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The current exploratory study identifies the major challenges in the adoption of Industry 4.0 framework
in the Indian construction industry and subsequently ranks the challenges on the basis of the severity.
Based on the extant literature review and personal interaction with construction management, infor-
mation technology (IT) professionals, and academicians, twenty-five challenges were identified. After
validating the challenges, they were ranked from most severe to least severe using the multi-criteria
decision-making (MCDM) method based on rough set theory that leans on the indiscernibility relation
between the objects. The study indicates that huge initial investments and costs incurred to mobilize the
internet of things (IoT) enabled framework in the construction firms are the major obstacles to the
adoption of the Industry 4.0 methods. The recruitment of experts to train the employees and workers is
seen as another big hurdle in the aforementioned objective. It is a challenge to educate and train them on
sophisticated technology that requires a basic understanding of computer fundamentals and IT-related
concepts that is found lacking in the workers employed at the lower levels. Proper maintenance of
sensitive tools and equipment such as IoT devices is a challenging task due to the nature of the activities
taking place at construction sites. The multi-criteria method of ranking based on Dominance-based
Rough Set Analysis (DRSA) has never been attempted to rank the challenges and assign a severity
score. The study adds novelty to the existing literature in the domain of multi-criteria ranking by
including a tool that is new to this area of research.
© 2022 The Authors. Published by Elsevier B.V. on behalf of College of Management, National Cheng Kung
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

In today's highly competitive market, every organization strives
to have an edge over its competitors to be established and suc-
cessful (Dobni et al., 2022; Sulistyo & Siyamtinah, 2016). The most
sought-after method to gain a strong foothold in the business
environment is to introduce smart technology in the production
process that improves productivity and enhances efficiency
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(Moradi et al., 2021). The inevitable risks associated with the pro-
duction process can be mitigated to a large extent using smart
technology (Lin & Cheung, 2020). This, not only amounts to
improving the returns but also serves to patrol the environmental
risks and provide better products both qualitatively and quantita-
tively (Kim et al., 2017; Kolberg & Zühlke, 2015). In the wake of the
urgent need to integrate automation and smart technology in the
production process, Industry 4.0 has shown tremendous potential
in the creation of a smart infrastructure that aids in establishing a
framework that addresses the three P's i.e. people, profit, and the
planet, of the Triple bottom line (TBL) approach in industries (Chen,
2022). Thus, the adoption of Industry 4.0 in organizations can lead
to economic, social and sustainable manufacturing systems (Arpaci,
2019). Originated as a part of a high-tech project in Germany with
the main focus on computerization in manufacturing, Industry 4.0
is a strategically thought-out step that is taken towards creating
ement, National Cheng Kung University. This is an open access article under the CC
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smart factories where different technologies like robotics, cloud
computing, artificial intelligence, internet of things (IoT), commu-
nications technology, big data analytics, virtual reality are inte-
grated to promote interaction between humans and equipment
thereby making the system intelligent with the use of human in-
puts (Banmairuroy et al., 2022; Chen et al., 2018; Hofmann& Rüsch,
2017; Hsieh & Wu, 2019). Industry 4.0 is a term broadly associated
with automation and data exchange in manufacturing technolo-
gies. It consists of cyber-physical systems (CPS) at the core of its
principles. Loosely referred to as the fourth industrial revolution,
Industry 4.0 essentially represents a combination of IoT, internet of
systems (IoS) and CPS (Hasan et al., 2019; Longo et al., 2017; Lu,
2017; Rojko, 2017). As stated earlier, the fundamental advantage
that Industry 4.0 promises are to invent the idea of smart factories.
A smart factory implies a scenario where the machines are con-
nected to the web which is further connected to a system that can
observe the entire production chain and make decisions on its own
(Forbes, 2019; Yoon et al., 2020). The phase of the fourth revolution
or Industry 4.0 marks the point in time where a multitude of
emerging technologies are witnessed from all domains including
physical, digital and biological that are closely connected. It is this
inter-relationship between the technologies that impact every
discipline, economy, and industry. Industry 4.0 holds the potential
of checking and undoing the disasters that the earlier three revo-
lutions inflicted on the environment by regenerating natural re-
sources through better asset management.

The construction sector in India continues to grow due to
increased demand for infrastructure and real estate. It is a major
indicator of the development as it generates and promotes in-
vestment opportunities in other related sectors. The current study
will enable the senior management in the small-scale Indian con-
struction industry to discover the reasons behind the inability to
adopt Industry 4.0 enabled framework in their organizations
particularly, small-scaled firms with limited resources. It is ex-
pected that India is going to be the third-largest construction
market globally with a GDP contribution of about 15% by 2030. It is
also speculated that the construction industry will employ more
than 75 million people by 2022 (Make in India, 2019). The Gov-
ernment of India (GoI) has placed high stakes in the construction
industry as it realizes that the ever-increasing demands from the
urban population are not adequately met with the given levels of
urban infrastructure. There is a need for the regeneration of urban
areas in the existing cities and the creation of new smart cities that
can cater to the demands of the population and migration from
rural to urban areas. The reports published by the GoI state that
Gross Value Added (GVA) registered a growth of 4.3% as compared
to 1.3% in the last year. Capitalizing on the information technology
(IT) expertise and large IT workforce, India has already begun
venturing into the fourth industrial revolution. Under the Gov-
ernment of India's “smart cities mission”, it is hoped that the
project shall build 100 smart cities across India (Make in India,
2019). Indian Institute of Science (IISc) has started building the
first smart city in the city of India, Bengaluru with the seed funding
received from Boeing Company (Industry 4.0, 2019). The Secretary
of the Department of Industrial Policy and Promotion (DIPP) ob-
serves the tremendous potential and doors of opportunities In-
dustry 4.0 can open for India. While automation has transformed
the manufacturing scenario completely, the construction sector is
yet to benefit from automation and smart machines. There is a big
scope and opportunity to involve smart concepts in the construc-
tion process and drastically improve the efficiency and quality of
the outcome or product. The use of three-dimensional (3D) print-
ing, robotics, and artificial intelligence (AI) has already been applied
in various facets of construction activities to improve the overall
standard of production and save time and ensure the safety of the
2

workforce. Some of the notable advancements in the integration of
automation in the construction sector are Eidgen€ossische Techni-
sche Hochschule (ETH) Zurich's In-situ fabricator that will be
creating non-rectilinear walls by constructing a double layer of
metal bars. The fabricator is a robotic arm using mesh mold tech-
nology. Construction robotics self-automated mason has the capa-
bility of putting down 6000 bricks per day. An instance of the
effectiveness of 3D printing in building walls can be had from the
gantry printer's building Copenhagen's building on demand (BOD)
that will be laying down concrete 50e70 mm thick at 2.5 m per
minute. TheMedia Lab of theMassachusetts Institute of Technology
(MIT) has used an industrial robotic arm to create the Digital Con-
struction Platform (DCP) that has the ability to move anywhere at
the construction site and construct as it goes (ASME, 2019). The
manufacturers can increase the efficiency of the production by
optimizing the operations by focusing and streamlining the atten-
tion to the problem areas without having towaste energy, time, and
resources. Micro, small and medium enterprises (MSMEs) are
touted to be the biggest gainers of Industry 4.0 by transitioning to
the new technology (Financial Express, 2019).

Industry 4.0 shows great potential for revamping the Indian
Construction Industry by facilitating enhanced productivity
through optimization and automation, making real-time data
available for use for real-time supply chains in the real-time
economy, greater business continuity through advanced mainte-
nance and continuous monitoring, and providing higher quality
products as a result of real-time monitoring, IoT and IoS enabled
processes and quality control. Industry 4.0 holds the potential to
revamp the operations in the construction sector by adopting the
principles of a “smart city”. The smart city is an idea where the
functions are optimized to drive economic growth while improving
the quality of life using smart technology and data analysis
(Yigitcanlar et al., 2021). The adoption and application of mobile
computing through data management networks such as IoT, big
data, and cloud computing technologies form the backbone of
smart cities (Kirimtat et al., 2020). Tapping on the concept of smart
technology is often considered the best solution to the problems
related to transportation, waste management, and environmental
protection (Laufs et al., 2020). The adoption of Industry 4.0 is still
under apprehension. Most of which is attributed to the high in-
vestment costs needed to establish the framework and necessary
skills to have effective and smooth functioning.

The paper is divided into six sections. Section 2 reflects on the
past literature on the topic of the IoT and several other aspects of a
smart factory. Section 3 illustrates the methodology adopted for
carrying out the analysis. Section 4 presents the results and dis-
cussion of the study with a sub-section on additional analysis to
assess the sensitivity of the results. Section 5 discusses the impli-
cations including theoretical and managerial implications of the
study followed by the conclusions, limitations and future scope in
Section 6.

2. Literature review

Industry 4.0 is the current automation trend and data exchange
platform in manufacturing technologies. It includes cyber-physical
systems (CPS), the IoT, and cloud computing that collectively cre-
ates the smart factory. The key components comprising Industry
4.0 are reviewed briefly in the subsequent sub-sections.

2.1. Cyber-physical system

Cyber-physical system or CPS forms an integral part of the In-
dustry 4.0 framework. CPS is fundamentally a combination of cyber
systems and physical systems interacting with each other on a real-
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time basis and hence the name Cyber-Physical System. The con-
ceptual framework of CPS is envisioned in Fig. 1.

