari (2019) applied SAW with other MADM tech-
niques. Four methods considered classical fuzzy where Biiyiikozkan
et al. (2020b) and Dilli et al. (2018a) applied SAW as a single technique,
and Mansouri and Leghris (2017a) and Yasmin et al. (2020) applied
SAW with other methods. In addition, Biiyiikozkan and Gocer (2021)
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Fig. 15. Analysis of utility-based method documents considering fuzzy.

used SAW with other MADM techniques considering Pythagorean fuzzy.

The methods not included in the MADM classification in Fig. 4 are
shown in Table 7. Some of the studies using these methods are briefly
described; Zheng and Xu (2014) proposed an MADM method for cloud
service provider selection. They integrated triangular intuitionistic
fuzzy numbers with the proposed MADM problems for quantifying the
subjectivity and uncertainty of the process. In the study of Kao et al.
(2019a), the combination of both rough set and Bayesian theories can be
a relatively good way to effectively address uncertainty and ambiguity
in collective decision-making. Awajan et al. (2021) proposed an inte-
grated methodology by using neutrosophic set (NS) theory with SA and
MADM approach to rank different products on the basis of multiple
online reviews. In particular, the ranking of alternatives is performed
with the simplified neutrosophic number-weighted average (SNNWA)
operator and cosine similarity measurement methods. Mahmoudi et al.
(2021) have integrated Fuzzy TOPSIS and OPA to address the large-scale
MADM problem. In this study, the reason for choosing OPA lies in its
ability to deal with the big data problem with missing data, and it is also
convenient to use when there is a group of alternatives with comparable
attributes within a cluster. Gireesha et al. (2020a) proposed a novel
MADM approach for identifying appropriate and reliable cloud service
providers. The researchers used WNN to calculate appropriate weights
for each criterion and EDAS to rank cloud service providers. Mohammed
et al. (2020) proposed a uniform intelligent prioritization to resolve
various and big data generated from multiple chronic disease patients on
the basis of decision making and voting method. Each MCDM method
presented by the authors provides a unique ranking from those of other
approaches.

In the paper by Zolfani and Derakhti (2020), the application of text
mining was performed by a prospective MADM method, namely Latent
Semantic Analysis. Gong et al. (2020) stated that although the conven-
tional MADM approaches can provide technical support in the context of
big data, it still faces two challenges: individuals need to pre-define the
evaluated attributes and related weight parameters, and various types of
uncertain data need to be effectively processed in the evaluation pro-
cess. In order to deal with these shortcomings, they developed an
advanced SMAA-ER approach. Hasselblad et al. (2019), proposed an
MCDA approach to reduce the risk of discrimination problems found in
DEA models. The novelty of this paper is the use of a mathematical
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model based on MCDA and DEA to generate a health technology
application evaluation score from imprecise data during a technology
application. Peng and Dai (2019) proposed some MADM models based
on interval neutrosophic reducible weighted (INRW) Maclaurin sym-
metric mean (MSM) and INRW dual MSM to solve an IoMT evaluation
problem. Comparisons of the proposed algorithm with existing interval
neutrosophic decision-making algorithms were created to demonstrate
their validity.

As seen in Table 8, TOPSIS is used 35 times with AHP, ANP is used 15
times with DEMATEL, and VIKOR is used 11 times with DEMATEL. Also,
amongst the studies that consider fuzzy, AHP and TOPSIS are the most
applied MCDA methods.

5.2. Topic review results

The topic review is performed by considering two cases. In the first
case, the MADM studies including only one component of Industry 4.0
are considered as shown in Table 9.

Cloud systems and cloud computing are the most studied topics with
the MADM methods in 126 articles followed by IoT with 64 articles
whereas augmented reality is the least studied topic. However, in the
second case of the topic review analysis, the MADM studies including
more than one component of Industry 4.0 are considered as shown in
Table 10.

IoT and cloud systems are studied together in 14 papers. Big data and
cloud systems are studied together in 9 papers, whereas IoT and big data
are studied together in 6 papers. Fig. 16 shows the number of papers for
each topic.

To understand the answer to research question 1, Table 11 gives
information on MADM methods that are used for each topic of Industry
4.0.

AHP and TOPSIS are the most employed MADM methods by all In-
dustry 4.0 topics. DEMATEL, VIKOR, ANP or PROMETHEE can be
preferred according to the topic.

