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Abstract

The process of global economic digitalization is a natural stage of evolutionary changes
resulting from a dynamic development of information and communication technologies.
Having appreciated the importance and advantages of digital transformation, individual
countries began to strive to introduce it as soon as possible. In this context, it is important to
study the level of digital maturity in Central and Eastern Europe, where the level of digitiza-
tion is relatively low. This article assesses the level of digital readiness of enterprises in
these countries based on 14 determinants characterizing the most important areas of the
digitalization process. The research was carried out for 11 countries from the region, both
for all and manufacturing enterprises. Multi-criteria analysis aimed at assessing the digital
maturity of countries were performed using the Multi-Criteria Decision-Making methods (the
TOPSIS, MOORA, VIKOR), and entropy methods for delineating the weights of the determi-
nants. In order to obtain an unambiguous assessment of the determined digital maturity, the
mean-rank method was applied. The method of multidimensional scaling allowed for the
analysis of similarities between the countries in question. The results showed that the level
of digital maturity in the Central and Eastern Europe countries varies greatly and is lower
than in other European Union countries.

1. Introduction

The digital transformation of the global economy is a process closely related to the idea of
Industry 4.0 [1]. Activities connected with economic digitization significantly affect the activi-
ties of individual companies. In order to meet the growing competition and technological
changes, these companies have to significantly change their strategies, including, in many
cases, the way they operate and their business profile [2]. It is also significantly affected by a
very dynamically changing economic and social environment, including both customer prefer-
ences and expectations [3].

All these factors result in a growing transformation in the digitization of manufacturing,
service and commercial enterprises observed for several years around the world. These
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Engineering and Industrial Automation (06/030/ changes are the consequence of technological progress, which forces a new approach to pro-
BKM_21/58). duction itself and the organization and management of enterprises (new business models), as
Competing interests: The authors have declared well as to social (corporate social responsibility) and environmental (sustainable closed-loop
that no competing interests exist. economy) problems [4-6].

In addition to innovative technical solutions and the new organization of production pro-
cesses, digitalization causes major changes in the labor market and social awareness. From the
economic point of view, the transformation of the labor market related to Industry 4.0 is of
particular importance. Employees’ competences in the area of ubiquitous digitalization and
the resulting economic changes are now becoming most sought-after and desired. Significant
changes are also taking place in the area of consumer expectations, which concern the subject,
location and object, but also the entire consumption process [7]. Therefore, we are witnessing
the emergence of a new digital society in the sphere of production, services, trade, and
consumption.

The digital transformation process is now a key tool to improve the efficiency and competi-
tiveness of enterprises, which are constantly looking for new solutions to optimize their pro-
duction. Technologies associated with digital transformation, which are widely used in
enterprises, include mainly technologies related to the integration of different systems and the
creation of digitally controlled networks of autonomous machines and sensors, the Internet of
things, as well as a number of other solutions (e.g., 3D printing). In general, these processes are
based on changes in information systems, and thanks to solutions such as cloud computing,
big data analytics or Internet of things, it is possible to access any information at any time and
from any place in the world. As a result, it is possible, economically viable and flexible to man-
ufacture custom-made or small series products, developed according to the strict needs of the
customer [8-10].

Most of the studies and analyses clearly indicate that investments in the digital economy are
fully justified and profitable. At the same time, the experience of recent years shows that the
basis for the development of the global economy in the coming years will be its digitization.

The importance of the issue of digitization of enterprises in the EU countries is evidenced
by its inclusion in the political strategy for 2019-2024. This strategy is based on several key pri-
orities. One of them is to bring Europe up to the digital age. It also aims, through digital trans-
formation, to raise living standards in Europe and achieve its climate neutrality by 2050 [11].
In 2021, the EU also launched the Digital Europe Program [12] with a budget of €8.1 billion.
This program is to financially support the digital transformation of European societies and
economies.

The need for this program is visible in many EU countries, especially those located in Cen-
tral and Eastern Europe (CEE). In the case of these countries (Poland, the Czech Republic, Slo-
vakia, Slovenia, Romania, Hungary, Croatia, Latvia, Lithuania, Estonia, and Bulgaria), the
actual innovative activities are still limited, and expenditure on research and development
(R&D) in relation to GDP is two times lower than the EU average [13].

These statistics clearly show that the digitization of the CEE countries requires both huge
expenditure and significant economic and social changes. According to available research
[14], only 13% of entities operating in these countries declare that they have a digital transfor-
mation strategy for their economy or are at an advanced stage of its implementation. These
results are really low and confirm that digitization processes in this part of Europe are far
behind. Many factors that influence this state can be distinguished. One of the main reasons is
that the implementation time of the free market economy in these countries took too short,
which resulted in the lack of management experience and adequate financial resources. Also,
the relatively low investment in research means that innovation in these countries, despite sig-
nificant growth in recent years, is still low versus the "old" EU economies. However, the
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growing understanding of the need to introduce changes related to digital transformation,
increasing economic activity and European solidarity create a great opportunity for the region
to catch up with these delays. Moreover, the growing social awareness, including mainly the
young generation, and the desire to build a modern and profitable knowledge-based economy
are also great opportunities for success in this area.

In this context, it is fully justified to conduct research aimed at assessing the digital maturity
of enterprises in the CEE countries. The diagnosis of the current state of the economies of
these countries will allow for their assessment and pointing out similarities and differences
between them. The general measure of digital maturity in this case will be the number of pro-
cesses, including production processes, implemented using modern technologies [15]. The
concept of digital maturity is defined in various ways, e.g., the Cambridge Dictionary [16]
states that maturity is "a very advanced or developed form or state”, while the Oxford Dictio-
nary [17] defines maturity as "the state, fact, or period of being mature".

Based on different approaches to defining this state, it can be concluded that digital matu-
rity is a certain state of social and economic awareness that enables enterprises to effectively
implement digital technologies to achieve their goals. According to such an understanding of
digital maturity, this paper presents the results of the analysis, on the basis of which its level
was assessed in the enterprises of the CEE countries.

In order to obtain reliable and objective results, a number of methods and criteria were
adopted. The analysis involved the set of 14 indicators, representing eight areas related to the
digitization of enterprises and the area related to the digital skills of staff. The adoption of such
a large number of indicators, characterizing different areas of economic and social activities,
provides an opportunity for a comprehensive assessment of the state of enterprises in terms of
digital maturity. In addition to adopting indicators that characterize the most important areas
related to digitalization, it is very important to adopt appropriate methods for their analysis. In
the presented study, the Multi-Criteria Decision-Making (MCDM) methods were applied,
which allow for both ranking and evaluation to be made in a holistic manner. These methods
present a multidisciplinary approach and make it possible, through the use of numerical tech-
niques, to solve a multi-criteria decision-making problem.

Three multi-criteria decision-making methods such as Technique for Order of Preference
by Similarity to Ideal Solution (TOPSIS), Multi-Objective Optimization Method by Ratio
Analysis (MOORA) and Vise Kriterijumska Optimizacija I Kompromisno Resenje (VIKOR)
were used to rank and evaluate the level of digital maturity of enterprises in the CEE, being the
part of the EU. These methods were used because they have the same input data and are all
based on the same normalization procedure. In addition, in these methods the solution proce-
dure does not change regardless of the number of decision criteria and alternatives.

It was assumed that the adoption of three different methods, which show some differences
in the approach to multi-criteria analysis, would enable a broader and deeper analysis of the
digital maturity of these countries. The use of these methods was also intended to show
whether the choice of research method affected the results and, if so, to what extent. In order
to obtain an unambiguous assessment of the digital maturity of each country, the mean-rank
method was additionally applied, averaging the results obtained.

The main objective of the research was to assess the level of digital maturity of all and
manufacturing enterprises in the CEE countries. The utilitarian goal of the research was to
develop guidelines for future actions that can be taken to increase the level of digitization of
enterprises in the countries in question.

The subject and wide scope of the research as well as the applied analytical tools make the
work a new and original approach to assessing the digital maturity of the CEE countries. This
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type of research has not been carried out so far. In addition, several factors can also be identi-
fied that prove the originality of this work in relation to existing studies.

The first concerns the selection of as many as 14 determinants of digital maturity of enter-
prises in the areas most relevant for this process, namely: big data, cloud computing, 3D print-
ing, robotization, integration of internal processes, integration with customers/suppliers,
supply chain management, Internet of things, artificial intelligence, and digital skills. Such a
broad and comprehensive approach to the study of this issue has not been undertaken before.
The second factor is the choice of countries for the study. The countries of Central and Eastern
Europe are a very important part of Europe due to many factors, including their demographic
potential and geo-political location. This is of great significance for the future of the EU.
Therefore, the development of this part of Europe must be accelerated so that the whole EU
can achieve its stated and very ambitious economic and climate goals. The third factor con-
cerns the use of modern, and so far unused in such a system, analytical methods to make the
ranking and assessment of the level of digital maturity of enterprises in a given group of coun-
tries. This involves the application of the Multi-Criteria Decision-Making (MCDM) methodol-
ogies, including the TOPSIS, MOORA and VIKOR methods, as well as the entropy method
for delineating the weights of the determinants. Moreover, the use of the mean-rank method
as well as the method of multidimensional scaling and STRESS function makes the presented
analysis a completely new analytical approach, which increases its scientific value and gives
credibility to the obtained results. Another factor proving the originality of the work is the
analysis of differences between the CEE countries in terms of digital maturity of enterprises.
For this purpose, the multidimensional scaling method was used to determine the differences
between these countries and compare them with other EU countries.

2. Brief literature review
2.1. Digital transformation and Industry 4.0

In the field of digital transformation related to Industry 4.0, many scientific studies and exam-
ples of practical applications can be found. The presented review refers only to the most rele-
vant works. It also includes publications related to the assessment of digital maturity of
enterprises.

The concept of Industry 4.0 was launched in Germany in 2011 [18], and the term refers to
the dynamically occurring changes due to the practical application of modern technologies in
social and economic life.

In the United States, on the other hand, the concept of Industry 4.0 is commonly known as
the Internet Industry of Things, advanced manufacturing or smart manufacturing. Although
the term "smart industry” was originally used only in the United States, it is now used world-
wide both in industry and scientific units [19].

According to Dilberoglu et al. [20] and Mosterman i Zander [21], Industry 4.0 is an inte-
grated set of intelligent manufacturing systems and advanced information technologies based
on integrated sets of software systems. However, according to Guoping et al. [22], Industry 4.0
is a set of technologies based on the digitization and interconnection of all production units
present in an economic system. Therefore, it can be assumed that Industry 4.0 is the integra-
tion of various systems through the use of digital resources, including intelligent ones, which
by communicating with one another can support and make certain decisions as well as per-
form various operations with much less human involvement than before [23]. The basic tech-
nologies of Industry 4.0 along with literature references are presented in Table 1.

In terms of publications on assessing the level of maturity and/or readiness for the Industry
4.0 technologies, it should be noted that their number has been growing recently.
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Table 1. Industry 4.0 technologies.