Physical systems have computerized systems in-built in them
that assist in various functionalities automatically. For instance,
consider a car as a physical system and ADS as a computerized unit
that controls the brakes of the car automatically. Now, the ADS
interacts with the physical world through the sensing devices such
as sensors. Sensors are equipment that is sensitive to light, radia-
tion, and other forms of energy that when coming in contact with
send out signals to a measuring or calibrating instrument. The data
or the information gathered by the sensors and the brake system
are fed to the cloud or a communication network such as the
Internet. The data is processed in this segment through a decen-
tralized information processing unit or a human-computer inter-
face. The processed data yields results which are transmitted to the
actuators and corresponding appropriate action is executed such as
the application of brakes, etc. The combination of computerized
systems, sensors, and actuators constitute embedded systems. The
concept of CPS has been extensively studied across all disciplines
along the lines of the applications, integration with existing tech-
nologies and challenges faced in the implementation.

In order to transform the manufacturing industry to the next
generation of technology, that is Industry 4.0, a clear definition of
CPS is needed. A systematic deployment of CPS within which the
information from all the departments of a production process can
be monitored and synchronized between the physical world and
cyberspace prompted the authors to create a unified five-level ar-
chitecture that serves as a guideline for the implementation of CPS
(Lee et al., 2015).

CPS are systems of networks of collaborating computational
technologies that are connected intensivelywith the physical world
and operate to improve the efficiency of the process by providing
real-time data and using data processing services available on the
internet to yield accurate results. The author establishes the sig-
nificance of adopting CPS in manufacturing to improve production
resulting in the framework referred to as cyber-physical production
systems (CPPS) (Monostori et al., 2016). The integration of CPS with
the construction process was studied in light of the bi-directional
coordination between the construction and the virtual world. It
was suggested by the authors that by involving CPS in the con-
struction process, real-time monitoring and control of the con-
struction process can be achieved. Moreover, tracking changes and
updates and real-time information exchanges between the design
office and job site can be facilitated using CPS integrated con-
struction process (Akanmu & Anumba, 2015). Advancements in
computation systems and automation are taking form in many
ways such as IoT, IoS, and CPS. The inclusion of CPS increases the
efficiency and productivity of the production process. However,
there are still various challenges that surround the implementation
Fig. 1. The framework of Cyber-Physical Systems (CPS).
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of CPS in the real world. In an interesting study to observe the
challenges of a CPS integrated production system, a pick-and-place
machine was chosen that solves a distributed version of the Towers
of Hanoi puzzle. The system includes all the computational
equipment such as a wireless network and concurrent computing
resources coupled with the physical environment. The rationale for
selecting the setup for investigating the challenges faced in a CPS
coupled production process was the similarity of the issues that
were faced by the industrial systems coming online with that of the
pick and place machine. The major challenges that came to light in
the study were collaborative control, feature interaction, multi-rate
distributed architectures and an automated test evaluation
approach combined with safety analysis (Mosterman & Zander,
2016).

2.2. Internet of things (IoT)

The Internet of things (IoT) is fundamentally a frameworkwhere
information collection and exchange are facilitated between the
physical objects connected to a communication network such as
the Internet. This is accomplished with the use of sensors that are
embedded in almost every physical device (Vijayakumar et al.,
2019). The sensors collect the data from the devices such as infor-
mation about temperature from the compressor in air conditioners,
etc., and transmit it to the IoT platform where a detailed record of
information from various devices is stored. The stored information
or data is then analyzed using data analytics and useful information
is extracted in the process. This information is then used by the
experts, decision-makers, managers, and the public to make
informed decisions thereby increasing the efficiency and produc-
tivity of the process (Kim et al., 2019). A great amount of work has
been done in the field of implementing Industry 4.0 employing IoT
in various domains including lean production, social networks,
cloud computing, etc. Some of the notable recent articles published
in this regard are listed below.

The aspects of the integration of the Industry 4.0 framework in
lean production were studied with the perspective of under-
standing the co-existence of the framework and the lean produc-
tion process. It was revealed that introducing Industry 4.0 using IoT
has a strong potential of minimizing waste in the production pro-
cess thereby yielding better quality products that add to the prof-
itability of the organizations (Mrugalska & Wyrwicka, 2017). The
prospects of residential buildings transitioning to smart homes
were envisioned where the possibility of the generation of power
within the household using own solar panels and wind turbines
was postulated. Authors contended that by using IOT-enabled ser-
vices, it will be possible to buy/sell energy from\to smart power
grids (Stojkoska & Trivodaliev, 2017). IoT devices pose several
challenges that need to be addressed to completely appreciate the
technology. Among the most prominent ones are the interopera-
bility challenges that can be classified into technical, semantic, and
pragmatic. Technical challenges involve the glitch in the IoT de-
vices' capability and protocols to co-exist and interoperate in the
same computing paradigm. Semantic challenges concern the
components of IoT that are responsible for the processing and
interpretation of data. Lastly, pragmatic challenges include the
behavioral aspect of the consumers where the intentions of the
parties involved in the data transference and analysis are to be
correctly and appropriately addressed (Yaqoob et al., 2017).

2.3. Smart factory

The IoT touches every facet of business today and the con-
struction and manufacturing sector is no exception to it. According
to Mckinsey and company (2019), the total economic impact of IoT
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by the year will be about $11.1trillion (Mckinsey, 2019). The Na-
tional Institute of Science and Technology defines Smart
Manufacturing as “Fully-integrated, collaborative manufacturing
systems that respond in real time to meet changing demands and
conditions in the factory, in the supply network, and customer
needs” (NIST, 2019). In a typical manufacturing set-up, the central
processing unit contains information about the finished product.
The central processing unit then transfers stepwise instructions on
the completion of the product or task to every module operating
within the industry. Each time the instructions are executed, the
product is sent back to the central unit for a quality check and
further instructions. This cycle goes on till the last module is
completed with the instructions for creating the final product. In
the “smart factory”, there is a decentralized control system, where
the control is distributed between all the modules operating in the
factory. They have instructions available to them via sensors and
other communication networks and have the facility of mutual
interaction among themselves (see Fig. 2). This way a lot of time is
saved from detouring the entire path to the central unit and back to
modules till the product is made. Industry 4.0 hinges on the
concept of the smart factory. In the modular structured smart fac-
tories, CPS interacts with the physical world, monitors it, and cre-
ates a virtual copy that is capable of making decentralized
decisions. With IoT, real-time information exchange takes place
between CPS and humans thus facilitating an informed decision-
making process that leads to enhanced productivity and effi-
ciency (Hermann et al., 2016; Yeo et al., 2020). Many studies in the
recent past have validated the effectiveness of the smart factory
concept by the integration with IoT. In a study to demonstrate the
measurement of manufacturing performance in real-time, IOT
based performance model was created that operated in three
stages. In the first, key performance indicators were identified to
measure the overall equipment effectiveness followed by imple-
mentation of IoT-based architecture and performance
Fig. 2. Conceptualizatio
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measurement process using Business process modeling, and finally
to validate the proposedmodel with a virtual factory. By simulation,
the performance indicators were identified using the IoT-based
framework (Hwang et al., 2017). Despite the advantages smart
factory brings about in almost any discipline or domain, the
inherent vulnerability of the IoT devices with limited resources and
heterogeneous technologies together with the lack of adequate IOT
standards makes smart framework a soft and easy target for cyber-
attacks (Frustaci et al., 2018).
2.4. Recent studies highlighting challenges in the adoption of
industry 4.0

In a study involving the integration of Industry 4.0 with a sus-
tainable reverse logistics network, it was found that the major
impediments in the adoption of Industry 4.0 include lack of suffi-
cient expertise, lack of comprehension of Industry 4.0 framework,
government's lack of enthusiasm and support (Pourmehdi et al.,
2022). In another relevant study of the adoption of Industry 4.0
in the construction organization, it was suggested that the biggest
obstacles to I4.0 adoption in construction projects are reluctance to
change, a lack of clarity on the benefits and gains, and the expense
of implementation. Data analysis revealed that, in terms of
encouraging I4.0 adoption, the majority of construction organiza-
tions successfully manage the obstacles caused by a lack of stan-
dards, legal and contractual issues, and the cost of implementation
(Cugno et al., 2021). The major barrier was revealed to be the
enormous expenses associated with implementation and mainte-
nance, closely followed by issues finding qualified candidates with
the necessary skills. Other significant problems that impede the
implementation of Industry 4.0 include severe layoffs, changes in
compensation, and regulatory restrictions (Ozkan-Ozen &
Kazancoglu, 2021). According to Kumar, Bhamu, & Sangwan,
2021, after a thorough review of the literature and the opinions of
n of smart factory.
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industry experts, the barriers identified in the implementation of
Industry 4.0 in manufacturing organizations include poor value-
chain integration, cyber-security issues, a lack of clarity regarding
the economic benefits, a lack of workforce with the necessary skills,
high investment requirements, a lack of infrastructure, job dis-
ruptions, issues with data management and data quality, a lack of
security standards and norms, and resistance to change. In an
attempt to manage the barriers in the implementation of Industry
4.0 in the textile and clothing industry it was discovered that the
main obstacles include a lack of properly trained employees, a lack
of understanding and dedication on the part of seniormanagement,
a lack of government support and laws, and subpar research and
development, high implementation costs, failure-related anxiety,
problems with smooth integration, and compatibility difficulties
(Majumdar et al., 2021).