5.3. Bibliography analysis

Papers reviewed in this study extend from 2010 to 2022 with 214
sources and 328 documents. As for the document type, this review
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Table 7
Other MADM methods.
No  References Method Crisp/Fuzzy Version Single/Multi Tech.
Crisp  Classic Intuitionistic Neutrosophic ~ Other  Single Multiple
Fuzzy Fuzzy Technique Techn.
1 Awajan et al., 2021 Integration of SNNWA operator and cosine X X
similarity measure methods
2 Ben Alla et al., 2021 Differential evolution X X
3 Bogensperger & A proposed MADM method X
Fabel, 2021
4 Bugingo et al., 2021 CRITIC X
5 Guo et al., 2021 Neural Network based MCDA X X
6 Mahmoudi et al., Ordinal Priority Approach (OPA) X X
2021
7 Saraji et al., 2021 Fermatean fuzzy CRITIC X X
8 Akhuseyinoglu et al., A proposed MADM method X X
2020
9 Ali et al., 2020 Fuzzy MCDM approach X X
10 Basha et al., 2020 Artificial Neural Network X X
11 Fang et al., 2020 (S&0) weighting methods X X
12 Gireesha et al., WNN method X X
2020a
13 Gong et al., 2020 Stochastic multicriteria acceptability analysis- X
evidential reasoning (SMAA-ER) approach
14 Mishra et al., 2020 SECA X X
15 Mohammed et al., Hybrid DM and voting method X X
2020
16 Ning et al., 2020 CRITIC method X X
17 Saberi et al., 2020 A proposed MADM method X
18 Zolfani & Derakhti, Latent Semantic Analysis
2020
19 Hassanpour & DEA method X X
Pamucar, 2019
20 Hasselblad et al., DEA method X X
2019
21 Kao et al., 2019b Modified Delphi X X
22 Mitroulis & Kitsios, Multicriteria Satisfaction Analysis (MUSA) X X
2019
23 Nikam & Ingle, 2019 A proposed MADM method X X
24 Peng & Dai, 2019 MADM based on interval neutrosophic X X
reducible weighted (INRW) Maclaurin
symmetric mean (MSM), INRW dual MSM
25 Sendhil Kumar & Proposed multicriteria-based ranking X X
Jaisankar, 2019 framework
26 Shreyas et al., 2019 Weighted sum method X X
27 De Moraes et al., DEA method X X
2018
28 Dilli et al., 2018b A proposed MADM method X
29 Sorokin & Rougier, Dedicated MADM method
2018
30 Zheng & Xu, 2014 A proposed MADM method X X
31 Delias & Matsatsinis, A proposed MCDA method X X
2013
32 Shang et al., 2013 A proposed MADM method X X
33 Rehman et al., 2012 Compromise programming, Min-Max, Max-Min =~ x X

includes 200 articles, 12 book chapters, and 116 conference papers (see
Fig. 18). Papers contain 1855 keywords plus (ID) and 1102 author’s
keywords (DE). The reviewed papers included 926 authors with 1178
appearances. 6 authors with single-authored documents, and 920 with
multi-authored documents. As for the authors’ collaboration, the doc-
uments per author rate for single-authored documents (6 documents) is
0.365, and the author per document rate is 2.74. For muti-authored
documents, the rate of co-authored per document is 3.49, and the
collaboration index is 2.77.

Fig. 17 shows the annual scientific production for the papers. There
is a clear trend in the number of articles till 2020 which is resulting from
the academic interest in the Industry 4.0 movement.

The most 20 relative sources are shown in Fig. 18. Advances in
intelligent systems and computing journal is the most relative, and is the
source with the greatest annual growth with 15 sources followed by
IEEE access with 11 sources.

Buyukozkan G. was the author of 11 documents for the topic at hand,
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followed by Hussain O.K. with 7 documents. As for the country-based
analysis of this topic. China produced 277 papers, India produced 223,
and Turkey produced 68 papers. The most cited paper is (Abdel-Basset
et al., 2018b) which received 162 citations followed by Aboutorab et al.
(2018) with 129 citations. The keywords analysis shows that decision
making is mentioned 243 times. The keywords that include MADM
methods are the Analytical Hierarchy Process (31 times) and TOPSIS (21
times). As for the topic-based keywords, cloud computing (74 times) is
followed by IoT (58 times) and big data (32 times).

6. Trends and research gaps

By analyzing the trend topics, Fig. 19 shows an increasing interest in
Industry 4.0 in general and in IoT, big data, and cloud computing in
particular. Although the number of papers or keywords that targeted
cloud computing was much more than IoT and big data, analyzing the
data showed more recent interest in these two topics with MADM
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Table 9
Paper analysis based on one topic.
NN ANNNNOO A~ NOO OO O |
No  Reference Industry 4.0 No of
. L Component papers
PONT AT BONRO®OMS S | 1 Sangiorgio et al., 2021 Augmented Reality 1
2 Awajan et al., 2021; Belhadi et al., Big Data 46
NNoCoO~NocOoOYT~~~00CO0CO0O0O | 2021; Guo et al., 2021; Hu et al., 2021;

Huang et al., 2021; Jayant et al., 2021;
Li et al., 2021b; Mahmoudi et al.,
2021; Mathur et al., 2021; Vafaei et al.,
CO0OO0OO0O0O0O =000 O O | 2021; Zhang et al., 2021a; Zhou et al.,
2021; Baghapour et al., 2020; Bohlouli
& Schrage, 2020; Biiyiikozkan et al.,
2020b; Biiyiikozkan & Mukul, 2020;
SoonNooocooocooooo | Chen et al., 2020; Chuang et al., 2020;
Friedel et al., 2020; Fu et al., 2020;
Goger & Biiyiikozkan, 2020; Gong