Industry 4.0 technologies Sources
Big data; Autonomous robot; Internet of Things; Additive mfg.; Artificial intelligence [24]
Big data; Autonomous robot; Horizontal and Vertical System Integration; Internet of Things; [22]
Cybersecurity; Cloud computing; Additive mfg.; Augmented reality
Internet of Things; Additive mfg.; Augmented reality [25]
Big data; Horizontal and Vertical System Integration; Internet of Things; Cloud computing; Augmented [26]
reality; Cyber-physical system
Big data; Autonomous robot; Simulation; Horizontal and Vertical System Integration; Internet of Things; [27]
Cybersecurity; Cloud computing; Additive mfg.; Augmented reality; Cyber-physical system; Artificial
intelligence
Horizontal and Vertical System Integration; Internet of Things; Cloud computing; Cyber-physical system [28]
Horizontal and Vertical System Integration Industrial Internet of Things; Cybersecurity; Cyber Physical [29]
Systems; Horizontal and Vertical System Integration; Augmented reality
Big data; Internet of Things; Cloud computing [30]
Big data; Autonomous robot; Internet of Things; Cloud computing; (H) Additive mfg.; Cyber-physical [31]

system; Artificial intelligence

Additive manufacturing; Virtual reality/augmented reality; Robotics; Internet of Things; Cybersecurity [32]
(Blockchain); Big data; Artificial intelligence

https://doi.org/10.1371/journal.pone.0253965.t001

One study [33] proposes a novel and innovative model to assess the degree of readiness of a
manufacturing company to implement the Industry 4.0 technologies. Based on this model, a
tool was developed to identify actions needed to increase the degree of readiness of companies
to implement the Industry 4.0 principles and practices. The proposed approach was inspired
by the framework developed by SAE to identify and measure best practices for implementing
lean manufacturing in companies [34].

Leineweber et al. [35] presented a method for assessing the digital maturity of enterprises
using more than 40 evaluation criteria from the areas of technology, human resources and
organization. Sarvari et al. [36] showed a technology development roadmap for the Industry
4.0 transformation in an enterprise to facilitate the planning and implementation process of
this concept. The map developed helps to understand each move and what decisions need to
be made, as well as who should make them and when during the digital transformation in an
enterprise. Schumacher et al. [15] proposed a model to assess the maturity of Industry 4.0
among industrial enterprises in the domain of discrete manufacturing. This model includes 9
dimensions to which 62 items were assigned to evaluate the maturity of Industry 4.0. The
dimensions "Products", "Customers", "Operations" and "Technology" were created to assess
the basic factors. In addition, the dimensions "Strategy", "Leadership", "Management", "Cul-
ture" and "People" allowed for the inclusion of organizational aspects in this assessment.

Branco et al. [37] examined factors characterizing readiness for Industry 4.0. in the
manufacturing companies of the EU countries. The analysis proved that the existence of digital
infrastructure combined with analytical capabilities to handle large data sets makes it possible
to achieve a high level of readiness of manufacturing companies for Industry 4.0. Basl and
Doucek [38] developed a metamodel to assess an organization’s digital readiness for Industry
4.0. It ranks selected maturity models and readiness indicators against each other, while identi-
fying areas with potential for further research. Bibby and Dehe [39] developed an assessment
framework for maturity for Industry 4.0. in a central company to later compare it with 12 orga-
nizations in its supply network. Enterprise assessment focuses on three dimensions: smart fac-
tory, people and culture, and strategy. Akdil et al. [40] proposed an Industry 4.0 maturity
assessment model and a questionnaire to assess this level. The model covers different applica-
tion areas of Industry 4.0 such as smart finance, smart marketing and human resources. In
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order to determine a company’s maturity level for Industry 4.0, four stages were included:
"None", "Existence", "Survival" and "Maturity". The questions in each criterion had a 4-stage
scale to assess the level of digital maturity—from 0:"None" to 3:"Maturity". Kuruczleki et al. [41]
determined the readiness of the EU-28 countries for the fourth industrial revolution by creat-
ing a readiness index of Industry 4.0 consisting of eight indicators: total intramural R&D
expenditure, gross domestic expenditure on R&D, community trade mark applications, com-
munity design applications, total R&D personnel and researchers, tertiary educational attain-
ment, ICT specialists, digital single market-promoting e-commerce for businesses, enterprises
selling online. Lizarralde et al. [42] developed a maturity model for machine tool companies.
This maturity model is evaluation and identification tool for the areas of the organization
where specific development is required. Liebrecht et al. [43] developed a methodology to sup-
port decision making of industrial companies for the Industry 4.0 method application in a pro-
duction environment. Tortora et al. [44] conducted a survey on the level of readiness of Italian
small and medium-sized enterprises to introduce the idea of Industry 4.0. The results showed
that these companies have limited and insufficient knowledge of Industry 4.0 technologies.
More than 50% of the respondents demonstrated a basic or low level of knowledge of the tech-
nologies in question. Saad et al. [45] adapted and used the Smart SME Technology Readiness
Assessment (SSTRA) methodology to investigate the level of technology readiness of these
companies to implement Industry 4.0 based on smart production planning and control. De
Carolis et al. [46] proposed a model to study the digital maturity of a company. The assessment
was carried out in 5 areas: design and engineering as well as production, quality, maintenance
and logistics management. This approach considers all relevant aspects related to the idea of
Industry 4.0. Lin et al. [47] used a model based on the Singapore Smart Industry Readiness
Index by the Economic Development Board to assess digital maturity. This model enables
companies to conduct self-assessment in order to systematically and comprehensively adapt to
Industry 4.0. The assessment is conducted in three Building Blocks: Process, Technology and
Organization, and 16 dimensions in total. Jung et al. [48] introduced the Smart Manufacturing
System Readiness Level (SMSRL) to measure a company’s digital readiness in four dimensions:
organizational maturity, IT maturity, performance measurement, and information connectiv-
ity. The model enables small and medium-sized manufacturing companies to assess their read-
iness to implement the necessary technologies that can help them in their digital
transformation.

A summary of selected models for assessing digital maturity and readiness, along with their
brief description, is presented in Table 2.

2.2. Application of MCDM methods

MCDM methods are used to solve complex decision-making issues in various areas. They are
also adopted in issues related to Industry 4.0 and the digitization of economies and societies
[56-62] (Table 3). However, so far these methods have not been used to assess the digital
maturity of enterprises.

2.3. Research gaps

The literature search shows that the topic of digitalization is current and refers to various
aspects of this process. Research on the effects of its implementation seems to be fully justified
both for the current assessment and for the prospects of development.

Its results also indicate that in the vast majority of the presented studies, on the assessment
of digital readiness and/or maturity, no importance weighting was taken into account for the
adopted criteria or dimensions (factors) [33,39,63-65].
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Table 2. Maturity and readiness models.

Maturity or Readiness Models
A maturity model for Industry 4.0 Readiness

The Degree of readiness for the
implementation of Industry 4.0

An Overview of a Smart Manufacturing
System Readiness Assessment

The Connected Enterprise Maturity Model

IMPULS-Industry 4.0 readiness

Digital readiness for Industry 4.0

SIMMI 4.0

Towards a Smart Manufacturing Maturity
Model for SMEs

The Logistics 4.0 Maturity Model

A Smartness Assessment Framework for
Smart Factories Using Analytic Network
Process

https://doi.org/10.1371/journal.pone.0253965.t1002

Description Source

This model allows for the assessment of digital maturity [15]
in 6 dimensions (Strategy, Leadership, Customer,
Products, Operations, Culture, People, Governance, and
Technology). The level is rated on a Likert scale (from 1 =
"not important"; to 4 = "very important").

This model assesses the level of digital maturity across 8 [33]
dimensions (Internet of Things, Big Data, Cloud
Computing, Cyber Physical Systems, Collaborative
Robots, Additive Manufacturing, Augmented Reality,
Artificial Intelligence), and on a 6-point scale from 1
(Embryonic) to 6 (Ready).

To assess the level of digital maturity, this model uses 4 [48]
dimensions (Organizational maturity, I'T maturity,
Performance Management maturity, Information
Connectivity maturity) and a 6-point scale from 1 (Not
performed) to 6 (Optimizing).

The model is based on a 5-stage approach for [49]
implementing Industry 4.0 in an organization in terms of
IT readiness (Assessment; Secure and upgraded network
controls; Defined and organized working data capital
(WDC); Analytics; Collaboration). The model introduces
4 dimensions of assessment in which the focus is mainly
on technology.

The model allows for the assessment of digital maturity. [50]
There are 6 levels of this maturity: Outsiders; Beginners;
Intermediate; Experienced; Expert; Top performers) and
the assessment is conducted in 6 dimensions: (Strategy &
Organization, Smart Factory, Smart Operations, Smart
Products, Data-driven Services, and Employees).

This model allows for the assessment of the level of digital | [51]
maturity in 6 dimensions: (Business Models; Product &
Service; Portfolio Market & Customer Access; Value
Chains & Processes; IT Architecture; Compliance, Legal,
Risk, Security & Tax; Organization & Culture).

This model allows for the assessment of the level of digital | [52]
maturity in 3 dimensions (Vertical Integration,
Horizontal Integration, Cross-sectional Technology
Criteria). It also distinguishes 5 stages of maturity (basic
digitization; cross-sectional digitization; horizontal and
vertical digitization; full digitization; and optimized full
digitization).
This model assesses the level of digital maturity in 5 [53]
dimensions. (Finance, People, Strategy, Process, and
Product), on a 5-point scale from 1 (Novice) to 5 (Expert).

To make assessment, this model uses 3 dimensions and a [54]
5-point scale from 1 (Ignoring) to 5 (Integrated).

This model allows for the assessment of the level of digital | [55]
maturity in 4 dimensions (criteria) (Leadership, Process,
System & Automation, Performance) and in 10
subcriteria. A 5-point scale is used for the assessment
from 1 (Checking) to 5 (Autonomy).

Only a small number of these works include weights for the adopted factors for assessment

[15,50,66].

The variety of factors taken into account in these studies, and their different impact on the
processes studied, shows the relevance of including weights in multi-criteria analyses regard-

ing digitization.
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Table 3. Summary of applications of MCDM methods to solve different problems.

Problem Methods Source
Evaluation of Digital Marketing Technologies Analytic Hierarchy Process [56]
(AHP)

Complex Proportional

Assessment (COPRAS)
Multistage performance modelling in digital marketing management TOPSIS [57]
Streamlining of digital marketing management activities Fuzzy ANP [58]
Decision-making model for identifying appropriate technologies for TOPSIS [59]

effective digital transformation in Automotive Supplier Industry
Optimization of the problem of supplier selection and order allocation Step method (STEM) [60]
in the era of Industry 4.0
Prioritization of public services for digitalization Fuzzy Z-AHP [61]
Z-WASPAS

https://doi.org/10.1371/journal.pone.0253965.t1003

The search also shows that the multiple criteria-decision making methods have not been
used so far to assess digital readiness and/or maturity of enterprises. Also, the presented assess-
ments failed to include developing countries, which are undoubtedly the countries of Central
and Eastern Europe.

Therefore, there is a research gap in terms of studying digital maturity in the CEE companies,
which is due to the lack of this type of studies. That is why, the conducted literature search fully
rationalizes examining such a research subject. Also, the application of computational methods
from the area of multi-criteria decision-making methodologies such as TOPSIS, MOORA and
VIKOR methods, makes this study a new approach to this type of analysis. It allows for a broader
look at the research and increases its both reliability and credibility. In turn, the obtained knowl-
edge creates wide possibilities of interpretation, inference and formulation of recommendations.

3. Materials and methods

In order to assess the level of digital maturity of companies in general and manufacturing com-
panies in CEE countries, as well as to analyze their similarity, the research was conducted
based on a set of 14 determinants of the digitization process. MCDM and multidimensional
scaling methods were used for analysis. The scheme of the research procedure is shown in Fig
1. Subsection 3.2 discusses the adopted determinants of digital maturity used for the research,
and subsection 3.3 characterizes the applied research methods.