2.5. Research gaps

Reflecting on the extant literature on the adoption of Industry
4.0 in organizations, it is evident that the research on under-
standing the critical barriers in the implementation of the Industry
4.0 framework in the construction sector is relatively scanty.
Additionally, the little research that exists on this subject does not
involve Indian organizations. Thus, this study attempts to address
the following research objectives:

� Identification of major factors that inhibit the adoption of In-
dustry 4.0 in the Indian construction sector.

� Among the factors identified, which ones are the most critical
and hence require immediate attention

The research questions answered in this study are as mentioned
below:

� What are themajor obstacles hindering the adoption of Industry
4.0 in Indian construction organizations?

� Prioritization of the major obstacles on the basis of degree of
severity in the implementation of Industry 4.0 in Indian con-
struction organizations.

To accomplish the research objectives a small-scale construction
firmwas selected in a remote part of Northern India. After personal
interaction with the managers at the firm, it was found that the
processes are not streamlined and mostly disorganized. It was
indicated by the senior officials that it was not possible for the
management to keep the track of all the processes simultaneously
and hence frequent disruptions occurred in the production leading
to loss of productivity. The firm, therefore, is poised to be a candi-
date where Industry 4.0 can be implemented to organize the ac-
tivities and facilitate continuous monitoring that helps in
increasing productivity.

2.6. Research contributions

The major contributions made through this article are as fol-
lows. The current study delves into the core operations of the
construction sector of India to investigate themajor obstacles in the
way to adopting the Industry 4.0 data management framework. The
work proposes a benchmarking framework that can be used to
prioritize efforts to address the issue of non-adoption of new
technologies in the construction sector of developing nations such
as India. Additionally, this study uses a decision-making algorithm
based on dominance-based rough sets that model the vagueness in
the form of uncertainty and hesitancy in responding to survey-
based studies.
5

Numerous studies are done in the field of adopting new tech-
nologies such as Industry 4.0 in the context of manufacturing in-
dustries (Ahmadi et al., 2020; Bag et al., 2021; Dixit et al., 2022;
Kalsoom et al., 2021; Nimawat & Gidwani, 2022; Sharma et al.,
2021; Tsai, 2021). The related study in the domain of the con-
struction sector is fairly scanty. This work, therefore, is novel in its
attempt to address the issue of factors responsible for the non-
adoption of new technologies in the construction sector of devel-
oping nations. Also, the decision-making method based on Domi-
nance based Rough sets is largely untouched when it comes to
application in business problems. This enriches the existing liter-
ature on the availability of various MCDM tools in the business
domain.

3. Research methodology

The paper investigates the challenges faced in the adoption or
implementation of Industry 4.0 in the Indian construction industry
and subsequently prioritizes them based on the magnitude of
severity associated with them in the implementation process. The
case study specifically focuses on the construction firms operating
in the remote parts of Northern India where the scale of develop-
ment is not very high. Also, with reference to the capital and
workforce, the firms are classified as small-scale construction
enterprises.

Based on the extant literature review and personal interaction
with the construction management, IT professionals, and acade-
micians, twenty-five challenges have been identified that prove to
be the major hindrances in the adoption of the Industry 4.0
framework in the Indian construction industry. The literature was
navigated using the keywords like Industry 4.0, challenges in IoT,
smart factory, smart construction, obstacles in construction, tech-
nology barriers in construction, and the like (Kamble et al., 2018;
Kergroach, 2017; Leit~ao et al., 2016; Muller et al., 2018; Preuveneers
& Ilie-Zudor, 2017; Tortorella & Fettermann, 2018). The selection of
construction management personnel, for the discussion about the
challenges chosen for the study, was done purely based on the
theoretical concept that they knew the readiness and capability of
the firms to adopt new technology. The rationale for choosing them
as decision-makers lies in the responsibilities they shoulder in the
overall functioning of the organization. Top-level management is
responsible for deriving broad strategic plans for the organization
as a whole unit. Middle-level management comprising general
managers, branch managers, and departmental managers are
accountable to the top management for their department's func-
tions and in most cases devote more time than the top manage-
ment in executing organizational plans to achieve the objectives of
topmanagement. Lower managers are task or process-oriented and
manage functional specialists and projects. IT professionals pro-
vided a better insight into the issues pertaining to the process of
implementing the Industry 4.0 framework and the potential
problems that can arise in case of a malfunction of the system. The
IT experts are software developers with in-depth knowledge of the
processes involved in the deployment of the new software frame-
works. The academicians selected for the study were from the
Department of Industrial and management engineering and con-
struction disciplines that are active in the domain of integration of
IoT in the construction sector. The academicians were the course
instructors and research scholars who were researching various
issues associated with the construction sector.

We can broadly classify the research methodology into three
stages. In the first stage, the critical impediments to the adoption of
Industry 4.0 in construction organizations were discovered by an
extensive literature review. The impediments were cross-checked
by the construction management for their appropriateness. We
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consulted the employees at the operations and technology/infor-
mation level for their opinion about the impediments that were
selected. The rationale for choosing the employees from the
aforesaid levels was their experience and aptness for the nature of
duties they perform at the construction sites. They suggested
removing some impediments and including some new ones. For
instance, we included challenges pertaining to “soft” attributes
such as “unclear comprehension of Industry 4.0”, “Need to establish
a strong information collection, distribution, use, and management
mechanism”, and “Need to prepare for a significant organizational
and process change”. Many challenges were also discarded from the
list after the discussions with the management on account of the
redundancy or irrelevance in the context of the construction or-
ganizations. At the conclusion of the first stage, we were prepared
with a list of impediments or challenges. In the second stage, pilot
testing was conducted with a few respondents that were from
different disciplines including construction, academicians, and in-
formation technology personnel. The wording of some challenges
was changed in order to lend more clarity to the meaning. There
were no major modifications in the challenges in the second stage.
The third stage was marked by the collection of responses from the
decision makers on the severity of the challenges in the adoption of
Industry 4.0 in construction organizations.

There were disagreements between the three classes of experts
on the inclusion of some of the considered challenges. However, the
priority was given to the construction management over the two
since they were involved in the construction activities directly.
When all the experts felt a challenge was not very important to be
included in the study, it was removed from the study. The final set
of challenges and the description of the challenges proposed in the
study is mentioned in Table 1.

3.1. Fundamentals of dominance-based Rough Set Analysis (DRSA)

The problem described above is a peculiar multi-criteria deci-
sion aiding (MCDA) problem and in particular, a class of MCDA
problem: ranking. The technique employed for ranking in the
present study is based on Rough Set theory (RST). In principle, RST
is a knowledge discovery method that extracts information from
the database by deciphering the specific patterns shown by the
decision examples in the database (Pawlak, 1996). The study em-
ploys DRSA, an MCDA technique proposed by Greco, Matarazzo,
and Slowinski (Fortemps et al., 2008; Greco, Matarazzo, Slowinski,
& Stefanowski, 1999; Greco, Matarazzo, & Słowinski, 2001; Greco
et al., 2000). Singh and Misra (2020) have considered this DRSA
method for investigating employee perception of safety at the
workplace and safety compliance. In addition, Błaszczy�nski et al.
(2013) have applied the DRSA framework and variable consis-
tency extension. Yang et al. (2008) mentioned the DRSA method
and knowledge reductions to manage incomplete ordered infor-
mation systems. Further, Zhai et al. (2009) employed the DRSA
approach in product development while Liou and Tzeng (2010)
proposed this approach to indicate customer behavior in the
airline market. Moreover, Greco et al. (2007) have pointed out this
approach as a proper way of handling graduality and Boggia et al.
(2014) explained this method for assessing rural sustainable
development potentialities. Roma et al. (2020) have discussed a
consumer attitude analysis while Greco et al. (2008) figured out
this method for interactive multi-objective optimization. DRSA is
an extension of RST about reasoning from the decision situations
involving ordinal evaluations of the objects from the experiment
and the monotonicity between the evaluation criteria. The critical
challenges are assigned values on the ordinal scale that follows the
monotonic relationship that is “the higher the value the better is
the assessment of the object”. In the current study, the higher value
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implies Strong agreement suggesting the severity of the challenge
and Strong disagreement signifies that the challenge or obstacle is
not a very serious concern. Themathematical foundation of DRSA is
the dominance principle that groups objects under study based on
the dominance relationship between them. That is, objects valued
higher than the others are grouped and the ones that are poorly
valued form the other class of objects. The groups of objects
generated using the principle of dominance form the basic infor-
mation unit or granules of knowledge. These information units are
then used in the generation or approximation of further elaborate
information units that comprise the objects in the universe of
discourse until all the objects are classified into one of the
approximated classes. The reasoning from the approximated clas-
ses is done using the appropriate decision-making technique.

The traditional statistical tools employed in the decision-
making process such as factor analysis, structural equation
modeling, canonical correlation, and regression are hinged on an
important theoretical underpinning e the normality assumption of
the data. In real life, however, this is seldom true. For instance, if we
talk about the current study, it takes the opinion data of a few
experts. The data available to us, in this case, is far from normally
distributed. The hypothesis testing procedures based on the tradi-
tional statistical tools require the normality assumption to formu-
late the statistics used to either accept or refute the hypothesis. This
will not be feasible in the case where we have limited data to work
with. The multi-criteria decision-making based on the Rough set
theory does not require normality distribution of the data. This is an
important relaxation made in the characteristics of the real-life
data which in most cases is highly skewed and does not conform
to the normality distribution. The second advantage offered by the
decision-making algorithm based on the Rough set theory is the
decision rules resulting from the application of the algorithm.
These rules are in the form of “if e then e else” which are easy to
understand and apply. Unlike the traditional statistical methods
where results are obtained in terms of statistical values and p-
values which is difficult to comprehend for people with no statis-
tical background. This study uses DRSA for ranking the alternatives
based on the rough set theory. The detailed processes of decision-
making using DRSA are outlined in the subsequent sections.