et al., 2020; Hu et al., 2020; Kachaoui
& Belangour, 2020; Mohammed et al.,
2020; Basha et al., 2020; Mukul et al.,
2020; Muruganantham & Gandhi,
cCcoocococoocoocoocococooo | 2020; Nasrollahi & Ramezani, 2020;
Pramanik et al., 2020b, 2020a; Saberi
etal., 2020; Yasmin et al., 2020; Zhang
et al., 2020; Zolfani & Derakhti, 2020;
Cal1 & Balaman, 2019; Liu & Teng,
2019; Mahdiraji et al., 2019; Yin &
Shyur, 2019; Aboutorab et al., 2018;
Maghsoodi et al., 2018, 2020; Lamba
& Singh, 2018; Rebello & Tavares,
2018; Salehi et al., 2018; Lin et al.,
2017; Yang et al., 2017
“—NoOooocOoOTOoOoOMm | 3 Ben Alla et al., 2021; Bugingo et al., Cloud Computing/ 126
2021; Chakravarthi & Shyamala, Cloud Systems
2021; Chang et al., 2021b; Dong et al.,
2021; Liu et al., 2021; Lou et al., 2021;
Priyadarshini et al., 2021; Radhika &
Sudha Sadasivam, 2021; Schaefer

et al., 2021; Trabay et al., 2021; Ali
et al., 2020; Chakravarthi et al., 2020;
Neocoooooo | Domaschka et al., 2020; Fan et al.,
2020; Fang et al., 2020; Gireesha et al.,
2020a; Gireesha et al., 2020b; Hussain
OO~ ~ OO | et al., 2020a, 2020b; Mishra et al.,
2020; Nayak et al., 2020; Ogundoyin &
Kamil, 2020; Tariq et al., 2020b;
Varshney et al., 2020; Yang and Wang,
2020; Youssef, 2020; Ahuja & Khosla,
2019; Al-Faifi et al., 2019; Annette &
Banu, 2019; Bolivar et al., 2019; Fu
©coocococo | et al., 2019; Hinduja & Pandey, 2019;
Z. Lu et al., 2019; Mishra et al., 2019;
Mohallel et al., 2019; Nayak &
Tripathy, 2019; Ouadah et al., 2019;
Saidi et al., 2019; Sendhil Kumar &

0 NO O~ | Jaisankar, 2019; Son et al., 2019; Xu
et al., 2019; Zagradjanin et al., 2019;
Abdel-Basset et al., 2018a; Alam et al.,
2018; Araujo et al., 2018; Azar &
nmnooo | Majma, 2018; Biiyiikozkan & Goger,
2018; De Moraes et al., 2018;
Ghazizadeh & Cusack, 2018; Hemam
N oo | et al.,, 2018; Li et al., 2018; Nawaz

et al.,, 2018; Singh & Misra, 2018;
Skondras et al., 2018; Sorokin &

oo | Rougier, 2018; Thomas & Silas, 2018;
N. Yadav & Goraya, 2018; Yang et al.,
2018a,b; Yazir et al., 2018;
Biiyiikozkan et al., 2017; Chen et al.,
2017; Dai et al., 2017; Guan et al.,
2017; Hemam & Hioual, 2017; Hioual
et al., 2017; Hu et al., 2017; Kumar

OO OO0 OO0O0O0OCOoO oo |

15*
11*

AHP ANP EDAS BWM ELECTRE PROMETHEE TODIM TOPSIS VIKOR CODAS DEMATEL GRA CHOQUET INTEGRAL SWARA WASPAS COPRAS MOORA SAW Fuzzy Other
35*

The Integrated Use of MADM Methods.

& 5‘ etal., 2017, 2018¢, 2021a; Kumar &
- E 7] Kumar, 2017, 2018a, 2018b; H. Lu
E . j E et al., 2017; Md Kassim et al., 2017;
E = = &3 Z 0w Priyadarshinee et al., 2017; Raut et al.,
0 &|F EEsgusZ55532
Qs 0 =R o= > & o ] 2017; Sener et al., 2017; Shang et al.,
255 | e Sc223585808222:258358+¢ .
4 S|Z2REEEEEECEG885E05520 (continued on next page)
[
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Table 9 (continued)
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Table 9 (continued)

No  Reference Industry 4.0 No of No  Reference Industry 4.0 No of
Component papers Component papers

2017; Sidhu & Singh, 2017; Sohaib and Kumar et al., 2020; Lin et al., 2020; Liu
Naderpour, 2017; Tanoumand et al., & Han, 2020; Mo et al., 2020; Ning
2017; Wasim et al., 2017; Alam & et al., 2020; Sharma et al., 2020; M.
Ahmad, 2016; Benatia et al., 2016; Singh et al., 2020; Tariq et al., 2020a;
Bhushan & Reddy, 2016; Chen et al., Viriyasitavat & Bi, 2020; Wang et al.,
2016; Grygorenko et al., 2016; Hioual 2020; Xu et al., 2020; Yadav et al.,
& Hemam, 2016; Hu and Chen, 2016; 2020; Yang et al., 2020; Zaidan et al.,
Kumar & Kumar, 2016; Lee & Seo, 2020; Ahmad et al., 2019; Albahri
2016; Lin et al., 2016; Ma et al., 2016, et al., 2019; Dobre et al., 2019;
2017; Sun et al., 2016; Zoie et al., Farzaneh et al., 2019; Hayat et al.,
2016; Ravi & Peddoju, 2015; Ribas 2019; He et al., 2019; Kao et al.,
et al., 2015; Shetty & D'Mello, 2015; 2019a, 2019b; Khodaparas et al.,
Sundarraj & Venkatraman, 2015; Le 2019, 2020; Kuznichenko et al., 2019;
et al., 2014a, 2014b; Lee et al., 2014; Munjal & Singh, 2019; Nabeeh et al.,
Peng et al., 2014; Ramachandran et al., 2019; Peng & Dai, 2019; Rafiee et al.,
2014; Zheng & Xu, 2014; Cheng et al., 2019; Shreyas et al., 2019; Wang et al.,
2013; Delias & Matsatsinis, 2013; Liao 2019; Zadtootaghaj et al., 2019; Abdel-
et al., 2013, 2014; Patiniotakis et al., Basset et al., 2018b; Da Cruz et al.,
2013, 2014, 2015; Shang et al., 2013; 2018; Dilli et al., 2018a; Dilli et al.,
Sun et al., 2013; Li, 2012; Rehman 2018b; Eswaran et al., 2018; Fouad
et al., 2012, 2013,2015; Yazir et al., et al., 2018; Liu et al., 2018; Preeth
2012; Cheng et al., 2011; Huang et al., et al., 2018; Pu et al., 2018; ZenAlden
2011, 2012; Saripalli and Pingali, et al., 2018; Zhou et al., 2018; Liu
2011; Lo et al., 2010 et al., 2017; Mansouri & Leghris,