3.1. Area of research

The European Union is a community of 27 member states, 11 of which belong to the countries
of Central and Eastern Europe (CEE) (Fig 2). These countries include Poland, the Czech
Republic, Slovakia, Slovenia, Bulgaria, Romania, Croatia, Lithuania, Latvia, Estonia, and Hun-
gary (Fig 2, Table 4). All of them have common cultural and historical roots. They also share a
common past as socialist buffer states under the USSR or as its constituent parts, namely the
Soviet republics. The term Central and Eastern European countries is a composite of two
terms for this part of Europe-geographical (Central) and political (Eastern). Basic information
about these countries is presented in Table 4.

3.2. Materials

In order to assess the level of digital maturity of enterprises, including manufacturing enter-
prises in the CEE countries, data from the Eurostat database were used [67]. They concern the
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BG- Bulgaria, CZ-Czech Republic, EE-Estonia, HR-Croatia, LV-Latvia,
LT-Lithuania, HU-Hungary, PL-Poland, RO-Romania, SI-Slovenia, SK-Slovak
Republic

Fig 2. Countries of Central and Eastern Europe belonging to the European Union.

https://doi.org/10.1371/journal.pone.0253965.9002

use of information and communication technologies (ICT) in enterprises and digital skills. On
the basis of this data, a set of determinants was determined to rank and assess the level of digi-
tal maturity of enterprises in the ECC countries and to analyze their similarities.

In order to assess the level of digital readiness of all enterprises and manufacturing enter-
prises in the CEE countries, it was necessary to select appropriate determinants. Based on the
literature review, 9 areas that have a decisive influence on the level of digital readiness of
manufacturing companies were selected. Eight areas are related to the Industry 4.0 technolo-
gies and one to digital skills of employees.

For these areas, 14 determinants of digital maturity were adopted, the description of which
is presented in Table 5. The selected determinants of digital maturity meet the postulate of rel-
evance to the topic related to Industry 4.0 (they refer to the main pillars of Industry 4.0). They
are characterized by simplicity in construction, ease of interpretation of results, availability

Table 4. Basic information about the CEE countries belonging to the EU (own elaboration based on [67]).

Countries Group of countries | Year of joining the EU | GDP value (2020) million euro | GDP per capita (2020) euro per capita | Population | Area, km*
Poland Visegrad group 2004 521514.5 13 600 37958138 | 312,685
Czech Republic 2004 213 589.1 19 960 10 693 939 78,866
Slovakia 2004 91 104.8 16 680 5457 873 49,036
Hungary 2004 135529.4 13 900 9769 526 93,030
Lithuania Baltic countries 2004 48 794.2 17 460 2794 090 65,300
Latvia 2004 29 334.0 15430 1907 675 64,589
Estonia 2004 27 166.9 20 440 1328976 45,339
Slovenia Former Yugoslavia 2004 46 297.2 22010 2095 861 20,273
Croatia 2013 49 104.1 12130 4058 165 56,594
Bulgaria Balkan countries 2007 60 642.7 8750 6951 482 110,994
Romania 2007 217 820.6 11270 19 328 838 238,397

https://doi.org/10.1371/journal.pone.0253965.t004
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Table 5. The adopted determinants characterizing the digitalization processes of enterprises in the CEE countries.

Area of Industry 4.0
Big data analytics

Artificial intelligence

Cloud computing

3D printing

Robotics

Integration of internal
processes

Integration with customers/
suppliers, supply chain
management

Internet of Things

Determinant
Analysis of big data from smart devices or sensors

Analysis of big data from the geolocation of portable
devices

Analysis of big data internally using machine learning

Purchase of cloud computing services used over the
Internet

Purchase of high CC services

Use of 3D printing

Use of industrial or service robots

Enterprises which have ERP software package to share
information between different functional areas

Enterprises using software solutions like Customer
Relationship Management

Enterprises sending eInvoices, suitable for automated
processing

Use of interconnected devices or systems that can be
monitored or remotely controlled via the Internet
(Internet of Things)

Use of smart meters, smart lamps, smart thermostats to
optimize energy consumption in the enterprise’s
premises

Use of sensors or RFID tags to monitor or automate
production processes, to manage logistics, to track the
movement of products

Explanation

Big data analytics technologies currently play a huge role in the
introduction of all kinds of innovative solutions. The development of
digital technologies is based on the analysis of large data sets. The
digitalization of enterprises cannot be effectively carried out without the
development of this area of research.

Artificial intelligence makes it possible to make the most of the data
processed by components connected through the IoT. Based on telemetry
data, an Al-equipped device can control the entire system of
interconnected, synchronized machines working together through IoT,
control individual devices, and even make autonomous decisions.

The use of cloud computing brings many benefits to enterprises. First of
all, it lowers operating costs (reduces the cost of maintaining IT
infrastructure) and increases data security.

Cloud technologies enable, among others, the storage of data,
applications, programs, as well as their operation from any place in the
world (only Internet access is required). Access to the latest technologies
and the ease of use are serious arguments for their use.

The 3D printing technology is currently one of the most rapidly growing
fields related to the digitalization of the global economy. It is used by
many companies in the processes of prototyping, as well as toolmaking,
small batch production, and other activities. The 3D printing technology
allows companies to complete the full cycle of product manufacturing in
a short time, which, in many cases, is their competitive advantage.

The robotization of production processes involving the replacement of
human activities with machines is the quintessential process of the
digitization of the economy. The introduction of robotization is
associated with quite high costs, but the advantages of this process are
enormous.

It is worth mentioning only the efficiency and quality of production
which can be in this case at a level virtually unattainable by employees.

ERP applications (systems) in companies are designed to facilitate the
flow of information and the possibility of horizontal and vertical
integration. The comprehensiveness of these systems and their
functionality, usually based on large data sets, gives great opportunities to
optimize production processes in an enterprise.

This is mainly due to the integration of processes related to business
planning, the purchase of goods and services, marketing processes, sales,
enterprise-consumer relations, company finances, and human resources.

Supply chain management includes all activities related to the exchange
of information between an enterprise and its suppliers and/or customers.
The digitalization of this area of the companies’ activities is crucial for the
optimization of their operations. It can be assumed that the digitalization

of business processes in an enterprise is a prerequisite for its
development in the digital economy.

The Internet of things plays one of the key roles in today’s businesses. IoT
combines information technology with operational technology, which
refers to the networking of processes and industrial control systems (ICS)
(human-machine interfaces, production supervision software or
programmable logic controllers). The interaction of Internet of Things
technology with operational technology ensures, among other things,
system consistency in terms of automation and optimization, better data
availability, etc. IoT systems are also used to locate autonomous vehicles
or workers and to control environmental factors. This technology
requires the use of data. Devices that make up the IoT can provide
information to artificial intelligence algorithms that analyze data in real
time.

(Continued)
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Table 5. (Continued)

Area of Industry 4.0 Determinant Explanation
Digital skills (ICT training) Enterprises that provided training to develop/upgrade The introduction of digital technologies is associated with the need to
ICT skills of their personnel build a digital society. Currently, digital skills are considered to be a basic

https://doi.org/10.1371/journal.pone.0253965.t005

condition that determines the possibility of developing a digital economy.
They require continuous upgrading of skills by employees so that, with
the development and implementation of new technologies, there is no
phenomenon of digital exclusion.

and high quality of data, which are updated on an ongoing basis, as well as they are comparable
at an international level.

3.3. Methods

A set of multi-criteria decision-making methods was used to assess the level of digital maturity
of enterprises in the CEE countries. These methods include: TOPSIS method, VIKOR method
and MOORA method. Brief characteristics of these methods are presented in this section.

3.3.1 The VIKOR method. The VIKOR method belongs to the methods of multi-criteria
decision optimization and is based on the concept of measuring the distance of the studied var-
iant from the ideal scenario [68]. This method introduces the so-called ranking index, based
on the measurement of distance from the ideal solution. This index is an extension of the
aggregate function theory in the compromise programming method [69,70]. Individual vari-
ants belonging to set A (a;, ay,. . . a,,) and evaluated by # criteria are described by the factor fij,
which is the weight of the variant a; with respect to the criterion n;.

The output parameter for the analysis conducted by the VIKOR method is the Lp-metric
distance, determined from Eq (1):

=1y i 1 | (1)
P W,-( 1<p<o0,j=1,2,....m

=1 X=X )

where: x; and x; are the best and worst values of all criterion functions for all alternatives from
set A (aj, az,. . . a,,); n is the number of criteria.
The algorithm of the VIKOR method to determine the compromise ranking is as follows:

« to construct the decision matrix, according to Eq (2):

X = [xij] = - (2)

mxn

where: x;€R

« to construct the normalized decision matrix, according to Eq (3):

x;
X, = ———; Vi,j (3)

Y m
2
Zi:l 'xij
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« to determine the best x] and worst x;" values for all criterion functions i = 1, 2,.. .n. If the i-th
if the

i-th criterion represents cost (the lower the better), then x; = min, x; and x; = max; x;

criterion represents profit (the higher the better), then x; = max; x; and x; = min, x

i

« to calculate S; and R; values forming the ranking measure, from the following relationships:

- (x:( - xj)
by =8 =2 e ) @

(5)

L .:Rj:max[wi

o]

(xj - ij)
=
where: w; weight of the i-th criterion; S; and R; represent the utylity measure and the regret
measure.

The solution obtained by min;S; is with the maximum group utility (‘'majority’ rule), and
the solution obtained by min;R; is with the minimum individual regret of the ‘opponent’

« To calculate the VIKOR-Q; index value (6):

s, ~§) (R ~R)
= T4 (1—y)L 6
Q=57+ 0= x) (©
where:

§"=minS; §* = maxS; R" = minSR; R™ = maxR; (7)

where: v is the measure of strategy weight (takes value from 0 to 1); S; and R; are calculated in
Step 3 and are introduced as the weight of strategy of "the majority of criteria’ (or ’the maxi-
mum group utility’). In the present study, v = 0.5.

» to create the ranking of alternatives according to the value of Q;.

The alternative with the smallest VIKOR value is referred to as the best (Q ,inimum)-

3.3.2 The TOPSIS method. The TOPSIS method is one of the most popular methods
used for solving multicriteria discrete tasks [71,72]. The considered decision variants are com-
pared with abstract weighted reference solutions: ideal and anti-ideal. What distinguishes this
method is the use of the measure of relative distance to the best solution, representing the pat-
tern (ideal) and the worst solution, representing the anti-pattern (anti-ideal).

Stages of the research procedure in the TOPSIS method are as follows:

o to determine the decision matrix, according to Eq (2).
« to determine the normalized matrix, according to Eq (3).

« to determine the weighted normalized decision matrix:
Xy = X X W, (8)

where: w; is the weight of the i-th criterion

PLOS ONE | https://doi.org/10.1371/journal.pone.0253965  July 6, 2021 13/38


https://doi.org/10.1371/journal.pone.0253965

PLOS ONE

Assessing of digital maturity of enterprises in the CEE countries using the MCDM and Shannon’s entropy methods

« to determine the ideal solution S* and the non-ideal solution S:

ST =(x', x5, x5, ....x7) = {(maxx,|j € B|), (min,,x,|j € C|)} (9)

n i7vij i i

S™ = (x,%,,%;,....x,) ={(minx;|j € B|), (max;, x;|j € C|)} (10)

i7vij i 7Vij

o to determine the Euclidean distance of the object from the ideal variant §* and the non-ideal
variant S

-
Il

« to determine the coefficient of relative closeness of the decision variants S; to the ideal solu-
tion S* (14):

d-

p=— "
T v d

(13)

The values of the TOPSIS synthetic measure belong to the range <0.1>, yet the higher the
value reached by the synthetic measure, the higher position the object achieves in the ranking.
The synthetic index (P;) calculated for each country orders the units linearly and allows the
classification from the highest level to the lowest level.