3.2. Information table

The application of DRSA in the decision-making process needs
the data to be laid out in a systematic matrix format. The set of “N”
objects in the universe of discourse and the set of “M” criteria on
which the objects are evaluated form the rows and columns
respectively of the data matrix. For every object n ε N, there is a
function “f” from “M” to “N” that assigns a value to every “N” for
every “M” given by f: M to N such that to evaluate the two objects
“n1” and “n2” it is sufficient to compare the functional values f(n1)
and f(n2). The set of functional values is represented by the set V
given by {vnm} for every n and m in the data matrix. The set of
objects comprises the challenges in the adoption of Industry 4.0
and the criteria set is composed of the perspectives of the decision-
makers in evaluating the severity of the challenges.

3.3. Pairwise comparison table (PCT)

The preferred set of objects NP chosen for the study comprises
the challenges that were consistently evaluated higher by all the
decision-makers as shown in Table 2.

The principle underlying the ranking of objects is the pairwise
comparison of objects i.e. assignment of the pairs of objects from
the set N to preference relation. The basic case of preference relation
is considered here, where there are two preference relations:



Table 1
Challenges in the adoption of Industry 4.0 in the Indian construction industry.

Code Challenges in Industry 4.0 adoption Explanation

C1 Heavy lay-offs due to smart processes Recent advancements in the field of artificial intelligence and smart city have become a source of
concern among experts regarding the complete obsolescence of human workers (Anakpo &
Kollamparambil, 2021). This is particularly true in the context of the construction sector where most
of the important tasks are accomplished with the assistance of people employed at various levels.
With the inclusion of the Industry 4.0 integrated framework, tasks such as excavation, grading, and
site work have the highest potential to be replaced by automated technologies based on the smart city
concept (Smith, 2019). As per the report by PriceWaterhouseCoopers (PwC), in the construction
sector, about 40% of the jobs will be replaced by automation (Kokina & Blanchette, 2019).

C2 Huge initial investment and maintenance costs Integrating operational activities with new technology incurs large costs (Masood & Sonntag, 2020).
Due to specific characteristics and complexities of the construction industry re-engineering of
business processes in the light of the Industry 4.0 integrated framework requires high investments.
From an economic point of view construction companies are hesitant to invest due to high cost which
includes technical equipment investments and also training and education fees and infrastructure
maintenance (Sharma et al., 2021).

C3 Need to prepare for a significant organizational and process
change

The construction value chain involves several fragmented counterparts from all levels with diverse
backgrounds to cater to the specific needs of the projects (Newman et al., 2020; Qi et al., 2021). This
nature of the value chain makes the process of executing the Industry 4.0 framework a difficult one.
Thus, despite the countless benefits offered by Industry 4.0 construction Industry is shown to exhibit
reluctance to adopt the Industry 4.0 framework (Lekan et al., 2021).

C4 The requirement to attain advanced technical skills The standards and processes involved in the integration of Industry 4.0 need to be revisited to suit the
requirements of the construction Industry (Newman et al., 2020). The sophisticated equipment and
devices required to execute Industry 4.0-driven operations will need advanced technical skills which
present a challenge for the construction sector (Zabidin et al., 2020).

C5 Need to establish a strong information collection,
distribution, use, and management mechanism

Changes within organizational processes due to the inclusion of the Industry 4.0 framework will
entail changes in the execution process from the ground level (Saka & Chan, 2020). It is imperative to
keep a detailed record of the important information pertaining to the execution and maintenance of
operations. Due to the highly scattered nature of activities in the construction sector, consolidating
information about every department at the granular level is a challenge.

C6 Lack of management support Construction companies mainly operate using traditional methods involving humans and basic
machinery. To educate the employees at all the levels of the hierarchy management has to take the
necessary steps to organize seminars, workshops, and one-to-one discussion sessions. Sensitization of
people working in construction firms to Industry 4.0 or any other new technology is essential for the
adoption. Management involvement and support are, therefore, an urgent need to empower the
construction Industry with new technology (Abdul-Hamid et al., 2020).

C7 The problem in hiring qualified professionals, especially at the
ground level

The majority of the workforce in the construction sector are the ones employed at the ground level
with no to very little educational background. These workers perform activities such as carrying
bricks or heavy material from one place to another, digging, excavating, painting, etc. It is a challenge
to introduce the concept of Industry 4.0 or automation to them as understandably they will not be
able to feel comfortable around technical terms (Rana et al., 2021).

C8 Reluctance and apprehensions to resort to change in
technology

Industry 4.0 is a new technology that requires an understanding of analytical, programming, and
technical knowledge. Clearly, workers who have been working with the traditional methods will find
it difficult to adjust to a new method of operating (Wagire et al., 2021).

C9 Need to establish research and development facilities Understanding the concept of Industry 4.0 entails a thorough knowledge of the underlying
phenomena of CPS, smart factories, and IoT. Setting up research and development departments to
foster the learning of the concepts is a costly investment for construction firms especially when the
return on investment is highly uncertain (Kumar, 2016).

C10 Educating higher management particularly experienced
professionals about the technological change

Management in the construction sector lacks a clear understanding of the impact the future
digitization and automation will have on the skill requirement. Even HR will not be adequately
equipped to execute strategies to address emerging skill gaps (Bag & Pretorius, 2022).

C11 Providing contractors and sub-contractors the necessary
skills and understanding of the process

The construction supply chain involves many participants in the production process. Incorporating a
new technical framework based on industry 4.0 necessitates proper briefing and education for all the
supply chain participants to completely understand the new technology (Sepasgozar, 2020).

C12 Recruitment of skilled personnel to impart necessary
knowledge and training to the employees

Systematic orientation of existing and new employees to sensitize them to the new technical
framework requires experienced personnel with a strong technical background. This is perceived to
be a challenge as educating the ground-level workers at the construction firm with little or no
education will find it difficult to assimilate the technical concepts related to Industry 4.0 (Masood &
Sonntag, 2020).

C13 Non-seriousness to adopt the new concepts in technology Senior management in the construction sector of India has been acclimatized with the traditional
methods of operating. It is a challenge to convince them to switch to advanced methods of operations
particularly when it requires them to start learning from scratch (Li et al., 2020).

C14 Unclear about the economic benefits of IoT-enabled
framework

With the inclusion of new technology, there is a huge investment. It takes some time to generate cash
flows. The uncertainty associated with the actual starting point to generate profits makes
management skeptical about the adoption of Industry 4.0 (Abdul-Hamid et al., 2020).

C15 Getting a common consensus on the adoption of new
technology from the employees and management

Unless there is a unanimous agreement across all the departments to adopt the new technology it
cannot be deployed to its full capacity in any organization. This is so because in the construction
sector or any other organization departments operate in a well-integrated fashion. So if there is a
disconnect at any point in the supply chain the framework based on new technology cannot be
integrated into the organization (Gupta et al., 2021).

C16 Unclear comprehensibility of the advantages of IoT Industry 4.0 is still in its infancy when it comes to the construction sector of India. The economic
benefits resulting from the adoption of Industry 4.0 is still uncertain to various stakeholders. It is a
challenge to clearly lay out the advantages Industry 4.0 brings to the sector both in terms of the
economic and social points of view of the organization (Chavez et al., 2021).

C17 Disruptions in the compensation policies

(continued on next page)
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Table 1 (continued )

Code Challenges in Industry 4.0 adoption Explanation

Industry 4.0 has the potential of redesigning the entire landscape of activities in any organization
including the compensation of the employees. Naturally, when operations go automatic with little or
no manual intervention the payment made to the employees will also change. An extensive
revamping will be needed from the management part to rethink the compensations made to the
employees (Khanzode et al., 2021).

C18 Proper internet connectivity and other IT facilities Sophisticated infrastructure is a challenge for the implementation of the Industry 4.0 framework in
the construction sector of developing nations such as India. Small construction firms are established
in remote regions of India where internet connectivity is scarce and resources are limited (Chauhan
et al., 2021).

C19 Uncertain impact on working life Skepticism regarding work-life balance is strongly felt when new technology is deployed in the
workplace. Employees foresee a lot of man-hours being put in to first understand the new system and
technology and secondly to actually operate those (Narayanamurthy & Tortorella, 2021).

C20 Safety issues arising due to manhandling of devices Industry 4.0 integrated framework involves the use of sophisticated technical components which are
required to be used very delicately. For instance, the equipment needs to be handled with extreme
precision or else it might malfunction or simply get damaged (Sharma et al., 2021).

C21 Increased protection of sensitive devices from dust and
pollutants present on-site

The devices that are used for the deployment of Industry 4.0 are extremely sensitive devices. These
devices are supposed to be kept in an absolutely clean and dust-free atmosphere. Finding clean places
in construction firms is fairly challenging (van Lopik et al., 2020).