4 Ozceylan et al., 2022; Zhang et al., CPS 6 2017a; Choochotkaew et al., 2015; Li,
2021b; Seh et al., 2021; 2012
Venkataramanan et al., 2020; Nikam & 8 Hasgul & Aytore, 2021; Palanisamy Smart Manufacturing 5
Ingle, 2019; Becker & Wagner, 2016 et al., 2020; Singh & Tiwari, 2020;

5 Nguyen et al., 2022; Alhubaishy & Digital 11 Unnikrishnan et al., 2019; Biiyiikozkan
Aljuhani, 2021; Brodny & Tutak, 2021; Transformation & Gocger, 2018
Biiyiikozkan & Giiler, 2020; Sharma Digitalization
and Joshi, 2020; Bui & Perera, 2019;

Giiler & Biiyiikozkan, 2019; methods. As for the MADM methods, AHP and TOPSIS are still favorable
Hasselblad et al., 2019; Mian & Al- by most researchers due to the effectiveness and popularity of these two
Ahmari, 2019; Mitroulis & Kitsios,

2019; Bouayad et al., 2018 methods.

6 Ajay & Aldring, 2022; Boltiirk & Kutlu  Industry 4.0 33 The purpose of the analysis is to recapitulate the information avail-
Giindogdu, 2021; Biiyiikézkan, able in a particular field in order to obtain more holistic and precise
Feyzioglu, & Havle, 2020a; information. This article sought, found, and investigated articles, pro-
zzfy;l;z‘l;aﬁali Z(s;:rcis:@u:ojfil . ceedings, and book chapters on the MADM methods in the components
Murino, 2020; Chang, Chang, & Lu, of Industry 4.0 through the Scopus database. Based on the results of the
2021a; Chou & Liao, 2020; Gupta, review, we identified the challenges from the literature analysis and
Kumar, & Wasan, 2021; Hassanpour & outlined below possible directions for future articles to contribute to
Pamucar, 2019; Hossain & Thakur, further progress in the application of MADM methods in Industry 4.0.
2021; Kaya, Erdogan, Karasan, &

Ozkan, 2020; Kazancoglu & Ozkan-

Ozen, 2018; Kumar, Vrat, & Shankar, 6.1. Algorithms that handle uncertainty more effectively in the decision-

2021b; Ortiz-Barrios et al., 2021; .

making process

Ramos, Loures, Deschamps, &

Venancio, 2020; Sansabas-Villalpando,

Pérez-Olguin, Pérez-Dominguez, In many real-world situations, crisp values are insufficient to cope

Rodriguez-Picén, & Mendez-Gonzalez, with real-life problems because human judgment is uncertain and

2019; Singh & Misra, 2021; Skondras cannot be predicted with exact numerical values. In order to handle the

et al., 2021; Sriram & Vinodh, 2021; . . I . . .

Torbacki, 2021; Vinodh & Wankhede, uncertainty that often arises in information derived from the judgment

2020; Wankhede & Vinodh, 2021; of decision-makers, fuzzy set theory has been used in many multi-

Yériikoglu & Aydin, 2020; Yiiksel, criteria decision-making methods (Mustafa et al., 2019).

Basmaci, & Geng, 2021; Agrawal and Approaches integrated with fuzzy set theory ignore the hesitancy

Vinodh, 2021; Akmaludin et al., 2020; that experts may encounter in dealing with uncertainty in the decision-

Amini and Chang, 2017; de Andrade . . . .

et al., 2020; Drakaki et al., 2019; making process. In real-world situations, however, decision-makers are

Jamwal et al., 2021; Medic et al., 2018; likely to hesitate. Compared to traditional fuzzy sets, IFSs are more

Vigneshvaran and Vinodh, 2021; powerful to reflect the degree of hesitation. Only 17 sampled papers in

Ramos et al., 2018 our literature have utilized IFSs to address the degree of hesitation of
7 Adem et al., 2022; Aisyah & Dachyar, IoT 64

2021; Gautam & Kumar, 2021;
Haghparast et al., 2021; Houari &
Mazri, 2021; Lee et al., 2021; Lin et al.,
2021a; Lin et al., 2021b; Verma &
Chandra, 2021; Abdel-Basset et al.,
2020b; Akhuseyinoglu et al., 2020; Al-
Tarawneh, 2020; Banaie et al., 2020;
Contreras-Masse et al., 2020; Grida

et al., 2020; Hinduja & Pandey, 2020;

21

experts. No matter how robust the concept of IFS is, only the sum of
membership (truth degree) and non-membership function (falsity de-
gree) values is less than 1. However, there are cases where the sum of
these two functions is greater than 1, unlike the case caught in IFSs. This
limitation in the IFS structure is the motivation for introducing Py-
thagorean fuzzy sets (PFSs). The pythagorean fuzzy set (PFS) is a
powerful tool for dealing with uncertainty that satisfies the condition
that the sum of function values is greater than 1 (Ejegwa, 2020). In order
to cope with uncertainty, in our literature only two papers (Biiyiikozkan
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Table 10
Paper analysis based on more than one topic.