3.3.3 The MOORA method. The MOORA method by Brauers and Zavadskas [73]
method belongs to the family of multi-criteria decision optimization methods. The application
of this method makes it possible to select the best alternative, evaluated in terms of favorable
and/or unfavorable criteria [74].

The main steps in applying the MOORA method are as follows:

« to create a decision matrix X with m number of alternatives and n number of criteria accord-
ing to Eq (2).

o to create the normalized decision matrix according to Eq (3).

« to calculate the normalized score value for each alternative, taking into account all alterna-

tives. In fact, the final score of each alternative is obtained by means of the following
equation:

Y = Z;:l‘xjj - Z;:Hrlx:; Vi (14)

In this equation, y; represents the MOORA score for the i-th alternative. j=1,2,3...... t
andj=t+1,t42...... n refer to the objectives that must be appropriately maximized (favorable
criteria) and minimized (unfavorable criteria).
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o If weights are included in the evaluations of alternatives with respect to specific criteria, then
the MOORA score for each alternative is measured by the following equation:

t n
V=D way— ) w (15)
j=1

j=t+1

where: w; is the weight of the i-th criterion.

In the final ranking, alternatives with higher scores are desired. In other words, the alterna-
tive with the highest score is considered the best option and the alternative with the lowest
score is seen as the worst option.

3.4. Method for determining the digital maturity level

All of the discussed methods allow solution ranking, from the best to the worst. However,
none of them enable the determination of the level of digital maturity. Therefore, the authors
decided to determine the level of digital maturity by using the mean value and standard devia-
tion. The level classes of digital readiness in the MOORA and TOPSIS methods are defined as
follows:
Class I—high level of digital maturity:
P, > P, +s, (TOPSIS method)

_ 16
V> Y+ Sy (MOORA method) (16)

Class II-average high level of digital maturity:

P, +s, > P, > P, (TOPSIS method)

17
yi +s, >y >y (MOORA method) (17)

Class ITI-average low level of digital maturity:

P, > P, > P, —s, (TOPSIS method)
yi >y 2y — s, (MOORA method)

Class IV-low level of digital maturity:

P, < P, — s, (TOPSIS method)

_ (19)
y; <¥;i —s, (MOORA method)

On the other hand, in the VIKOR method, where the ideal solution is closest to or equals 0
the above ranges must be reversed, i.e., Eq (16), which determines the low level in the TOPIS
and MOORA methods, allows for the high level to be determined in the VIKOR method, and
so on:

Class I—high level of digital maturity:

Qj < 6] o SQj (20)

Class II-average high level of digital maturity:

Q >P =P s, (21)
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Class III-average low level of digital maturity:
Q+s5>Q2Q (22)
Class IV-low level of digital maturity:

Q> Q +5 (23)

where: P,, 6] and y; are the average values of P;, Q;and y;; s, , Sg, and s, are the standard

deviation of P; Q;and y;.

3.5. The Shannon’s entropy method-to determine weights of determinants

The Shannon’s entropy method was used to determine the weights of the assumed determi-
nants. The algorithm for determining the weights in this method is as follows:

o to construct the decision matrix according to Eq (2).

« to construct the normalized decision matrix:

X, = e (24)

« to determine entropy:

E = kY _xln(n,) (25)
where:

k== (26)

where: n;; is the proportion of samples in time # in the 7 indicator.

« to determine the variation level of entropy for each criterion (the degree of intrinsic diver-
gence of scores from subsequent criteria) from Eq (27):

d=1-c¢ (27)

o to determine the weights (degree of importance) of the criteria according to Eq (28):

1—E
W, = = !

l Ej:l(l - E;)

3.6.Multidimensional scaling

(28)

In order to graphically represent the structure of similarity (or dissimilarity) between the stud-
ied objects based on the selected set of variables (features), multidimensional scaling (MDS)
was used. The graphical presentation of results takes the form of a scatter plot of objects on a
multidimensional scaling map. The smaller the distance between the analyzed objects, the
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more similar they are to one another. The graphical representation of results takes the form of
a 2- or 3-dimensional map [75].

What distinguishes MDS from other similar techniques (e.g., factor analysis, cluster analy-
sis) is that in the MDS method, there are no biases as to which factors may influence which
dimensions [76].

Under the assumption that there are n points, denoted as x1, x2, ----, xn, the vector form is
expressed as:

X= (xl,xz,x&....xn)T (29)

then the algorithm for the multidimensional scaling process consists of the following steps:

o to determine the distance or dissimilarity between the number of n points using a certain
algorithm, and then to obtain the inner product matrix B,, X n according to equation:

1 9 1 n 9 1 n ) 1 n n 2
Bij = 9 (_di/' + ;Zj:ldij + ;Zi:ldij - ;Ei:le:ldij (30)

« to calculate the eigenvalues r;, 75, -+ 1, and eigenvectors v of the B,, X n dimensional matrix,
which makes it possible to obtain the coordinates of all points in the dimensional matrix. In
this way, a perceptual map can be created.

The quality of matching the output (reconstructed data) to the input data is measured by
the so-called STRESS function. The smaller the value of this function, the better the match of
the reconstructed distance matrix to the observed distance matrix. The STRESS function is
defined as the root of the standardized sum of squares of the residuals between the input dis-
tances and the distances reconstructed by multidimensional scaling. It takes the following
form [77]:

Stress =

(31)

where: dj; is the distance or dissimilarity between points i; d:.]. is a function on the input data,
and it depends on whether one is dealing with metric or non-metric multidimensional scaling.

In metric multidimensional scaling, d; = d,;, while in non-metric scaling, the function is a

ij>
monotonic transformation of the observed input data.
The criteria for evaluating the matching results are shown in Table 6.
Multidimensional scaling uses the Euclidean distance as a measure of distance between

points. By denoting the coordinates of objects in dimension r (r-dimension) as X; = (X;;,

Table 6. STRESS evaluation criteria [own elaboration based on [75]].

Value Level
0 Excellent
0-0.25 Perfect
0.025-0.05 Good
0.05-0.10 Acceptable
0.10-0.20 Bad

https://doi.org/10.1371/journal.pone.0253965.1006
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Xiz- - .- . .Xi), the Euclidean distance between X; and X; can be defined as:

4. Results

d. =

y

\/(Xil - le)2 + (Xi2 - XjQ)2 +et (X,-, - Xjr)2

(32)

The conducted research was divided into two stages: preliminary and fundamental. The pre-
liminary analysis allowed the authors to determine statistical parameters of the indicators
adopted for the study (subsection 4.1). The fundamental analysis, on the other hand, made it
possible to both rank and assess the level of digital maturity among all and manufacturing

enterprises in the CEE countries to later compare their similarities.

4.1. The statistical analysis of the determinants of digital maturity among
enterprises in the CEE countries, including manufacturing enterprises

The indicators used for the study, characterizing the technological and social dimensions of
digital maturity of enterprises in the CEE countries, were pre-processed and their basic statisti-
cal parameters were determined, which is summarized in Tables 7 and 8. These indicators
were delineated for all and manufacturing enterprises (according to NACE rev. 2 activity).
Based on the results, it can be concluded that the determinants of digital maturity selected

for analysis (treated as variables), meet the condition of diagnostic features, which must be
marked with significant variation (above 10%). For these determinants, the value of the coeffi-
cient of variation was found to be characterized by significant spread. The highest value of the
coefficient of variation for manufacturing enterprises was found for the determinants "use of
sensors or RFID tags to monitor or automate production processes (to manage logistics, to
track the movement of products)"- 108.11% and for "analysis of big data internally using
machine learning"- 89.44%. For all enterprises, the highest value of the coefficient of variation
within the studied group was reported for the determinant "enterprises using software solu-
tions like Customer Relationship Management (CRM)"- 69,53%. The lowest value of the

Table 7. Selected statistical parameters of the indicators determining the level of digital maturity among all enterprises in the CEE countries.

Determinants Mean | Median | Min | Max | Variance | Standard Coefficient of | Skewness | Kurtosis
deviation variation, %
Enterprises which have ERP software package 24.08 | 21.50 |16.00 | 36.00 | 47.72 6.91 28.68 0.67 -1.21
Enterprises using software solutions like CRM 26.50 | 16.50 |10.00 | 62.00 | 339.55 18.43 69.53 1.13 -0.11
Enterprises sending eInvoices 2.75 2.50 1.00 | 5.00 1.48 1.22 44.20 0.93 0.46
Analysis of big data from smart devices or sensors 392 | 400 | 2.00 | 7.00 1.90 1.38 35.21 0.68 1.26
Analysis of big data from the geolocation of portable devices | 29.42 | 27.50 |11.00 | 56.00 | 144.27 12.01 40.83 0.71 1.05
Purchase of cloud computing services used over the Internet | 18.75 | 16.50 | 5.00 | 46.00 | 103.11 10.15 54.16 1.77 4.76
Purchase of high CC services 1642 | 17.00 | 7.00 | 24.00 | 17.72 4.21 25.64 -0.63 1.89
Use of interconnected devices or systems that can be 5.67 5.50 | 2.00 |12.00  6.97 2.64 46.59 1.07 2.21
monitored or remotely controlled via the Internet
Use of smart meters, smart lamps, smart thermostats to 4.83 5.00 0.00 | 8.00 4.88 2.21 45.70 -0.72 0.72
optimise energy consumption in the enterprise’s premises
Use of sensors or RFID tags to monitor or automate 1.67 1.50 1.00 | 3.00 0.61 0.78 46.71 0.72 -0.79
production processes
Analysis of big data internally using machine learning 3.58 3.00 | 2.00 | 6.00 1.90 1.38 38.48 0.42 -1.18
Use of 3D printing 5.67 6.50 3.00 | 8.00 3.15 1.78 31.33 -0.45 -1.46
Use of industrial or service robots 17.08 | 17.00 | 6.00 |26.00 | 38.45 6.20 36.30 -0.45 -0.08
Enterprises that provide training to develop/upgrade ICT 24.08 | 21.50 |16.00 | 36.00 | 47.72 6.91 28.68 0.67 -1.21
skills of their personnel
https://doi.org/10.1371/journal.pone.0253965.t1007
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Table 8. Selected statistical parameters of the indicators determining the level of digital maturity among manufacturing enterprises in the CEE countries.

Determinants Mean | Median | Min | Max | Variance Standard Coefficient of | Skewness | Kurtosis
deviation variation, %

Enterprises which have ERP software package 33.55 | 32.00 |20.00|52.00 | 111.87 10.58 31.53 0.51 -0.76

Enterprises using software solutions like CRM 19.27 | 17.00 |11.00 | 37.00 | 67.42 8.21 42.60 1.26 1.02

Enterprises sending eInvoices 2455 | 18.00 | 8.00 | 54.00 | 238.27 15.44 62.89 1.23 0.24

Analysis of big data from smart devices or sensors 2.91 3.00 1.00 | 4.00 0.89 0.94 32.45 -0.66 0.20

Analysis of big data from the geolocation of portable devices | 2.82 3.00 1.00 | 4.00 0.76 0.87 31.01 -0.69 0.78

Purchase of cloud computing services used over the Internet | 27.45 | 24.00 | 9.00 | 55.00 | 160.07 12.65 46.08 0.91 1.16

Purchase of high CC services 16.18 | 13.00 | 4.00 | 44.00 | 107.96 10.39 64.21 2.11 5.66

Use of interconnected devices or systems that can be 18.09 | 17.00 | 5.00 | 46.00 | 110.09 10.49 58.00 1.99 5.55

monitored or remotely controlled via the Internet

Use of smart meters, smart lamps, smart thermostats to 7.27 8.00 | 2.00 |16.00 14.22 3.77 51.85 0.94 222
optimise energy consumption in the enterprise’s premises

Use of sensors or RFID tags to monitor or automate 6.55 5.00 1.00 |27.00 | 50.07 7.08 108.11 2.84 8.74

production processes

Analysis of big data internally using machine learning 1.00 1.00 | 0.00 | 3.00 0.80 0.89 89.44 1.02 1.56

Use of 3D printing 7.45 7.00 3.00 | 13.00 9.87 3.14 42.15 0.57 -0.55

Use of industrial or service robots 14.27 | 14.00 | 7.00 | 23.00 | 24.02 4.90 34.34 0.29 -0.63

Enterprises that provide training to develop/upgrade ICT 15.82 | 16.00 | 5.00 | 28.00 | 49.96 7.07 44.69 0.02 0.00

skills of their personnel

https://doi.org/10.1371/journal.pone.0253965.1008

coefficient of variation for all enterprises was found for the determinant “purchase of high CC
services (25.64%), and for manufacturing enterprises, it was “analysis of big data from the geo-
location of portable devices” (31.01%).