C22 Need to establish a reliable and stable machine-to-machine
communication network

Industry 4.0 would require every channel member to be integrated for effective transmission of
information across every department. Thus, digital infrastructure is a pivotal issue that needs
attention at a detailed level. As per the research conducted by (Bag et al., 2021) lack of infrastructure
has been cited as one of the major impediments to the adoption of Industry 4.0.

C23 Need to ensure proper monitoring, inspection, and validation
of services in the production of key assets

With the adoption of Industry 4.0 in the construction sector, various operations across all the
divisions in and outside the firmwill undergo a paradigm change in the form of execution of tasks and
producing the output. In such a situation, careful monitoring will be called for on an extensive scale.
This can challenge the management and workers to operate concurrently (Mastos et al., 2020).

C24 Lack of regulation, standards, and certifications Small and medium enterprises have apprehensions regarding the adoption of Industry 4.0 due to the
lack of proper regulations, certifications, and standards. With the rapidly changing technological
landscape, regulators are continually challenged to form standards and regulations to safeguard the
interests of the customers (Raj et al., 2020).

C25 Legal barriers The efforts to adopt Industry 4.0 are impeded by the lack of proper legislative measures for the
growth of cyber security, cloud computing, augmented reality, and artificial intelligence in
developing nations such as India (Kumar, Raut, et al., 2021).

Table 2
Preference ordered set of challenges.

S.N. Preference ordered a set of challenges from most severe to least severe

1 C2
2 C7
3 C20
4 C21
5 C24
6 C1
7 C4
8 C17
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Comprehensive outranking (CO) and comprehensive non-
outranking (CNO) relations. For instance, from Table 2 the ranks
given by the decision-maker are as follows: C2, C7, C20, C21, C24,
C1, C4, and C17. This means that pairs (C2, C7)2 CO, (C7, C20)2 CO,
(C20, C21) 2 CO, (C21, C24) 2 CO, (C24, C1) 2 CO, (C1, C4) 2 CO,
(C4, C17) 2 CO and (C7, C2) 2 CNO, (C20, C7) 2 CNO, (C21,
C20) 2 CNO, (C20, C7) 2 CNO, (C21, C20) 2 CNO, (C24,
C21) 2 CNO, (C1, C24) 2 CNO, (C4, C1) 2 CNO, (C17, C4) 2 CNO;
where (C2, C7) 2 CO means that C2 is at least as severe as C7,
likewise (C7, C2)2 CNO implies that C7 is NOT at least as severe as
C2.

The pairwise comparisons of objects form the foundation of the
Pairwise comparison table (PCT). Since the attributes or the column
vectors are ordinal valued, the ordered pair of evaluations are
depicted in Table 3. It shows a portion of the pairwise comparison
of the objects.

Table 3 represents the ordinal classification of the challenges
where the attributes comprise condition attributes and a decision
attribute. The decision attribute is the outranking relation. This
table acts as input preference information that is analyzed by DRSA.
8

3.4. Approximating dominance relations using rough
approximation

As mentioned in Section 3.1, RST and DRSA carry out the
reasoning in the decision-making problem using the basic infor-
mation unit called granules of knowledge. The dominance cones act
as granules of knowledge in DRSA.

For the ordinal scaled attribute set “M”, the pair of an object
ðx; yÞεN is said to dominate ðw; zÞεN if (Kusunoki et al., 2021),

fmðxÞ� fmðwÞ∪fmðyÞ � fmðzÞcm ε M (1)

Where � is the weak preference relation and � is the weak inverse
preference relation?

Symbolically (1) is represented as

ðx; yÞ DM ðw; zÞ
The granules of knowledge for approximation in DRSA are

formulated as shown below.

1. The set of objects dominating ða; bÞ ε NP are given by the M-
dominating set as (Greco et al., 2007),

Dþ
Mðw; zÞ¼ ððc; dÞ ε NP �NP : ðc; dÞDMða; bÞÞ
2. Set of objects dominated by ða;bÞ ε NP are given by the M-
dominated set as (Greco et al., 2007),

D�
Mðw; zÞ¼ ððc; dÞ ε NP �NP : ða; bÞDMðc;dÞÞ
The pair of objects (x,y) is said to be consistent if they are

assigned to CO as compared to (w,z) that are assigned to CNO, given
(x,y) e M dominates (w,z). Otherwise, (x,y) constitutes an



Table 3
Pairwise comparison table (PCT) of the preferred set of objects.

D1 pair (þ) D2 pair (þ) D3 pair (þ) D4 pair (þ) D5 pair (þ) D6 pair (þ) D7 pair (þ) D8 pair (þ) D9 pair (þ) Relation

C2, C2 4, 4 5, 5 4, 4 5, 5 4, 4 4, 4 5, 5 5, 5 4, 4 CO
C2, C7 4, 5 5, 4 4, 4 5, 4 4, 5 4, 4 5, 5 5, 5 4, 4 CO
C2, C20 4, 5 5, 4 4, 4 5, 4 4, 5 4, 4 5, 4 5, 4 4, 4 CO
C2, C21 4, 5 5, 4 4, 4 5, 5 4, 5 4, 4 5, 4 5, 5 4, 5 CO
C2, C24 4, 5 5, 4 4, 4 5, 5 4, 4 4, 4 5, 4 5, 4 4, 5 CO
C2, C1 4, 4 5, 5 4, 4 5, 5 4, 5 4, 4 5, 4 5, 3 4, 4 CO
C2, C4 4, 5 5, 5 4, 3 5, 4 4, 5 4, 4 5, 4 5, 5 4, 4 CO
C2, C17 4, 4 5, 5 4, 3 5, 5 4, 5 4, 4 5, 4 5, 4 4, 5 CO
C7, C2 5, 4 4, 5 4, 4 4, 5 5, 4 4, 4 5, 5 5, 5 4, 4 CNO
C7, C7 5, 5 4, 4 4, 4 4, 4 5, 5 4, 4 5, 5 5, 5 4, 4 CO
C7, C20 5, 5 4, 4 4, 4 4, 4 5, 5 4, 4 5, 4 5, 4 4, 4 CO
C7, C21 5, 5 4, 4 4, 4 4, 5 5, 5 4, 4 5, 4 5, 5 4, 5 CO
C7, C24 5, 5 4, 4 4, 4 4, 5 5, 4 4, 4 5, 4 5, 4 4, 5 CO
C7, C1 5, 4 4, 5 4, 4 4, 5 5, 5 4, 4 5, 4 5, 3 4, 4 CO
C7, C4 5, 5 4, 5 4, 3 4, 4 5, 5 4, 4 5, 4 5, 5 4, 4 CO
C7, C17 5, 4 4, 5 4, 3 4, 5 5, 5 4, 4 5, 4 5, 4 4, 5 CO
C24, C4 5, 5 4, 5 4, 3 5, 4 4, 5 4, 4 4, 4 4, 5 5, 4 CO
C24, C17 5, 4 4, 5 4, 3 5, 5 4, 5 4, 4 4, 4 4, 4 5, 5 CO
C1, C2 4, 4 5, 5 4, 4 5, 5 5, 4 4, 4 4, 5 3, 5 4, 4 CNO
C1, C7 4, 5 5, 4 4, 4 5, 4 5, 5 4, 4 4, 5 3, 5 4, 4 CNO
C1, C20 4, 5 5, 4 4, 4 5, 4 5, 5 4, 4 4, 4 3, 4 4, 4 CNO
C1, C21 4, 5 5, 4 4, 4 5, 5 5, 5 4, 4 4, 4 3, 5 4, 5 CNO
C1, C24 4, 5 5, 4 4, 4 5, 5 5, 4 4, 4 4, 4 3, 4 4, 5 CNO
C1, C1 4, 4 5, 5 4, 4 5, 5 5, 5 4, 4 4, 4 3, 3 4, 4 CO
C1, C4 4, 5 5, 5 4, 3 5, 4 5, 5 4, 4 4, 4 3, 5 4, 4 CO
C1, C17 4, 4 5, 5 4, 3 5, 5 5, 5 4, 4 4, 4 3, 4 4, 5 CO
C4, C2 5, 4 5, 5 3, 4 4, 5 5, 4 4, 4 4, 5 5, 5 4, 4 CNO
C4, C7 5, 5 5, 4 3, 4 4, 4 5, 5 4, 4 4, 5 5, 5 4, 4 CNO
C17, C20 4, 5 5, 4 3, 4 5, 4 5, 5 4, 4 4, 4 4, 4 5, 4 CNO
C17, C21 4, 5 5, 4 3, 4 5, 5 5, 5 4, 4 4, 4 4, 5 5, 5 CNO
C17, C24 4, 5 5, 4 3, 4 5, 5 5, 4 4, 4 4, 4 4, 4 5, 5 CNO
C17, C1 4, 4 5, 5 3, 4 5, 5 5, 5 4, 4 4, 4 4, 3 5, 4 CNO
C17, C4 4, 5 5, 5 3, 3 5, 4 5, 5 4, 4 4, 4 4, 5 5, 4 CNO
C17, C17 4, 4 5, 5 3, 3 5, 5 5, 5 4, 4 4, 4 4, 4 5, 5 CO
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inconsistent pair of an object. The lower and upper approximations
of CO and CNO are given as follows.