Computers & Industrial Engineering 177 (2023) 109075

No  Reference Industry CPS IoT  Smart Big Cloud Systems/Cloud Augmented Digital Transformation /
4.0 Manufacturing Data Computing Reality Digitalization
1 Bogensperger & X X
Fabel, 2021
2 Saraji et al., 2021 X X
3 Li et al., 2021a X X
4 Chakraborty & Das, X X X
2021
5 Helmy et al., 2021 X X
6 Shaabani et al., 2021 X X
7 Chakraborty et al., X X
2021
8 Sadreddini et al., X X
2021
9 Qi et al., 2020 X X
10 Abdel-Basset et al., X X
2020a
11 Biiyiikozkan & Mukul, X X
2020
12 Gupta et al., 2020 X X
13 Caliskan et al., 2020 X X
14 Ayoub et al., 2020 X X
15 Chauhan et al., 2020 X X
16 Buyukozkan & Gocer, X X X X
2019
17 Medic et al., 2019 X X
18 Bangui et al., 2018 X X
19 Yang et al., 2018b X X X
20 Nikam & Ingle, 2018 X X X
21 Son & Huh, 2018 X X
22 Yang, 2018 X X
23 Singla et al., 2018 X X
24 Voronova et al., 2018 X X X X
25 Hu et al., 2018 X X
26 Dos Santos et al., X X
2018
27 El Kassabi & Serhani, X X
2017
28 Mansouri & Leghris, X X
2017b
29 Sachdeva et al., X X
2016b
30 Sachdevaetal., 2016a X X
31 Vafaei et al., 2016 X X
32 Veza et al., 2015 X X
33 Khowfa et al., 2015 X X
34 TalebiFard & Leung, X X
2014
8 4 14 6 14 19 2 8

et al., 2021; Biiyiikozkan and Gocer, 2021) have utilized PFSs. In 4.0
decision-making problems, more research is needed under the concept
of PFS to better deal with uncertain information in cases where the sum
of function values is greater than 1.

In both IFSs and PFSs, the degree of hesitation depends on mem-
bership and non-membership degrees. Since the degree of hesitation
represents indeterminacy and ignorance stemming from the lack of
knowledge, it is more suitable to express it as irrelevant to the degree of
membership and degree of non-membership. Recently, Giindogdu and
Kahraman (2019) introduced three-dimensional spherical fuzzy sets
(SFSs) as a new extension of IFSs and PFSs, where the experts’ hesitancy
can be expressed clearly. Accordingly, experts can express their hesita-
tions irrespective of their degree of agreement or disagreement. There-
fore, SFSs can efficiently reveal experts’ judgments and preferences
(Sharaf, 2021). Since SFSs are recently introduced, the literature is still
limited. In our literature, only two sampled papers (i.e. Ajay and Aldring
(2022); Boltiirk and Kutlu Giindogdu (2021)) have used SFSs. More
research is needed using SFSs to deal with the hesitancy of the experts in
I4.0 decision-making problems more adequately and accurately.

In addition, there are 14 sampled articles using the PROMETHEE
method, which is considered one of the best and most popular methods

22

of outranking. However, it is noteworthy that the PROMETHEE method
is used with crisp values in all of the sampled studies. Although the
PROMETHEE method used crisp data to allow experts evaluating al-
ternatives to clearly articulate the importance of their preferences, they
fail to cope with the uncertainty arising from the ignorance and
subjectivity of the experts. Essentially, neutrosophic sets can effectively
deal with uncertainty by considering all aspects of a decision situation (i.
e. truth, uncertainty, and falsity). Therefore, the use of PROMETHEE
under the neutrosophic concept has been preferred by many researchers
in recent years to cope with the uncertainty in the decision-making
process (Zavadskas et al., 2019; Zhu et al., 2020; Bausys et al., 2021).
In future studies, the PROMETHEE method can be used with the neu-
trosophic concept to cope with the uncertainty in Industry 4.0
decision-making applications.