The difference between the median and mean values of the determinants shows distri-
bution asymmetry. The positive sign (median greater than the mean value) characterizes
the left-sided asymmetry (left-skewed distributions), indicating the predominance of coun-
tries with high determinant values. The negative sign is associated with the right-sided
asymmetry (right-skewed distributions), indicating the predominance of countries with
low determinant values.

The left-skewed asymmetric distributions in the case of all enterprises were found for the
determinants “analysis of big data from smart devices or sensors”, “purchase of high CC ser-
vices, use of smart meters, smart lamps, smart thermostats to optimize energy consumption in
the enterprise’s premises”, and “use of 3D printing”.

In the case of manufacturing enterprises, the left-skewed asymmetric distributions were
found for the determinants “analysis of big data from smart devices or sensors”, “analysis of
big data from the geolocation of portable devices”, “use of smart meters, smart lamps, smart
thermostats to optimize energy consumption in the enterprise’s premises”, and “enterprises
that provide training to develop/upgrade ICT skills of their personnel”. For the remaining
determinants of all and manufacturing enterprises, the determinants of digital maturity
adopted the right-skewed asymmetric distributions.

Since all determinants are stimulants, it is reasonable to assume that only for determinants
with the left-skewed asymmetry distributions, a favorable situation in terms of their level was
noted. The predominance of countries with high values was observed.

With regard to the comparison of the CEE countries to the entire European Union (EU-
27), Fig 3 presents the distribution of values of the digitization determinants for enterprises in
these countries.
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Fig 3. Summary of the values of studied determinants with regard to digital maturity among enterprises in the
CEE countries compared to the EU countries (a-all enterprises, b-manufacturing enterprises).

https://doi.org/10.1371/journal.pone.0253965.9003

The results clearly show that the digital maturity determinants in the CEE countries are low
versus the average values across the EU. The highest results among the CEE countries were
obtained by the Czech Republic, Slovenia, Estonia, Croatia, and the lowest results by Bulgaria
and Romania.
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skills of their personnel

Use of industrial or service robots.
Use of 3D printing

Analysis of big data intemnally using machine learning

Use of sensors or RFID tags to monitor or automate
production processes,

Use of smart meters, smart lamps, smart thermostats

Use of interconnected devices or systems that can be
monitored or remotely controlled via the Internet

Purchase of high CC services
Purchase of cloud computing services used over the Internet
Analyse big data from geolocation of portable devices
Analysis of big data from smart devices or sensors
Enterprises sending elnvoices
Enterprises using software solutions like CRM

Enterprises which have ERP software package

BManufacturing
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@All enterprises
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Fig 4. Values of weights for the determinants of digital maturity for all and manufacturing enterprises in the CEE

countries.

https://doi.org/10.1371/journal.pone.0253965.9004

4.2. The assessment and ranking of digital maturity among enterprises in

the CEE countries

The use of the presented MCDM methods (TOPSIS, MOORA and VIKOR) allowed for the
ranking of studied CEE countries in terms of the level of digital maturity among their enter-

prises. All diagnostic variables adopted for the study were stimulants.

The values of weights for these determinants, calculated by the entropy method (Eqs 24—
28), are presented in Fig 4, while the total values of weights for each dimension are summa-

rized in Table 9.

The weights calculated for individual dimensions of digital maturity indicate that the
dimensions Internet of things, big data analytics and artificial intelligence are the most impor-
tant criteria for assessing the digital maturity of enterprises in the CEE countries.

The obtained values demonstrate that the highest weights should be adopted for the deter-
minant “analysis of big data internally using machine learning” (artificial intelligence dimen-
sion) and “analysis of big data from smart devices or sensors” (big data dimension), and the
lowest weights for “enterprises which have ERP software package to share information

Table 9. Total values of weights for individual dimensions of digital maturity of enterprises.

Area All enterprises | Manufacturing enterprises
Big data analytics 0.223 0.224
Artificial intelligence 0.122 0.125
Cloud computing 0.066 0.090
3D printing 0.110 0.090
Robotics 0.098 0.064
Integration of internal processes 0.045 0.064
Integration with customers/suppliers, supply chain management 0.031 0.039
Internet of Things 0.253 0.243
Digital skills 0.051 0.060
https://doi.org/10.1371/journal.pone.0253965.1009
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Table 10. Values of indices classifying the digital maturity among all and manufacturing enterprises by the MOORA, TOPSIS and VIKOR methods for the CEE

countries.
Countries All enterprises Manufacturing enterprises
MOORA TOPSIS Vikor MOORA TOPSIS Vikor
yi Ranking Pi Ranking Qi R yi Ranking Pi Ranking Qi Ranking
Bulgaria 0.014 11 0.124 10 0.850 10 0.010 11 0.040 11 0.926 11
Czechia 0.024 5 0.589 4 0.189 3 0.029 2 0.887 1 0.000 1
Estonia 0.038 1 0.778 1 0.405 4 0.032 1 0.337 4 0.464 4
Croatia 0.029 4 0.683 2 0.023 2 0.023 5 0.206 5 0.725 8
Latvia 0.022 7 0.344 7 0.729 8 0.018 8 0.188 7 0.565 7
Lithuania 0.031 2 0.679 3 0.009 1 0.026 4 0.556 2 0.405 3
Hungary 0.019 9 0.265 8 0.772 9 0.014 9 0.084 9 0.846 9
Poland 0.021 8 0.251 9 0.695 7 0.019 7 0.183 8 0.550 6
Romania 0.016 10 0.033 11 1.000 11 0.012 10 0.045 10 0.923 10
Slovenia 0.031 2 0.465 5 0.478 5 0.028 3 0.387 3 0.392 2
Slovakia 0.022 6 0.386 6 0.682 6 0.020 6 0.194 6 0.528

https:/doi.org/10.1371/journal.pone.0253965.t010

between different functional areas” (integration of internal processes dimension) and “pur-
chase of cloud computing services used over the Internet” (cloud computing dimension). The
weights determined by the entropy method for individual determinants of digital maturity
define the degree of their disorder as a set of data, namely the degree of its uniqueness within
the examined set of countries.
In the next stage of the analysis, ordering indices were determined for each method, i.e.: the
y; index in the MOORA method, the Pi index in the TOPSIS method and the Qi index in the
VIKOR method. The results are summarized in Table 10. Based on the values of these indices,
a classification (ranking of countries) was made in terms of the level of digital maturity in all
and manufacturing enterprises in the CEE countries belonging to the EU. The results of this
classification are shown in Figs 5 and 6.

"

10

Ranking

Bulgaria

Czechia Estonia

@MOORA @TOPSIS @Vikor

Croatia Latvia Lithuania

Hungary Poland Romania

Slovenia

Slovakia

Fig 5. Classification (ranking) of the CEE countries in terms of digital maturity among all enterprises using the
MOORA, TOPSIS and VIKOR methods.

https://doi.org/10.1371/journal.pone.0253965.9005
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Fig 6. Classification (ranking) of the CEE countries in terms of digital maturity among manufacturing companies
using the MOORA, TOPSIS and VIKOR methods.

https://doi.org/10.1371/journal.pone.0253965.9006

The results of the classification (ranking) of the CEE countries show that for some countries
(alternatives) the findings are the same or very similar, and for others—different. For example,
Slovakia in terms of digital maturity among all enterprises in the ranking for all methods was
found to be on the 6™ place, while the Czech Republic—using the MOORA method—on the 5™
place, using the TOPSIS method-on the 4™ place, and using the VIKOR method-on the 3™
place. The differences between the rankings for individual methods for all enterprises are
shown in Fig 7A and for manufacturing enterprises in Fig 7B.

The analysis of differences showed that complete correspondence for the ranking of digital
maturity among enterprises between the applied methods was observed for Slovakia, and for
manufacturing enterprises—for Romania and Hungary. In general, the magnitude of differ-
ences in the rankings was found to be insignificant (difference in one or two positions). The
difference in 3 positions in the ranking was reported for Estonia (Fig 7) and Croatia, yet only
for manufacturing companies (Fig 7B).

The results of the ranking of the CEE countries in terms of the digital maturity among all
and manufacturing enterprises showed similar results for most of the countries, and only for
several were they different. In order to obtain a single reliable ranking of studied countries, the
mean-rank method was utilized to combine the results obtained using the MOORA, TOPSIS
and VIKOR methods. The mean-rank method seems to be, in this case, most simple and
objective, as it can provide an unambiguous result [78,79]. The ranking for 11 countries in
terms of digital maturity among all and manufacturing enterprises is shown in Fig 8.

Thus, the final ranking of the CEE countries in terms of digital maturity is as follows:

« for all enterprises: Estonia > Lithuania > Croatia > Czechia > Slovenia > Slovakia >
Latvia > Poland > Hungary > Bulgaria > Romania,

« for manufacturing companies: Czechia > Slovenia > Estonia > Lithuania >
Slovakia > Croatia > Poland > Latvia > Hungary > Romania > Bulgaria.
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Fig 7. Absolute differences in the rankings between the methods MOORA-TOPSIS, MOORA-VIKOR, TOPSIS-VIKOR (a-
all enterprises, b-manufacturing enterprises).
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Fig 8. The ranking of the CEE countries in terms of digital maturity among their enterprises by the mean-rank
method.

https://doi.org/10.1371/journal.pone.0253965.9008

The results showed that in terms of the level of digital maturity among all enterprises of the
CEE countries, Estonia and Lithuania were found to perform best, and Bulgaria and Romania
were found to perform worst. In addition, Bulgaria and Romania were also observed to have
the worst results in terms of the level of digital maturity among manufacturing enterprises.
Within this group of companies, the best performers were the Czech Republic, Slovenia and
Estonia.

Based on the mean values and standard deviation (12-15), the digital maturity classes of the
CEE countries were also determined. These classes for individual countries were determined
for each method separately (Fig 9), and then using the mean-rank method, the levels were eval-
uated (Fig 10).

Countries that were found to have a high level of digital maturity (according to the mean-
rank method), for all enterprises (over 10 employees, excluding the financial sector), included
Estonia and Lithuania. However, when analyzing the level of digital readiness of enterprises
only from the manufacturing sector, it turned out that the Czech Republic was shown to have
a high level.

An average high level of digital maturity among all enterprises was reported for the Czech
Republic, Croatia and Slovenia, and among manufacturing enterprises for Estonia, Lithuania
and Slovenia.