The D-lower approximation of CO, represented asDðCOÞ, and the
D-lower approximation of CNO symbolized as DðCNOÞ and are
given as follows (Greco, Matarazzo, & Słowinski, 1999),

DðCOÞ¼ ðx; yÞ ε N : ðDþðx; yÞ4COÞDðCNOÞ¼ ðx; yÞ ε N

: ðD�ðx; yÞ4CNOÞ
(2)

The D-upper approximation of CO, represented as DðCOÞ, and
the D-upper approximation of CNO symbolized as DðCNOÞ and are
given as follows (Greco, Matarazzo, & Slowinski, 1999),

DðCOÞ¼ ∪
ðx;yÞ ε CO

Dþðx; yÞDðCNOÞ¼ ∪
ðx;yÞ ε CNO

D�ðx; yÞ (3)

The D-boundary of CO, denoted by ðCOÞ , and the D - boundary of
CNO, denoted by BDðCNOÞ are given by (Greco, Matarazzo,
Slowinski, & Stefanowski, 2000),

BDðCOÞ¼DðCOÞ�DðCOÞBDðCNOÞ¼DðCNOÞ � DðCNOÞ (4)
3.5. Decision rules

The rough approximation of the dominance relation, as
mentioned in the previous section, gives more comprehensibility
and perspective to the reasoning process by elaborately describing
the elements in the PCT in the form of decision rules. The rules are in
9

the natural language form of “If …..then”, where the antecedents
are the conjunction of the condition attributes and the consequents
are the disjunction of the decision variables. Essentially, there are
five classes of decision rules. Two pertain to the certain and possible
classes of outranking (CO) relation and the other two are the certain
and possible classes of non-outranking (CNO) relation. There are
also approximate decision rules, ones that can be grouped in either
of the two relations. The utility of the decision rules lies in their
interpretive capability of the problem under consideration. Certain
rules represent exact knowledge whereas possible rules denote the
possible knowledge about the information system. The approximate
decision rules represent knowledge that is doubtful since they are
supported by inconsistent pairs of objects only (Blaszczynski,
Roman, & Szeląg, 2011; Błaszczynski, Słowinski, & Szelag, 2009).
The decision rules for the present study are shown in Table 4.

The following characteristics indicate the quality (efficiency) of
the decision rules. For a decision rule “h”

� Support (h): the number of pairs of objects NP that support h.
� Strength (h): Ratio of Support (h) and the total number of objects
in NP i.e.

SupportðhÞ
jNP j
� Coverage (h): Ratio of Support (h) and the number of objects that
comply with the relationship established in h

The decision rules yielded by the DRSA algorithm add value to
the decision-making process by establishing an easily



Table 4
Minimal decision rules obtained using VC DOMLEM algorithm.

Decision rule (r) coverage factor (r) Strength (r)

#Certain at least rules
1: {PAIR(D3) D (4,3)} then x CO Y 0.33 0.19
2: {PAIR(D1) D (5,5)} & {PAIR(D3) D (3,3)} then x CO Y 0.28 0.16
3: {PAIR(D1) D (4,4)} & {PAIR(D3) D (3,3)} then x CO Y 0.22 0.13
4: {PAIR(D2) D (5,5)} & {PAIR(D7) D (5,5)} then x CO Y 0.22 0.13
5: {PAIR(D2) D (4,4)} & {PAIR(D7) D (5,5)} then x CO Y 0.22 0.13
6: {PAIR(D3) D (4,4)} & {PAIR(D8) D (3,3)} then x CO Y 0.17 0.09
7: {PAIR(D3) D (4,4)} & {PAIR(D5) D (4,4)} & {PAIR(D8) D (4,4)} then x CO Y 0.14 0.08
#Certain at most rules
8: {(3,4) D PAIR(D3)} then x CNO Y 0.43 0.19
9: {(4,5) D PAIR(D7)} then x CNO Y 0.43 0.19
10: {(4,4) D PAIR(D3)} & {(3,4) D PAIR(D8)}then x CNO Y 0.18 0.08
11: {(4,5) D PAIR(D1)} & {(3,3) D PAIR(D3)} then x CNO Y 0.18 0.08
12: {(4,5) D PAIR(D2)} & {(5,5) D PAIR(D7)} then x CNO Y 0.14 0.06
13: {(4,4) D PAIR(D3)} & {(4,5) D PAIR(D5)} & {(4,4) D PAIR(D8)} then x CNO Y 0.11 0.05
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comprehensible reference for the decision-makers to assess the
evaluation process. Thus, rule number 1 states that if the decision-
maker D3 rates alternatives x and y as 4 and 3 respectively then “x
is at least as good as y”. Along similar lines, rule number 11 states
that if x and y are evaluated as 4 and 5 from D2, 3, and 3 by D3 then
“x is NOT at least as good as y”. The decision rules with a high value
of coverage and strength indicate a higher degree of confidence in
that rule. This is so because a higher coverage implies a large
number of objects in the dataset are complying with the decision
rule. Hence, the rule can be applied for a more generalized infer-
ence about the population. Leaning on the aspect of better gener-
alizability, considering the coverage of more than 25%, it is found
that rules 1, 2, 8 and 9 can be utilized for making reasonably ac-
curate decisions for the population. Thus, if decision-makers D1
and D3 consider a challenge to be highly severe, immediate
attention is needed to analyze the challenge as it potentially can
interfere with the successful implementation of Industry 4.0.
Similarly, rules 8 and 9 insinuate the importance of decision-maker
D7 in establishing the severity of a challenge in the adoption of the
Industry 4.0 framework.

3.6. Preference graphs and ranking

The decision rules discovered in section 3.5 establishes the
relationship between the objects in the set NP � NP . The set NP ,
however, contains a selected number of objects from the set N. That
is the objects that are considered for inducing the preference in-
formation in the decision-making process. The set of decision rules
is used to generate the preference graphs that depict the out-
ranking and non-outranking relations between all the objects in
the set N. Fig. 3 shows the preference graph for the current study.

The nodes of the graph are the objects i.e. challenges considered
for the study and the arcs represent the comprehensive CO and
CNO relations between the objects. Specifically, green arcs stand for
CO and red arcs denote CNO. The final ranking of the objects is
performed using the Net Flow Score (NFS) method. The number of
total green arcs net of a total number of red arcs to a given object
yields a net flow score number for the object. The object with the
highest NFS is given the top ranking followed by objects with low
NFS (Szeląg et al., 2010).

4. Results and discussion

The final ranking (weak order) of the challenges based on the
net flow score (NFS) method is shown in Table 5.

From Table 5, “Huge initial investment and maintenance costs
(C2)” acquire the highest rank followed closely by “Problem in
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hiring qualified professionals, especially at the ground level (C7)”,
“Safety issues arising due to manhandling of devices (C20)” and
“Increased protection of sensitive devices from dust and pollutants
present on-site (C21)”, “Need to ensure proper monitoring, in-
spection and validation of services in the production of key assets
(C23)”, “Lack of regulation, standards and certifications (C24)” and
“Getting a common consensus for the adoption of new technology
from the employees and management (C15)”. Among the less se-
vere challenges, notable ones are “Providing contractors and sub-
contractors the necessary skills and understanding of the process
(C11)”, “Proper internet connectivity and other IT facilities (C18)”,
“Heavy lay-offs due to smart processes (C1)”, “Need to prepare for a
significant organizational and process change (C3)”, “Need to
establish a strong information collection, distribution, use and
management mechanism (C5)”, “Recruitment of skilled personnel
to impart necessary knowledge and training to the employees
(C12)” and “Need to establish a reliable and stable machine to a
machine communication network (C22)”. Factors that poised as
relatively tractable and not so challenging in the adoption of In-
dustry 4.0 framework also indicated by the negative NFS were
“Educating higher management particularly experienced pro-
fessionals about the technological change (C10)”, “Unclear about
the economic benefits of IoT enabled framework (C14)”, “Uncertain
impact on working life (C19)”, “Requirement to attain advanced
technical skills (C4)”, “Need to establish research and development
facilities (C9)”, “Unclear comprehensibility of the advantages of IoT
(C16)”, “Non-seriousness to adopt the new concept in technology
(C13)”, “Disruptions in the compensation policies (C17)”, “Lack of
management support (C6)”, “Reluctance and apprehensions to
resort to change in technology (C8)” and “Legal barriers (C25)”.

The results suggest that the major impediment to the adoption
of Industry 4.0 in the Indian construction sector is the huge in-
vestment and costs to set up the data management framework. The
construction sector of India still focuses on traditional methods for
its operations and other logistics. Also, this sector is under
tremendous financial stress owing to low productivity vis-�a-vis
other sectors such as manufacturing. It is a challenge for the
management to think beyond what is considered a norm and invest
in new technologies that can help this sector to resurrect. The data
management framework based on industry 4.0 involves sophisti-
cated computers with high processing power and continuously
running broadband internet connectivity. This requires a huge
financial and intellectual investment which the sector is skeptical
to arrange for. Industry 4.0 technology deployment is expensive.
These technologies have expensive ownership, operation, and
management costs. Some technological advancements are still in
the early stages of development. Such technologies go through



Fig. 3. Preference graph of the objects in the set N.

Table 5
Final ranking of Safety Indicators based on Net Flow Score (NFS) method.