6.2. Algorithms that more effectively handle inter-criteria interaction or
interdependence features

The most popular MADM approach used to determine the impor-
tance weights of the criteria is the AHP method with 122 sampled pa-
pers. The most popular MCDM approach used to determine the
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Fig. 16. Topic analysis of reviewed papers.
Table 11
Number of papers that consider each Industry 4.0 topic and MADM method.
Methods Cloud Computing/Cloud IoT  Big Industry Digital Transformation/ Cps  Smart Augmented
Systems Data 4.0 Digitization Manufacturing Reality
AHP 53* 32* 14* 14* 8 5 4 2
ANP 18* 8 4 3 1 0 1 0
EDAS 1 0 1 1 0 0 0 0
BWM 7 2 5 3 4 0 3 1
ELECTRE 4 0 2 1 1 0 0 0
PROMETHEE 6 2 2 7 2 0 1 0
TODIM 0 0 3 0 0 0 0 0
TOPSIS 47* 25* 17* 8 8 4 3 0
VIKOR 9 10 5 4 1 0 2 0
CODAS 0 0 2 2 0 0 1 0
DEMATEL 13* 8 5 6 1 0 1 0
GRA 7 2 1 1 0 0 0 0
CHOQUET 0 0 1 1 0 1 0 0
INTEGRAL
SWARA 0 0 0 1 1 0 0 0
WASPAS 2 0 2 2 1 1 0 0
COPRAS 0 1 1 1 0 0 0 0
MOORA 1 0 1 0 1 0 0 0
SAW 5 5 4 1 1 1 1 0
Fuzzy 40* 24+ 22% 16* 9 5 3 1
Others 21* 19* 13* 5 5 0 0 0

importance weights of the criteria is the AHP method with 122 studies.
But in I4.0 decision-making problems, the relationships between deci-
sion criteria may have a network structure, so the problem cannot be

23

solved with a hierarchical structure and linear methods like AHP.
Saaty developed the ANP method, an extension of AHP, to overcome
the limitations of linear techniques. ANP can also address the
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interdependence and feedback between each standard and alternative in
real-world problems. The ANP method divides the problem into clusters
and each cluster contains multiple variables/criteria for evaluation. In
order to improve the equal weighting assumption of the traditional ANP
method, the DEMATEL technique was introduced to combine with the
basic concept of ANP to solve complex problems in effective weights, it
was called DANP (DEMATEL-based ANP). As seen in Table 10, ANP was
used with DEMATEL 15 times. Eight of those papers use DANP in cloud
systems decision-making problems. However, the fact that individuals’
decisions are handled with crisp values in these studies creates uncer-
tainty in evaluating the interaction between criteria or their

24

interdependence characteristics. Therefore, grey theory can be com-
bined with DEMATEL methods to improve the accuracy of the decision-
making process. In future articles, especially in cloud system decision-
making problems, the grey theory-based DEMATEL method and ANP
can be integrated to determine the interrelationships of the criteria and
to address the dependencies between the criteria.

Moreover, the CI technique has a simple procedure compared to
other MCDM methods and allows the modeling of dependencies among
criteria in cases where traditional techniques are difficult. By doing this,
the CI better reflects what can be expected of an expert (Biiyiikozkan
et al., 2021). Also, when declaring their evaluations, the experts rely on
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information about all the criteria, which are usually not independent. In
order to deal with this challenge, the CI method can be utilized due to its
power in in addressing conflicting and interactive criteria. However, in
order to model criterion interactions and independence, only four
sampled papers in our literature (i.e. Venkataramanan et al., 2020; Lou
etal., 2021; Zhang et al., 2021a; Biiyiikozkan et al., 2021) have used the
CI approach. Therefore, there is a need for more studies using the CI
technique, which has a practical and powerful structure in modeling
criterion interactions and independence.

6.3. Algorithms that handle experts’ subjectivity more effectively

The literature review included MADM approaches applied to 4.0
decision-making problems that involve both qualitative and quantitative
factors. One of the major shortcomings of current MADM models in our
literature is that they depend on domain knowledge and expert experi-
ence for initial input (Chuang et al., 2020). Some studies have included
fuzzy logic and its extensions (for example, intuitionistic fuzzy, neu-
trosophic and pythagorean) to improve the accuracy of the decision-
making process. While the contributions of MADM studies cannot be
underestimated, both crisp and fuzzy-based models depend on the ex-
perts’ domain knowledge. Different results may arise due to different
expert opinions. However, with the development of information tech-
nology, data can be gathered from alternatives, making it possible to
discover meaningful patterns in the data of alternatives based on data
analytics algorithms. These models are not subject to individual judg-
ment and may objectively reflect the performance of alternatives. We
concluded that models in which data analytics techniques are integrated
with the judgments of decision-makers are needed to allow for a more
systematic and scientific evaluation of alternatives.

As stated, MCDM is the process of selecting the most appropriate
alternative from a limited set of alternatives based on a limited set of
criteria. Since the importance of the criteria in this process is not the
same, determining the weight of each is one of the basic elements of the
MCDM process. Generally, the approaches for determining weights can
be classified into two categories. In subjective methods, decision-makers
play an important role in determining the importance weights of the
criteria, so that the weight of each criterion is computed according to the

25

information obtained from their judgments. In objective methods, the
weights of the criteria are deduced based on the information presented
in the decision matrix and the available data, while the fact that
decision-makers and their subjective judgments do not have a role in the
determination of the weight of the criteria makes the assessment more
precise (Yalcin et al., 2022). The most commonly employed objective
methods include the standard deviation method, entropy method, and
CRITIC algorithm. In our literature, only three articles have used the
CRITIC algorithm to objectively determine criterion weights. However,
the original CRITIC approach has a shortcoming in properly handling
conflicting relationships between criteria, as it only uses Pearson’s
correlation. In future papers, more consistent criterion weights can be
obtained using Distance Correlation-based CRITIC (p-CRITIC) algorithm
since it gives a lower symmetric mean absolute percentage error, a
higher average distance correlation, and a higher average Spearman
rank-order correlation.