An average low level among all enterprises was found for Latvia, Slovakia, Poland and Hun-
gary, and among manufacturing enterprises for Hungary, Poland, Slovakia, Croatia and Latvia.
On the other hand, a low level of digital maturity among all and manufacturing enterprises
was reported for Romania and Bulgaria.

For most CEE countries, the level of digital maturity among all and manufacturing enter-
prises was found to be the same. The exception was the Czech Republic, being the leader in
terms of the level of digital maturity among manufacturing enterprises, and in the case of all
enterprises, the level of this maturity was defined as average high. The opposite situation was
reported for Estonia and Lithuania, being the leaders in the level of digital maturity for all
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https://doi.org/10.1371/journal.pone.0253965.9g009

enterprises, and for manufacturing enterprises, the level of digital maturity was assessed as
average high.

In order to illustrate similarities between the CEE countries in terms of digital maturity
characterized by the set of 14 digitization determinants, using the multidimensional scaling
method, scatter plots in a two-dimensional space were prepared (Fig 11). The quality of match-
ing the output to the input data was measured using the STRESS function, the results of which
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Fig 10. Assessment of the level of digital maturity among enterprises in the CEE countries by the mean- rank method (1 -high level, 2
—average high level, 3 ~average low level, 4 -low level).

https://doi.org/10.1371/journal.pone.0253965.9010
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are presented in Table 11. Also, these graphs include the value for all EU countries, which rep-
resents the average level of digital maturity among enterprises across the EU.

The results of the analysis presented in Fig 11 indicate that the distances between the CEE
countries in terms of digital maturity among all and manufacturing enterprises vary signifi-
cantly. In general, the results show that they have little similarity in terms of digital maturity.
However, in the case of digital maturity among manufacturing companies, a slightly greater
narrowing of the borders between these countries can be seen, which means that the disparity
between them in this regard is smaller. Changes in the distance between countries in terms of
digital maturity among all enterprises versus manufacturing enterprises can be interpreted as
changes in digital transformation occurring faster in manufacturing enterprises than in other
sectors of the economy. In general, the closer countries are in a two-dimensional space to each
other, the more similar they are (the more distant they are, the more dissimilar they are).

It can also be observed that Poland and Slovakia show high similarity in terms of digital
maturity both among all and manufacturing enterprises. In terms of digital maturity among all
enterprises, Croatia, Estonia, Slovakia, the Czech Republic and Lithuania were found to exceed
the EU27 average for most determinants, while Estonia, Slovakia and the Czech Republic were
found to exceed the EU27 average for manufacturing enterprises. The worst results in terms of
digital maturity versus the EU average were reported for Hungary, Romania and Bulgaria.

5. Discussion

As a result of the conducted research, rankings were made and the level of digital maturity
among all and manufacturing enterprises in the CEE countries was assessed. Three methods
from the group of multi-criteria decision-making methods (MOORA, TOPSIS, VIKOR) were
used for analysis. In addition, the use of multidimensional scaling allowed for the differentia-
tion of these countries in terms of the level of digital maturity, characterized by the set of 14
selected determinants in a two-dimensional space. Central to the analysis was the selection of
determinants that characterized the most important 9 areas related to the digitization of
enterprises.

Thus, the analytical methods, together with the determinants, made it possible to assess the
digital maturity of individual countries. For each of the methods used for the analysis, the
order of studied countries in terms of the level of digital maturity was also determined. Addi-
tionally, by means of the mean-rank method, the results obtained were averaged to make the
final classification of the CEE countries in terms of digital maturity.

It should be emphasized that such a broadly ranked assessment of digital maturity has
never been conducted for the group of CEE countries. Also, the application of three different
multi-criteria decision-making methods (MOORA, TOPSIS, VIKOR) and the method of mul-
tidimensional scaling is a new, original and informative approach to the study of digital matu-
rity in the CEE countries.

When analyzing the results, it can be stated that in terms of the assessment of digital matu-
rity among all enterprises (over 10 employees, excluding the financial sector) in the CEE coun-
tries, a high level was found in Estonia and Lithuania, and for enterprises in the manufacturing
sector—in the Czech Republic. In these countries, the determinants of digital maturity were at
a very high level, exceeding, in most cases, the average values for the EU27. One of the reasons
for this state of affairs is the fact that these countries, as indicated by the research results pre-
sented in one paper [80], are characterized by a high level of innovation and competitiveness.

The Czech Republic, Croatia and Slovenia were found to have an average high level of digi-
tal maturity for all enterprises, and Estonia, Lithuania and Slovenia for manufacturing
enterprises.
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Fig 11. Similarities between the CEE countries in terms of digital maturity characterized by the set of 14 determinants
in a two-dimensional space (a-all enterprises, b-manufacturing enterprises).

https://doi.org/10.1371/journal.pone.0253965.9011
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Table 11. The value of STRESS function.
Variants Value of STRESS function
All enterprises 0.0412

Manufacturing enterprises 0.0542

https://doi.org/10.1371/journal.pone.0253965.t011

An average high level of digital maturity among all enterprises was shown for the Czech
Republic, Croatia and Slovenia, and among manufacturing enterprises for Estonia, Lithuania
and Slovenia.

An average low level of digital maturity among all enterprises was found for Latvia, Slova-
kia, Poland and Hungary, and among manufacturing enterprises for Hungary, Poland, Slova-
kia, Croatia, and Latvia. On the other hand, a low level of digital maturity among all and
manufacturing enterprises was found for Romania and Bulgaria.

Both all and manufacturing enterprises operating in other countries were reported to be
still insufficiently involved in processes related to robotization, the use of 3D printing, big data
analytics, and the use of cloud computing. This could have a very negative impact on their
competitiveness and financial status in the years to come.

Both Bulgaria and Romania are facing significant challenges in improving their level of dig-
ital maturity [81]. The level of digitalization in these countries, compared to other CEE coun-
tries, is relatively low. This is due to many factors. One of the reasons is low expenditure on
R&D. In 2019 (the latest available data), Romania ranked lowest in this respect, as its R&D
expenditure amounted to only 0.48% of GDP, while in Estonia, the country with the highest
level of digital maturity among all enterprises, it was 1.61% [13].

It is worth noting that the level of digital maturity (ranking position) among companies in
the CEE countries is less dependent on the value of the country’s GDP or % of GDP spent on
R&D (Fig 12). The results indicate that countries with higher GDP values, or those spending
more on R&D, often achieved lower positions in the ranking. For example, Poland, being the
country with the highest GDP value among the CEE countries, ranked 8" in the ranking of
digital maturity (Fig 8). At the same time, the country ranked 5 in terms of % of GDP spent
on R&D. An equally unfavorable relationship was found for manufacturing enterprises (Fig
12C and 12D).

Estonia, Lithuania and Croatia ranked highest in terms of the ratio of GDP value to the
position in the ranking of digital maturity among all enterprises, and in terms of the ratio of
GDP value spent on R&D to the position in the ranking, it was Lithuania and Croatia.

Immensely large and, so far, underutilized potential for digitalization development oppor-
tunities exists in Hungary, which is the result of large investments made in the country by Ger-
many, Japan and South Korea. Investments by foreign partners not only generate new jobs,
but also contribute to the development of the R&D sector, which supports these investments
in highly innovative technologies.

The Visegrad Group, consisting of Poland, the Czech Republic, Slovakia and Hungary,
should also have a large and positive impact on the development and digital maturity of enter-
prises in the case of CEE countries [82]. This group is increasingly involved in the develop-
ment of digitization in these countries. Joint projects create greater chances to obtain funding
and implement the results of these undertakings.

The findings of this study show that the CEE countries, despite favorable conditions in the
EU, are not fully using the opportunities created by this community in the area of digitization.
In this regard, it seems reasonable to expand cooperation between these countries and imple-
ment larger joint ventures. As indicated by Novak et al. [80], the CEE market is worth around
1.4 trillion Euros, which ranks the region as the 12" largest economy in the world. It is
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therefore huge potential that should be well used, especially in the process of digitization of the

economy.

An important factor that should enable cooperation between the countries is the fact that
they are distinguished by a high level of market openness, belong to the same cultural circle
and have a similar history. Also, they are facing common challenges, especially in terms of
stemming the outflow of skilled workers to other, wealthier countries and the need to retrain a
significant portion of the workforce [83,84]. The retraining of workers will be a major chal-
lenge for, e.g., Poland, which is additionally forced to carry out a very thorough energy transi-
tion. In this respect, the digitalization of the economy should be used as an opportunity to

create new jobs and modernize the country.
The results provide very large opportunities for interpretation and conclusions in terms of
individual areas and determinants (indicators) adopted for the study. Their analysis showed a
great diversity of individual areas of digitalization processes in the CEE countries and enter-
prises. Therefore, closer cooperation between these countries regarding digitization seems
obvious. The joint development of the digital economy should bring positive results. At the
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same time, the coalition of these countries should have much more clout in creating financial
policy across the EU.

After all, it is in the interest of the CEE countries, and the EU as a whole, to implement new
technologies and build a digital economy as quickly as possible. Achieving higher values for
the determinants of digitization among enterprises requires both cooperation and solidarity
between countries. The values of these determinants in the coming years can be used as a basis
to assess the changes introduced and the effectiveness of the EU policy on digitalization.

6. Limitations and futhure direction

The methodology, the research and the results allowed the authors to formulate an opinion on
the limitations of this methodology and future research directions.

In terms of limitations that may have affected the results, it is necessary to mention the
determinants of digital maturity that were used for the research. Although an effort was made
to adopt them to reflect all the most relevant areas related to digital transformation, it is obvi-
ous that they do not fully describe the process. Literature analysis and practical experience
indicate that this set could be further enriched, and the scope of the research could be broad-
ened. However, this process would increase the already extensive research material included in
the publication. Nevertheless, the use of more indicators for analysis may provide a direction
for further research. From the point of view of further research, the selection of indicators
(determinants) and the analysis of their variability over time for individual countries would
also be important. In this context, it would also be interesting to conduct research on the level
of digital maturity of individual sectors of the economy of the countries studied (e.g., transport,
energy, agro-food industry, environmental protection, telecommunications, engineering,
financial services, health care, etc.). This may concern both the assessment of the current state
and changes in recent years, as well as forecasts for the future. Research on service companies,
where the process of digital transformation is very dynamic, would also be immensely relevant.
A certain limitation of the publication, but also a direction of future research, is the extension
of the analysis to other countries (e.g., all European Union countries), as well as the choice of
time horizon and methods applied.

Therefore, it can be concluded that the study concerns a selected part of the current and
very interesting issues, which in the coming years, due to the importance and development of
the processes associated with digital transformation, will be developed and undertaken by sub-
sequent researchers.

7. Conclusion

The development of information technology and ICT sciences and the practical application of
their achievements have caused permanent and increasingly dynamic changes in the global
economy. Their effect is the process of digitalization, which now covers virtually all areas of
life. On the one hand, it gives a chance for development, and on the other hand, it is connected
with many threats. Global changes related to the process of digitization cause its effects to be
felt both at global and local levels. This applies to individual countries and their groups as well
as individual companies. Of particular importance are the processes associated with changes at
the level of enterprises, which have a significant impact on local and national economies as
well as on employees and consumers.

The importance of the digitization process is evidenced by the fact that the legislation of
individual countries and groups of countries is quickly adapted to this situation. The signifi-
cance of digital transformation is also recognized by the European Union. The digitalization of
the economy is seen as an opportunity for the development of less wealthy countries and
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strengthening Europe’s position in the world, and above all, as a chance to improve the lives of
its citizens. The Central and Eastern European countries are immensely important in the EU
activities in the field of digitization. Their geo-political location and social and economic
potential may determine the future of the entire EU, especially because the EU assumes very
ambitious economic, social and climate plans for the coming years. Without the development
of the CEE countries, it will be impossible to achieve these goals.