Challenges Final Rank Net Flow Score

C2 1 48
C7 2 44
C20, C21 3 32
C23 4 28
C24 5 25
C15 6 23
C11, C18 7 12
C1, C3, C5, C12, C22 8 5
C10, C14, C19 9 �3
C4, C9, C16 10 �25
C13, C17 11 �37
C6, C8, C25 12 �41
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constant development. Thus, it may be expensive to regulate the
use of such technology. The worry of an uncertain return on in-
vestment makes this situation worse. Along with these problems,
there are also the costs associated with technical equipment
training. The training may also make it necessary to engage a coach
for the current personnel, raising the expense of implementation.
This finding reinforces much of the literature (Kamble et al., 2020;
Sharma et al., 2021).

The challenges that were ranked higher are the ones that need
immediate attention from the management of the firms interested
in incorporating new technologies. Clearly, finding skilled and
experienced people, particularly the ones at the basic level is one
factor that should be attended to with extreme care. Since Industry
4.0 is a new technology with state-of-the-art architecture it re-
quires an in-depth knowledge of handling the framework. This
11
means that hiring people with the apt knowledge of the software is
needed. The skillset required to operate on computers and various
machine learning algorithms in order to accomplish the objective
will be difficult and expensive to obtain. Also, the management has
to make arrangements for the personnel employed to handle the
computer systems on-site for better monitoring of the systems in
case of an unexpected event. This will again lead to costs that the
organizations will have to incur. The main obstacle to digital
transformation is frequently identified as access to skills. Adopters
of new technologies say it's hard to find, train, and reskill people,
especially in the fields of user interface, data science, software
development, and machine-level controls. In some cases, issues
with technology accessibility arise from people who are unwilling
to use new digital tools and applications or who find them to be too
challenging. If your company is concerned about this, conducting a
training needs analysis to establish what training your workers
might want may be helpful. This finding is consistent with Masood
and Egger (2019).

Among the factors that posed serious challenges for the adop-
tion of Industry 4.0 was gaining the consensus from all the stake-
holders to go ahead with the integration of new technology with
the operational activities of the construction firm. This is particu-
larly important where the daily operations are carried out in a
coherent way involving various departments. Incorporating new
technology in such situations will entail convincing every depart-
ment about its advantages of it. In developing nations such as India,
convincing people to adopt new technology is a daunting task
because they have become used to working in the traditional
framework, and opting to think out of the box clearly pulls them out
of their comfort zone (Afolayan & de la Harpe, 2020). Senior
management and seasoned workers will find it particularly difficult
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to adjust to the new method of operations based on Industry 4.0
and thus will be the major source of resistance to the imple-
mentation in the construction sector. The nature of work in this
sector is mostly physical and also distributed across several smaller
departments. With the inclusion of Industry 4.0 massive reform in
the operational activities and supply chain ecosystem is inevitable.
Continuous support from the workforce will be required in order to
sustain the framework based on new technologies. Successfully
managing culture change is essential to Industry 4.0, but if done
poorly, it could become a barrier. Your employees may be unable to
adapt, hesitant, or resistant if they are not prepared for the changes.
The success of any digital initiative depends on getting their sup-
port and preparing them for the technology change. The cultural
shift required for digital transformation can be brought about
through leadership and top-down leadership.

The adoption of new technology such as Industry 4.0 in the
construction sector is hindered due to the lack of standards and
certifications in the process of implementation. The lack of stan-
dards encompasses the need for technology standards and process
standardization. Industry 4.0 is hindered by the lack of rules and
operating procedures in developing countries as well as by the
absence of effective legislative measures to support the develop-
ment of technologies like augmented reality, cloud computing,
artificial intelligence, and cyber security.

The construction sector of India, being highly diverse in terms of
the kind of activities undertaken across various levels, poses a
challenge in standardizing the data management framework based
on Industry 4.0. This observation is consistent with Setyaningsih
et al. (2020). Among the less severe challenges were getting
proper internet connectivity, lay-offs due to disruption in the
technology, and maintenance of an information distribution and
management mechanism. The reason these challenges are
considered less severe as comparedwith the aforementioned lies in
the chronology of the occurrences. For instance, if the organization
is able to receive the standards and certifications to incorporate the
Industry 4.0 framework then getting proper internet connectivity is
the logical next step. Heavy lay-offs due to smart processes
substituting manual workforce is a definite outcome that every
organization implementing a new technology framework such as
Industry 4.0 needs to prepare for. The above findings are reinforced
by similar studies done across various sectors inMasood& Sonntag,
2020; Kumar, 2016; Abdul-Hamid et al., 2020.

The following section presents the results of the sensitivity
analysis performed for six different scenarios each comprising a
different subset of decision-makers.

4.1. Sensitivity analysis

The process bywhich the sensitivity of the ranking (weak order)
of the alternatives for different sets of criteria (perspectives) is
assessed is termed sensitivity analysis. The different sets of criteria
are represented by scenarios S-1, S-2, S-3, S-4, S-5, and S-6. The
scenarios are distinguished based on the decision-makers from
different domains. The current study includes the evaluation of
each challenge from three different perspectives namely Informa-
tion technology (IT), Academics (AC), and Construction Manage-
ment (CM). The composition of various scenarios is shown below.
S-1: IT, S-2: AC, S-3: CM, S-4: IT & AC, S-5: AC & CM, and S-6: IT &
CM. The results of the analysis are summarized in Table 6.

The normalization of the ranks was done in order to confine the
ranks of the challenges in the interval (0,1]. This was necessary to
enable comparison among the challenges where the highest ranks
were different for different scenarios. The last column of the table
shows the number of times a particular challenge was evaluated as
the major threat or obstacle in the implementation of Industry 4.0
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across the six scenarios. The normalized ranks above 0.6 were
considered a significantly higher rank and thus the corresponding
challenge was regarded as a major threat.

The challenges that were considered severe across all the sce-
narios were the “Need to establish a strong information collection,
distribution, and use and management mechanism (C5)”, “Lack of
management support (C6)”, and “Need to establish research and
development facilities (C9)”, “Providing contractors and sub-
contractors the necessary skills and understanding of the process
(C11)”, “Recruitment of skilled personnel to impart necessary
knowledge and training to the employees (C12)”, “Non-seriousness
to adopt the new concept in technology (C13)”, “Unclear about the
economic benefits of IoT enabled framework (C14)”, “Unclear
comprehensibility of the advantages of IoT (C16)”, “Uncertain
impact on working life (C19)” and “Need to establish a reliable and
stable machine to a machine communication network (C22)”.

The ranks obtained using sensitivity analysis are shown
remarkable differences from the ranks in Table 6. This can be
attributed to the difference in the perspectives of various domains
considered in the study. For instance, a threat of higher magnitude
is perceived from challenge C5 by IT personnel as opposed to
challenging C12 which is considered a bigger challenge for the
management. The graphical representation of sensitivity analysis is
shown in Fig. 4.

5. Implications

5.1. Theoretical implications

The literature review and consultation with experts from the
construction industry and academicians identified key challenges
in the adoption of Industry 4.0 in the construction sector of
developing nations such as India. The literature related to exploring
challenges in the adoption of new technologies such as Industry 4.0
in the construction sector in India is scanty. This study adds to the
existing literature firstly by incorporating the information about
the hurdles impeding the propensity of the management of the
construction sector to venture into the realm of new technology.
Secondly, themethod of ranking based on Dominance-based Rough
sets employed in this study is a relatively unexploited area in the
domain of multi-criteria ranking problems. This should enrich the
field of multi-criteria decision-making that integrates Rough sets
with multi-criteria decision-making problems.

5.2. Managerial implications

This empirical work on investigating the challenges in the
adoption of the Industry 4.0 framework in the Indian construction
industry and subsequently prioritizing them based on the magni-
tude of severity is expected to add considerable value to the
existing literature. It offers a framework that can be utilized to
identify critical barriers in the establishment of the IoT-enabled
work processes and is an effective tool to benchmark against
competitors as well. The major take-a-ways from the current work
are listed below:

� From a theoretical point of view, this exploratory study proposes
25 challenges/obstacles in embracing Industry 4.0 framework in
the Indian small-scale construction industry. The factors iden-
tified as the most critical are the ones that need immediate
attention in order to advance technologically leading to
increased productivity.

� The study presents a detailed discussion on the identification of
the challenges in the implementation of Industry 4.0. In the
process, the interdependency between several challenges can



Table 6
Sensitivity analysis table.

S - 1 S - 2 S - 3 S - 4 S - 5 S - 6 # number of times ranked higher (normalized value greater than 0.6)

C1 0.2 0.1 0.7 0.1 0.5 0.3 1
C2 0.2 0.3 0.2 0.3 0.1 0.1 0
C3 0.1 0.1 0.7 0.1 0.5 0.6 2
C4 0.5 0.2 0.3 0.2 0.3 0.4 0
C5 0.2 0.6 0.7 0.8 0.6 0.9 5
C6 0.9 0.1 0.8 0.6 0.5 0.9 4
C7 0.2 0.2 0.2 0.5 0.3 0.2 0
C8 0.7 0.1 0.5 0.4 0.2 0.8 2
C9 0.5 0.6 0.7 0.5 0.6 0.8 4
C10 0.2 0.4 1.0 0.5 0.8 0.9 3
C11 0.4 0.8 0.8 1.0 0.8 1.0 5
C12 0.2 0.5 0.7 0.7 0.6 0.8 4
C13 0.8 1.0 0.8 1.0 1.0 1.0 6
C14 0.3 0.5 0.8 0.8 0.7 0.9 4
C15 0.2 0.6 0.5 0.8 0.5 0.8 3
C16 0.7 0.5 0.7 1.0 0.6 1.0 5
C17 0.6 0.1 0.5 0.2 0.2 0.4 1
C18 0.4 0.3 0.8 0.9 0.5 1.0 3
C19 0.7 0.9 1.0 1.0 0.9 1.0 6
C20 0.2 0.2 0.5 0.5 0.5 0.8 1
C21 0.2 0.1 0.3 0.5 0.1 0.8 1
C22 0.4 0.7 0.7 1.0 0.6 1.0 5
C23 0.2 0.8 0.3 0.6 0.4 0.7 3
C24 0.2 0.3 0.5 0.7 0.2 0.8 2
C25 1.0 0.1 0.3 1.0 0.1 1.0 3

Fig. 4. Sensitivity analysis.
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also be studied by the practitioners and management thus
aiding in effective decision-making and devising policies that
minimize the negative effects posed by the network of
challenges.