Moreover, the CCSD approach is a new technique developed to
objectively determine the weight of each criterion. This method has
several advantages over other methods of objective weight determina-
tion. There is no need for a specific normalization approach unlike the
entropy method, specifying the weights to be more extensive and
convincing than the entropy method and the SD method, and having a
more transparent mechanism than the CRITIC algorithm; are some ad-
vantages of the CCSD method over other similar approaches. Therefore,
in order to eliminate subjectivity in the determination of each criterion’s
weight, MADM applications using the CCSD method are needed.

6.4. Generalization of results from MADM methods

In the majority of MADM applications in our literature, the results
are case-dependent, and can only fit the studied case. The main reason
for this is the variability in the criteria and the subjectivity in the
weighting of these criteria. Moreover, the results themselves are sub-
jective to the context of the study and can only make sense in the context
studied, which often involves human judgment, which leads to incon-
sistency in the evaluation of the modules applied. However, in order to
generalize the results obtained from the MADM methods, alternative
cases in similar frameworks and similar empirical studies are needed.
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This would provide a more convenient analysis of the results.

Sensitivity analysis considers changes in parameters and factors of
the MADM problem and shows the change reflected in the ranking of
results. In other words, it demonstrates the robustness of results by
enabling practitioners to understand the limits at which a particular
solution can be effective. Typically, the weight adjustment method is
applied when the weight of a particular attribute changes while fixing
other attributes (Soni et al., 2022). In future studies, the application of
sensitivity analysis may help to show tradeoffs by considering different
sets of modifications, such as the inclusion/exclusion of certain criteria
or changing their weighting.

6.5. Algorithms to select the most suitable technology for small and
medium enterprises (SMEs)

Due to the apparent benefits of Industry 4.0 technology, most SMEs
nowadays are looking forward to applying Industry 4.0 technologies and
improving their performance. However, the increasing number of al-
ternatives along with the limited budget, makes MADM problem much
more complex. Masood and Sonntag (2020) pointed out four technolo-
gies that build the foundation of most of Industry 4.0. These four tech-
nologies are IoT, cloud computing, big data, and analytics. 15
alternative combinations can be made up of these 4 technologies that
can be applied in SMEs. Soni et al. (2022) proposed a hesitant
fuzzy-based technology selection model to determine which of Industry
4.0 technologies can be applied by SMEs focusing particularly on sus-
tainable supply chain finance performance taking into consideration 15
economic, environmental, and social criteria in their module. Moreover,
different fuzzy-based technology selection models are needed to guide in
choosing the most suitable technology for small and medium-sized en-
terprises (SMEs): neutrosophic-based selection model, intuitive
fuzzy-based selection model, pythagorean fuzzy-based selection model.

Based on the results of the review, we identified the challenges from
the literature analysis and outlined below possible solutions for future
articles. The summary of the challenges, research gaps, and recom-
mended solutions are demonstrated in Table 12.

7. Summary and conclusion

The Industry 4.0 concept was first presented by the German gov-
ernment to encourage computerization in manufacturing. The proposed
concept has received a lot of attention and become widespread due to
the benefits provided by companies as a result of Industry 4.0 technol-
ogies. Hereby, businesses started to invest in Industry 4.0 technologies
(Ozdemir, 2022). However, since the implementation of industry 4.0
technologies requires a significant amount of capital, firms have to
choose the most suitable technologies among the available alternatives.
This process can be risky and requires appropriate evaluation of all
options by considering all criteria (Soni et al., 2022). MCDM methods
help to select the best alternatives in situations where many criteria
arise. On the other hand, there are many MCDM methods in the litera-
ture, and each method has different properties having advantages and
disadvantages (Zardari et al., 2014). Thus, it can be very difficult to
choose the appropriate method for the decision-making process (Bajec &
Tuljak-Suban, 2019). Implementing an inappropriate method can lead
to wrong decisions, which can result in spending a lot of money on
inappropriate technology. In this context, we reviewed the MADM
methods used in the scope of Industry 4.0 to guide researchers and
business practitioners in identifying suitable MADM methods in Industry
4.0 components. Accordingly, this article identifies frequently used
MADM methods for Industry 4.0 components and highlights the link
between a particular component and a particular method.

This study focuses on the articles, proceedings, and book chapters. In
this context, the Scopus database has been investigated using the search
terms in Table 2 and a total of 328 studies that applied MADM methods
within the scope of Industry 4.0 have been reviewed. As can be seen in
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Table 12
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Challenges, research gaps and recommended solutions.

Challenges

Research gap

Recommended solutions

Algorithms that
handle uncertainty
more effectively in
the decision-making
process

Algorithms that more
effectively handle
inter-criteria
interaction or
interdependence
features

Algorithms that
handle experts’
subjectivity more
effectively

(1) In order to cope with
uncertainty, in our
literature only two
articles have utilized
PFSs.

Since SFSs are recently
introduced, the
literature is still

2

-

limited. In our
literature, only two
sample papers have
used SFSs.
PROMETHEE method
is used with crisp
values in all of the
sampled studies.

3)

ANP has been used 15
times with DEMATEL,
mostly in the cloud
system component.
The fact that
individuals’ decisions
are handled with crisp
values in these studies
creates uncertainty in
evaluating the
interaction or
interdependence
between criteria.