In this context, achieving success in the digitization process of the economies of these coun-
tries becomes one of the EU’s priorities.

Thus, this state of affairs fully justifies conducting research to assess the digital maturity of
companies in these countries. The knowledge gained from the implementation of this research
can form the basis for the development of effective policies for the implementation of digital
and energy transformation, which are closely related to the climate policy.

The presented approach to the analysis of the problem of digital maturity in the CEE coun-
tries undoubtedly represents a new approach to this topic. This applies both to the advanced
analytical tools used as well as to the determinants included in the analysis related to the key
areas of the digitalization process. Until now, neither such a broad scope nor advanced analyti-
cal tools have been used to study digitization processes in these countries.

The results are immensely intriguing and allow for the assessment of digital maturity
among these countries at many levels. First of all, they constitute a substantial database, only
some of which is discussed in this paper. Their comprehensiveness and reference to many
issues related to digitization makes them an important source of information on digitization
in the CEE countries and the basis for research on other countries.

These results also showed the diversity of the EU countries, which on one hand constitutes
their strength, but can also be the cause of many problems. As far as digitalization is con-
cerned, it seems that this diversity, visible in the results of the conducted analyses, can be an
opportunity for the dynamic development of the whole region. The relatively young and well-
educated societies of the CEE countries, their high ambitions to improve their economic sta-
tus, and also the low costs of labor mean that the potential of these countries to implement
new technologies is very high. This entails that in the coming years, they can achieve these
ambitious goals, also in the digitization process.

The presented results can be widely used to improve the funding process for the digitaliza-
tion activities of the EU countries and to target this funding to the most neglected areas. The
division of the CEE countries into similar classes, in terms of the level of maturity of both
enterprises in general and manufacturing enterprises, showed groups of countries that should
cooperate in digitalization. The exchange of good practices and joint application for European
funds should become the standard of their activities in building the digital economy. It is also
advisable for countries with a low level of digital economy to be supported by countries with a
medium and high level of digital economy development. The solidarity of the European com-
munity requires broad cooperation, exchange of experience, technologies as well as technical,
organizational and business solutions. Supporting less developed countries is a prerequisite for
achieving very ambitious EU goals in both digitalization and ecology. In the case of the CEE
countries, this requires broad assistance in building a knowledge-based economy, full utiliza-
tion of economic potential, implementation of innovative solutions as well as research and
development of new digital technologies.

The developed methodology, conducted research and obtained results significantly enrich
the knowledge of the CEE countries, indicating their strengths and weaknesses. As mentioned
earlier, at the current stage of the world’s economic development, the process of digitalization
of enterprises is the basis for their development and determines their competitiveness. The
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consequence of delays in this regard will be a significant reduction in development prospects.
Therefore, the development of these countries must be based on the digital economy.

In conclusion, the CEE countries belonging to the group of developing countries, through
their presence in the EU have a great opportunity for dynamic economic and social growth.
Their location and potential predispose them to such development, but the use of this opportu-
nity largely depends on them. The rapid digitalization of the economy is just such an
opportunity.

Author Contributions

Conceptualization: Jarostaw Brodny, Magdalena Tutak.
Data curation: Jarostaw Brodny, Magdalena Tutak.

Formal analysis: Jarostaw Brodny, Magdalena Tutak.
Funding acquisition: Jarostaw Brodny, Magdalena Tutak.
Investigation: Jarostaw Brodny, Magdalena Tutak.
Methodology: Jarostaw Brodny, Magdalena Tutak.

Project administration: Jarostaw Brodny, Magdalena Tutak.
Resources: Jarostaw Brodny, Magdalena Tutak.

Software: Jarostaw Brodny, Magdalena Tutak.

Supervision: Jarostaw Brodny, Magdalena Tutak.
Validation: Jarostaw Brodny, Magdalena Tutak.
Visualization: Jarostaw Brodny, Magdalena Tutak.

Writing - original draft: Jarostaw Brodny, Magdalena Tutak.

Writing - review & editing: Jarostaw Brodny, Magdalena Tutak.

References
1. YangF, Gu. Industry 4.0, a revolution that requires technology and national strategies. Complex Intell.
Syst. 2021: 7:1311-1325.

2. Rajnai Z, Kocsis I. Assessing industry 4.0 readiness of enterprises. 2018 IEEE 16th World Symposium
on Applied Machine Intelligence and Informatics (SAMI), Kosice and Herlany, Slovakia, 2018: 000225—
000230, https://doi.org/10.1109/SAMI.2018.8324844

3. LeeJ, Bagheri B, Kao HA. A cyber-physical systems architecture for industry 4.0-based manufacturing
systems. Manuf. Lett. 2015: 3: 18-23.

4. Arnold C, Kiel D, Voigt K.I. Innovative Business Models for the Industrial Internet of Things. BHM Berg-
und Hittenmannische Monatshefte, 2017: 16: 371-381.

5. Muller JM, Buliga O, Voigt KI. Fortune favors the prepared: how SMEs approach business model inno-
vations in Industry 4.0. Technol Forecast Soc Change, 2018: 132:2—17.

6. WekingJ, Stocker M, Kowalkiewicz M, Bohm M, Krcmar H. Leveraging industry 4.0—-A business model
pattern framework. International Journal of Production Economics 2020: 225:107588.

7. Dery K., Sebastian IM., van der Meulen N. The digital workplace is key to digital innovation MIS Q.
Exec., 2017: 16:135-152.

8. Birkel HS., Veile JW, Miller JM, Hartmann E, Voigt KI. Development of a risk framework for Industry 4.0
in the context of sustainability for established manufacturers. Sustainability 2019: 11:384.

9. Gaub H. Customization of mass-produced parts by combining injection molding and additive
manufacturing with industry 4.0 technologies. Reinforced Plastics 2016: 60: 401—404.

10. Hu SJ. Evolving paradigms of manufacturing: From mass production to mass customization and
personalization. Procedia CIRP 2013: 7:3-8.

PLOS ONE | https://doi.org/10.1371/journal.pone.0253965  July 6, 2021 34/38


https://doi.org/10.1109/SAMI.2018.8324844
https://doi.org/10.1371/journal.pone.0253965

PLOS ONE Assessing of digital maturity of enterprises in the CEE countries using the MCDM and Shannon’s entropy methods

11.

12

13.

14.

15.

16.

17.
18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

The European Green Deal, 2019. Available from: https://ec.europa.eu/clima/policies/eu-climate-action_
pl (27.03.2021).

The Digital Europe Programme, 2021. Available from: https://digital-strategy.ec.europa.eu/en/activities/
digital-programme (27.03.2021).

Eurostat, 2018. Available from: https://ec.europa.eu/eurostat/statistics-explained/index.php/R_%26_
D_expenditure. (27.03.2021).

Microsoft Digital Defense Report (2020). Available from: https://download.microsoft.com/download//8/
1/{816b8b6-bee3-41e5-bb6cc-€925a5688f61/Microsoft_Digital_Defense_Report_2020_September.pdf
(27.03.2021).

Schumacher A, Erol S, Sihn W. A maturity approach for assessing Industry 4.0 readiness and maturity
of manufacturing enterprises Procedia Cirp, 2016: 52:161-166.

Mclntosh C. Cambridge Advanced Learner’s Dictionary ( 4th ed.), Cambridge Dictionaries., Cam-
bridge, UK 2015.

Stevenson A, Oxford Dictionary of English Oxford Dictionaries, Oxford, UK 2010.

Kagermann H, Wahister W, Helbig J, Recommendations for implementing the strategic initiative Indus-
trie 4.0: Final report of the Industrie 4.0 Working Group. Forschungsunion: Berlin, Germany 2013.

Mittal S, Khan MA, Romero D, Wuest T. Smart manufacturing: characteristics, technologies and
enabling factors. J. Eng. Manuf. 2017: 223:1342-1362.

Dilberoglu UM, Gharehpapagh B, Yaman U, Dolen M. The role of additive manufacturing in the era of
industry 4.0 Procedia Manuf. 2017: 11:545-554.

Mosterman J, Zander J. Industry 4.0 as a Cyber-Physical System study. Software & Systems Modeling
2016: 15: 17-29.

Guoping L, Yun H, Aizhi W. Fourth industrial revolution: technological drivers, impacts and coping meth-
ods Chin. Geogr. Sci., 2017: 27:626-637.

Gilchrist A. Industry 4.0: the Industrial Internet of Things, Apress 2016. Available from: https://www.
shabakeh-mag.com/sites/default/files/files/attachment/1397/03/1527602150.pdf.

Ahuett-Garza H, Kurfess T. A brief discussion on the trends of habilitating technologies for Industry 4.0
and smart manufacturing. Manuf. Lett., 2018: 15(B):60-63.

Caiazzo F. Laser-aided directed metal deposition of Ni-based superalloy powder. Opt. Laser Technol.,
2018: 103:193—-198.

Dombrowski U, Richter T, Krenkel P. Interdependencies of Industrie 4.0 & lean production systems—a
use case analysis. Procedia Manuf., 2017: 11:1061-1068.

Liu'Y, Xu X. Industry 4.0 and cloud manufacturing: a comparative analysis. J. Manuf. Sci. Eng., 2017:
139:1-8.

Xu LD, Xu EL, Li L. Industry 4.0: state of the art and future trends. Int. J. Prod. Res., 2018: 56:2941—
2962.

Vaidya S, Ambad P, Bhosle S. Industry 4.0 —a glimpse. Procedia Manuf., 2018: 20:233-238.

Zhong RY, Xu X, Klotz E, Newman ST. Intelligent manufacturing in the context of industry 4.0: a review.
Engineering 2017: 3:616-630.

Santos K, Loures E, Piechnicki F, Canciglieri O. Opportunities assessment of product development pro-
cess in industry 4.0. Procedia Manuf. 2017: 11:1358—-1365.

Hopkins JL. An investigation into emerging industry 4.0 technologies as drivers of supply chain innova-
tion in Australia. Computers in Industry 2021: 125:103323.

Pacchini APT, Lucatoa WC, Facchini F, Mummolo G. The degree of readiness for the implementation
of Industry 4.0. Comput. Ind., 2019:113:103125.

SAE-Society of Automotive Engineers SAE J4000 —identification and measurement of best practice in
implementation of lean operation SAE—Society of automotive engineers. SAE Handbook—Volume 3 —
On-Highway Vehicles (Part Il) and off-Road Machinery, Society of Automotive Engineers., Warrendale,
PA2012.

Leineweber S, Wienbruch T, Lins D, Kreimeier D, Kuhlenkétter B. Concept for an evolutionary maturity
based Industrie 4.0 migration model. Procedia CIRP 2018: 72:404-409.

Sarvari PA, Ustundag A, Cevikcan E, Kaya |, Cebi S. Technology Roadmap for Industry 4.0. In: Industry
4.0: Managing The Digital Transformation. Springer Series in Advanced Manufacturing. Springer,
Cham. 2018. https://doi.org/10.1007/978-3-319-57870-5_5.

Branco IC, Cruz-Jesus F, Oliveira T. Assessing industry 4.0 readiness in manufacturing: evidence for
the European Union. Comput. Ind., 2019: 107:22-32.