� The study contributes by showcasing a relatively newmethod of
severity assessment of the challenges using a new theory of
multi-criteria decision-making. The technique can be used for
the evaluation of the challenges with the help of the freely
available software “jrank” (Błaszczy�nski et al., 2013). The given
framework of decision-making can be made use of in grouping
challenges of similar magnitude of severity as was shown in the
decision rules in Table 4 and corrective actions can be taken for
the group as a whole thereby saving time for the practitioners
and streamlining the efforts towards a more targeted decision
making.

� The study highlights the insurmountable challenge of huge
initial investments and costs incurred to mobilize the IoT-
enabled framework in construction firms. The recruitment of
experts to train the employees and workers is seen as another
big hurdle in the aforementioned objective. This is primarily
attributed to the low education level of theworkers employed at
the Indian construction firms especially at the ground level. It is
a challenge to educate and train them on sophisticated
13
technology that requires a basic understanding of computer
fundamentals and IT-related concepts that is found lacking in
the workers employed at the lower levels. Proper maintenance
of sensitive tools and equipment such as IoT devices is consid-
ered to be under serious threat due to the nature of the activities
taking place at the construction sites.

Indian construction firms should incorporate the following
strategies in order to raise awareness about the new technical
revolution that can change the way the industry works forever in a
good way. Consequently, providing an edge in the face of compe-
tition and increased productivity.

� There should be a detailed discussion with the board members,
management, and workers about the understanding of the new
concept of Industry 4.0. Before the management estimates the
cost incurred it is of paramount importance tomake every single
person involved in the construction business acquainted with
the emerging technology and the potential benefits it could
provide.

� Authors suggest an integrated framework, in the beginning,
phase of implementation of IoT-enabled operations, that in-
cludes three separate departments that comprise experts to
firstly, familiarize the employees with the new technical
concept and clarify the queries pertaining to the implementa-
tion and usage through dedicated induction and orientation
programs. Secondly, providing hands-on experience to the users
of the devices and equipment and educating them about the
protocols and algorithms needed to be followed for the suc-
cessful execution of the project. Lastly, a dedicated department
of problem solvers that are experts in the field of IT and com-
puters is to be available in case of any disruptions.

� Huge investments showed as the major threat in the imple-
mentation of Industry 4.0 in the Indian construction industry.
Proper budgeting is needed before venturing into the imple-
mentation of the framework. Determination of timelines for the
completion of the implementation process will result from
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inefficient resource allocation in a pre-decided time frame in a
cost-efficient manner.

� It was determined from the personal interaction with the
management of the firm that the biggest and perhaps the most
intractable hurdle standing in the way of adopting new tech-
nology is to reach a consensus from every level of the organi-
zational hierarchy. More often than not, there are ideological
differences between some segments of the firm regarding the
inclusion of completely new technology. This can be checked by
gaining a clear comprehension of the benefits offered by In-
dustry 4.0 and the advantages it can offer by simplifying oper-
ations and also increasing the safety of the employees.

6. Conclusions

Based on the extant literature and intense discussions with the
construction management and academicians, major impediments
in the adoption of Industry 4.0 were identified, cross-verified, and
ranked by experts from different disciplines that were either
involved directly or implicitly with the construction business. The
impact assessment of the challenges was carried out using the
Dominance-based Rough set approach (DRSA) which is based on
the Rough set theory.

Industry 4.0 is revolutionizing the face of the industrial sector in
unbelievable ways. Yet due to the lack of sufficient background
information and potential benefits offered by the adoption of this
framework, Industry 4.0 is still considered an alien concept replete
with unknown consequences. Particularly, in a developing country
like India where sufficient awareness about smart technology and
advanced automation methods is yet to be created in the industrial
construction sector, it is a complicated and time-consuming pro-
cess to instill confidence about the benefits Industry 4.0 would
bring about thereby increasing the productivity of the firms. 25 key
challenges were discovered in the adoption of Industry 4.0 in the
Indian construction firms taking into account the inputs from the
management, academicians, and IT professionals. The ranking us-
ing the Dominance-based Rough set approach provides a sound
background to analyze the uncertainty and inconsistency in the
evaluation of the severity degree of each challenge from all per-
spectives. The primary findings of the study point out the major
threats or obstacles in the adoption of Industry 4.0 with the
topmost ranks attributed to the most severe challenge followed by
less severe ones. Sensitivity analysis conducted for the different
combinations of the perspectives, however, revealed that all the
challenges considered in the study need necessary attention at a
different point in time of the implementation of the Industry 4.0
framework. It is, therefore, concluded that the challenges consid-
ered for the study do not exist independently of each other and as a
result, should be analyzed and tackled together.

The current study focuses on identifying the barriers to the
adoption of Industry 4.0 in the Indian construction sector.

The study suffers from several limitations and caveats as follows.
A limited sample size of respondents impedes the generalizability
of the results of the study. More decision-makers can be considered
for the analysis from other backgrounds such as government,
public, etc. to extend diversity to the analysis.

There can be a number of additional barriers to the adoption of
the Industry 4.0 framework that has not been considered for the
current work. It also depends on the Industry chosen for the study.
Future work can focus on different industries and the inclusion of
other barriers besides the ones already considered.

The study was limited to a small construction firm based in a
small part of India. This can lead to problems in the generalization
of the results for a similar industry but in a different location.

The preference information supplied by the decision-makers
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was used as the input to the decision-making process carried out
using the Rough set theory. There exists the problem of subjectivity
bias in the results that should be corrected by including more
decision-makers as stated above.

Future studies can be targeted toward studying the barriers in a
different industry. The perspectives considered for the analysis are
from three domains i.e. Information Technology (IT), Academia and
Management levels. Further perspectives can be included in the
study from environmental and public domains to have a detailed
understanding of the perception of the emerging technology and its
adoption in the industrial setup. Comparative analysis should be
considered with other statistical techniques to establish causality
between the factors and the non-adoption of the framework. The
identified barriers and challenges can work very differently or can
be completely different for another country. Thus, further study can
be taken to identify the validity of the barriers in a different pop-
ulation setting.

References

Abdul-Hamid, A. Q., Ali, M. H., Tseng, M. L., Lan, S., & Kumar, M. (2020). Impeding
challenges on industry 4.0 in circular economy: Palm oil industry in Malaysia.
Computers & Operations Research, 123, Article 105052.

Afolayan, A. O., & de la Harpe, A. C. (2020). The role of evaluation in SMMEs'
strategic decision-making on new technology adoption. Technology Analysis &
Strategic Management, 32(6), 697e710.

Ahmadi, M., Osman, M. H. M., & Aghdam, M. M. (2020). Integrated exploratory
factor analysis and Data Envelopment Analysis to evaluate balanced ambidex-
terity fostering innovation in manufacturing SMEs. Asia Pacific Management
Review, 25(3), 142e155.

Akanmu, A., & Anumba, C. J. (2015). Cyber-physical systems integration of building
information models and the physical construction. Engineering Construction and
Architectural Management, 22(5), 516e535.

Anakpo, G., & Kollamparambil, U. (2021). Effect of automation on unemployment:
The case of Southern Africa. Development Southern Africa, 1e12.

Arpaci, I. (2019). A hybrid modeling approach for predicting the educational use of
mobile cloud computing services in higher education. Computers in Human
Behavior, 90, 181e187.

ASME. (2019). 6 paths to the automated construction site Accessed on 31st August
2021 https://www.asme.org/engineering-topics/articles/manufacturing-
design/6-paths-automated-construction-site.

Bag, S., Gupta, S., & Kumar, S. (2021). Industry 4.0 adoption and 10R advance
manufacturing capabilities for sustainable development. International Journal of
Production Economics, 231, Article 107844.

Bag, S., & Pretorius, J. H. C. (2022). Relationships between industry 4.0, sustainable
manufacturing and circular economy: proposal of a research framework. In-
ternational Journal of Organizational Analysis, 30(4), 864e898. https://doi.org/
10.1108/IJOA-04-2020-2120.

Banmairuroy, W., Kritjaroen, T., & Homsombat, W. (2022). The effect of knowledge-
oriented leadership and human resource development on sustainable
competitive advantage through organizational innovation's component factors:
Evidence from Thailand's new S-curve industries. Asia Pacific Management Re-
view, 27(3), 200e209.

Błaszczynski, J., Greco, S., Matarazzo, B., Słowinski, R., & Szelag, M. (2013). jMAF-
Dominance-based rough set data analysis framework. In Rough sets and intel-
ligent systems-professor zdzisław pawlak in memoriam (pp. 185e209). Berlin,
Heidelberg: Springer.
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