The CI method has a
simple procedure
compared to others
and allows modeling
of dependencies
between criteria

(€8]

)

where traditional
techniques are
difficult. This method
is rarely used in our
literature to model
criterion interactions
and independence.
Data analytics
algorithms models are
not subject to
individual judgment
and may objectively
reflect the
performance of
alternatives. However,
those are not used
with MADM methods
in evaluating
alternatives and
weighting criteria.
The original CRITIC
approach, used in
three studies in our
literature, has a
shortcoming in
properly handling
conflicting
relationships between
criteria, as it only uses
Pearson’s correlation.
The CCSD approach,
which we have not
encountered in the

a

-

(2

-

3)

@

)

@3

a7

a

-

(2

(€8]

2

3)

More research is
needed under the
concept of PFS to better
deal with uncertain
information in cases
where the sum of
function values is
greater than 1.

More research is
needed using SFSs to
deal with the hesitancy
of the experts in 4.0
decision-making prob-
lems more adequately
and accurately.

The PROMETHEE
method can be used
with the neutrosophic
concept to cope with
the uncertainty in
Industry 4.0 decision-
making applications.
Especially in cloud
system decision
making problems, gray
theory-based DEMA-
TEL method and ANP
method are needed to
determine the in-
terrelationships of the
criteria and to deal
with the dependencies
between the criteria.
There is a need for
more studies using the
CI technique, which
has a practical and
powerful structure in
modeling criterion
interactions and
independence.

Models in which data
analytics techniques
are integrated with the
judgments of decision-
makers are needed to
allow for a more sys-
tematic and scientific
evaluation of
alternatives.

More consistent criteria
weights can be
obtained using p-
CRITIC algorithm since
it gives a lower
symmetric mean
absolute percentage
error, a higher average
distance correlation,
and a higher average
Spearman rank-order
correlation.

In order to eliminate
subjectivity in the
determination of each
criterion’s weight,
MADM applications

(continued on next page)
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Table 12 (continued)

Challenges Research gap Recommended solutions
literature, is a new using the CCSD method
technique developed are needed.
to objectively
determine the weight
of each criterion. This
method has many
advantages over other
objective weight
determination
methods.

Generalization of (1) The results themselves (1) In order to generalize
results from MADM are subjective to the the results obtained
methods context of the study from the MADM

and can only make methods, alternative
sense in the context cases in similar
studied, which often frameworks and similar
involves human empirical studies are
judgment, which leads needed.
to inconsistency in the ~ (2) The application of
evaluation of the sensitivity analysis may
modules applied. help to show tradeoffs

(2) Rarely used in the by considering
literature, sensitivity different sets of
analysis demonstrates modifications, such as
the robustness of the inclusion/exclusion
results by enabling of certain criteria or
practitioners to changing their
understand the limits weighting.
at which a particular
solution can be
effective.

Algorithms to select (1) Studies that develop Different fuzzy-based

the most suitable
technology for
(SMEs)

fuzzy algorithms for
choosing the most
suitable technology
for small and medium-
sized enterprises
(SMEs) lack in our
literature.

technology selection
models are needed to guide
in choosing the most
suitable technology for
small and medium-sized
enterprises (SMEs):
neutrosophic-based
selection model, intuitive
fuzzy-based selection
model, pythagorean fuzzy-
based selection model.

Fig. 5, pairwise comparison methods used in 150 of 328 studies are the
most popular approaches with a rate of 45.73 %, while utility-based
approaches are employed in only 16 papers. When the components of
Industry 4.0 seen in Fig. 17 are examined, cloud systems were the most
popular in 145 of 328 studies, followed by IoT and big data with fre-
quencies of 78 and 60, respectively. However, it is noteworthy that the
augmented reality component is considered in only three papers. When
it comes to the methods used in the components of Industry 4.0, Table 11
shows that the AHP method is the most popular in all components except
big data. While TOPSIS is the most popular method in the big data
component, both TOPSIS and AHP are the most popular methods in the
digital transformation component. In addition, it is remarkable that the
TODIM method is only used in big data studies.

Although there are many MCDM methods in the literature, each
method has different characteristics and processes. Implementing an
inappropriate method can lead to wrong decisions, which can result in
spending a lot of money on inappropriate technology. In this context,
our work in determining the appropriate MADM methods in Industry 4.0
components can be a guide for managers and business practitioners. In
addition, this article identifies frequently used MCDM methods for In-
dustry 4.0 components and helps managers and business practitioners to
select appropriate MCDM methods for a particular component.

This study includes a number of limitations. The first limitation is the
consideration of only the Scopus database in considering the relative
articles whereas other libraries such as Web of Science, Springer, and
Science Direct could have also been included. The second limitation is
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about the theoretical analysis. Although this study highlights the main
focus of researchers in addressing MADM problems in the scope of In-
dustry 4.0 technologies, it doesn’t focus on the theoretical details of the
utilized methods in the considered studies. Finally, the last limitation is
about the MADM classification structure and the components of Industry
4.0. Although the presented structures are highly supported by the
existing literature, other MADM classification, or other Industry 4.0
components could be added to the study such as 3D printers and the use
of AI and machine learning. However, there is still not a unique classi-
fication structure (i.e., a standard taxonomy) for this topic that is
commonly agreed upon amongst the members of the research
community.
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