PLOS ONE | https://doi.org/10.1371/journal.pone.0253965  July 6, 2021 35/38


https://ec.europa.eu/clima/policies/eu-climate-action_pl
https://ec.europa.eu/clima/policies/eu-climate-action_pl
https://digital-strategy.ec.europa.eu/en/activities/digital-programme
https://digital-strategy.ec.europa.eu/en/activities/digital-programme
https://ec.europa.eu/eurostat/statistics-explained/index.php/R_%26_D_expenditure
https://ec.europa.eu/eurostat/statistics-explained/index.php/R_%26_D_expenditure
https://download.microsoft.com/download/f/8/1/f816b8b6-bee3-41e5-b6cc-e925a5688f61/Microsoft_Digital_Defense_Report_2020_September.pdf
https://download.microsoft.com/download/f/8/1/f816b8b6-bee3-41e5-b6cc-e925a5688f61/Microsoft_Digital_Defense_Report_2020_September.pdf
https://www.shabakeh-mag.com/sites/default/files/files/attachment/1397/03/1527602150.pdf
https://www.shabakeh-mag.com/sites/default/files/files/attachment/1397/03/1527602150.pdf
https://doi.org/10.1007/978-3-319-57870-5_5
https://doi.org/10.1371/journal.pone.0253965

PLOS ONE Assessing of digital maturity of enterprises in the CEE countries using the MCDM and Shannon’s entropy methods

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Basl J, Doucek P. Metamodel for Evaluating Enterprise Readiness in the Context of Industry 4.0. Infor-
mation 2019: 10:89.

Bibby L, Dehe B. Defining and Assessing Industry 4.0 Maturity Levels—Case of the Defence Sector.”
Production Planning & Control 2018: 29:1030—1043.

Akdil KY, Ustundag A, Cevikcan E. Maturity and Readiness Model for Industry 4.0 Strategy. In: Industry
4.0: Managing The Digital Transformation. Springer Series in Advanced Manufacturing. Springer,
Cham 2018. https://doi.org/10.1007/978-3-319-57870-5_4.

Kuruczeleki E, Pelle A, Laczi R, Fekete B. The Readiness of the EuropeanUnion to Embrace the
Fourthindustrial Revolution. Management 2016: 11:327-347.

Lizarralde DL, Ganzarain EJ, Lépez C, Serrano LI. An Industry 4.0 maturity model for machine tool com-
panies. Technological Forecasting and Social Change 2020: 159:120203.

Liebrecht C, Kandler M, Lang M, Schaumann S, Stricker N, Wuest T, et al. Decision support for the
implementation of Industry 4.0 methods: Toolbox, Assessment and Implementation Sequences for
Industry 4.0. Journal of Manufacturing Systems 2021: 58, Part A: 412—430.

Tortora AMR, Maria A, Di Pasquale V., lannone R., Pianese. A survey study on Industry 4.0 readiness
level of Italian small and medium enterprises. Procedia Computer Science 2021: 180: 744—753.

Saada SM, Bahadori R, Jafarnejad H, Putrad MF. Smart Production Planning and Control: Technology
Readiness Assessment. Procedia Computer Science 2021: 180:618-627.

De Carolis A, Macchi M, Negri E, Terzi S. A Maturity Model for Assessing the Digital Readiness of
Manufacturing Companies. In: Lédding H., Riedel R., Thoben KD., von Cieminski G., Kiritsis D. (eds)
Advances in Production Management Systems. The Path to Intelligent, Collaborative and Sustainable
Manufacturing. APMS 2017. IFIP Advances in Information and Communication Technology, vol 513.
Springer, Cham 2017. https://doi.org/10.1007/978-3-319-66923-6_2.

Lin T-C, Wang KJ, Sheng ML. To assess smart manufacturing readiness by maturity model: a case
study on Taiwan enterprises. International Journal of Computer Integrated Manufacturing 2020:
33:102-115.

Jung K, Kulvatunyou B, Choi S, Brundage MP. An Overview of a Smart Manufacturing System Readi-
nessAssessment. IFIP-Advances in Information and Communication Technology 2016: 488: 705-712.

Rockwellautomation: The Connected Enterprise Maturity Model. 12, 2014. Available from: https://
literature.rockwellautomation.com/idc/groups/literature/documents/wp/cie-wp002_-en-p.pdf.

Lichtblau K, Stich V, Bertenrath R, Blum M, Bleider M, Millack A, Schmitt K, Schmitz E, Schréter M.
IMPULS—Industrie 4.0-Readiness, Impuls-Stiftung des VDMA, Aachen-Kéln, 2015.

Price water house Coopers: The Industry 4.0/Digital Operations Self Assessment 2016. Available from:
https://i40-self-assessment.pwc.de/i40/landing/.

Leyh C, Schaffer T., Bley K., Forstenhausler S. SIMMI 4.0 —A Maturity Model for Classifying the Enter-
prise-wide IT and Software. Landscape Focusing on Industry 4.0. Proceedings of the Federated Confer-
ence on Computer Science and Information Systems 2016: 8:1297—-1302.

Mittal S, Romero D, Wuest T. Towards a Smart Manufacturing Maturity Model for SMEs (SM3E).
Advances in Production. Management Systems. Smart Manuf. Ind. 2018: 4:155-163.

Oleskow-Sztapka J, Stachowiak A. The Framework of Logistics 4.0 Maturity Model. In: Burduk A., Chle-
bus E., Nowakowski T., Tubis A. (eds) Intelligent Systems in Production Engineering and Maintenance.
ISPEM 2018. Advances in Intelligent Systems and Computing, vol 835. Springer, Cham 2019. https://
doi.org/10.1007/978-3-319-97490-3_73.

Lee J,Jun S, Chang T.-W, Park. A Smartness Assessment Framework for Smart Factories Using Ana-
lytic Network Process. Sustainability 2017: 9:794.

Mukul E, BuylUkézkan G, Guler M. Evaluation of Digital Marketing Technologies with Mcdm Methods.
6™ International Conference on New Ideas in Management, Economics and Accounting. 2019: 36-50.
Available from: https://www.dpublication.com/wp-content/uploads/2019/04/7-IMEA-O-230.pdf.

Watrobski J., Jankowski J, Ziemba P. Multistage performance modelling in digital marketing manage-
ment. Economics & Sociology 2016: 9: 101-125.

Kaltenrieder P, D’'Onofrio S, Portmann E. Applying the fuzzy analytical network process in digital mar-
keting. In: Fuzzy optimization and multi-criteria decision making in digital marketing. IGl Global 2016,
202-232.

Beyaz HF, Yildinm N. A Multi-criteria Decision-Making Model for Digital Transformation in Manufactur-
ing: A Case Study from Automotive Supplier Industry. In: Durakbasa N., Gengyllmaz M. (eds) Proceed-
ings of the International Symposium for Production Research 2019. ISPR 2019, ISPR 2019. Lecture
Notes in Mechanical Engineering. Springer, Cham 2020. https://doi.org/10.1007/978-3-030-31343-2_
19.

PLOS ONE | https://doi.org/10.1371/journal.pone.0253965  July 6, 2021 36/38


https://doi.org/10.1007/978-3-319-57870-5_4
https://doi.org/10.1007/978-3-319-66923-6_2
https://literature.rockwellautomation.com/idc/groups/literature/documents/wp/cie-wp002_-en-p.pdf
https://literature.rockwellautomation.com/idc/groups/literature/documents/wp/cie-wp002_-en-p.pdf
https://i40-self-assessment.pwc.de/i40/landing/
https://doi.org/10.1007/978-3-319-97490-3_73
https://doi.org/10.1007/978-3-319-97490-3_73
https://www.dpublication.com/wp-content/uploads/2019/04/7-IMEA-O-230.pdf
https://doi.org/10.1007/978-3-030-31343-2_19
https://doi.org/10.1007/978-3-030-31343-2_19
https://doi.org/10.1371/journal.pone.0253965

PLOS ONE Assessing of digital maturity of enterprises in the CEE countries using the MCDM and Shannon’s entropy methods

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.
70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Lee P, Kang S. An Interactive Multiobjective Optimization Approach to Supplier Selection and Order
Allocation Problems Using the Concept of Desirability. Information 2018: 9:130.

Sergi D, Ucal Sari I. Prioritization of public services for digitalization using fuzzy Z-AHP and fuzzy Z-
WASPAS. Complex Intell. Syst. 2021:7:841-856.

Swarnakar V, Singh AR, Antony J, Tiwari AK, Cudney E, Furterer S, A multiple integrated approach for
modelling critical success factors in sustainable LSS implementation. Computers & Industrial Engineer-
ing 2020: 151:106865.

Agca O, Gibson J, Godsell J, Ignatius J, Davie CW, Xu O. An Industry 4 readiness assessment tool.
WMG International Institute for Product and Service Innovation. University of Warwick 2018, Available
from: https://warwick.ac.uk/fac/sci/wmg/research/scip/reports/final_version_of_i4_report_for_use_on_
websites.pdf.

Bittighofer D, Dust M, Irslinger A, Liebich M, Martin L. State of Industry 4.0 across German Companies.
In 2018 IEEE International Conference on Engineering, Technology and Innovation (ICE/ITMC), 1-8.
Stuttgart, Germany 2018. IEEE. https://doi.org/10.1109/ICE.2018.8436246

Gokalp E, Sener U, Eren PE. Development of an Assessment Model for Industry 4.0: Industry 4.0-MM.
evelopment of an Assessment Model for Industry 4.0: Industry 4.0-MM. In: Mas A., Mesquida A.,
O’Connor R., Rout T., Dorling A. (eds) Software Process Improvement and Capability Determination.
SPICE 2017. Communications in Computer and Information Science, vol 770. Springer, Cham.
https://doi.org/10.1007/978-3-319-67383-7_10.

Demircan Keskin F., Kabasakal I., Kaymaz Y., Soyuer H. (2019) An Assessment Model for Organiza-
tional Adoption of Industry 4.0 Based on Multi-criteria Decision Techniques. In: Durakbasa N., Gencyil-
maz M. (eds) Proceedings of the International Symposium for Production Research 2018. ISPR 2018.
Springer, Cham. https://doi.org/10.1007/978-3-319-92267-6_7.

Eurostat database. Available from: https://ec.europa.eu/eurostat/data/database. (27.03.2021).

Opricovic S. Multi-criteria Optimization of Civil Engineering Systems Faculty of Civil Engineering, Bel-
grade 1988.

Yu PL. A class of solutions for group decision problems. Management Science 1973: 19: 936-946.
Zeleny M. Multiple Criteria Decision Making. Mc-Graw-Hill, Nowy Jork, 1982. PMID: 6288274

Jahanshahloo GR, Lotfi FH, Izadikhah M. An algorithmic method to extend TOPSIS for decision-making
problems with interval data. Appl Math Comput, 2006: 175:1375—1384.

Krohling RA, Pacheco AGC. A-TOPSIS—an approach based on topsis for ranking evolutionary algo-
rithms. Procedia Comput Sci, 2015: 55:308-317.

Brauers WK, Zavadskas EK. The MOORA method and its application to privatization in a transition
economy Control and Cybernetics 2006: 35:445—-469.

Chakraborty S. Applications of the MOORA method for decision making in manufacturing environment
The International Journal of Advanced Manufacturing Technology, 2011: 54:1155—-1166.

He J, Shang P. Multidimensional scaling analysis of financial stocks based on Kronecker-delta dissimi-
larity. Communications in Nonlinear Science and Numerical Simulation. 2018: 63:186-201.

Machado J, Duarte F, Duarte G. Analysis of stock market indices through multidimensional scaling.
Commun. Nonlinear Sci. Numer. Simul., 2011: 16:4610-4618.

Kruskal JB. Multidimensional scaling by optimizing goodness of fit to a nonmetric hypothesis Psycho-
metrika, 1964: 29:1-27.

Liao Q, Wang X, Ling D, Xiao Z, Huang HZ. Equipment reliability analysis based on the Mean-rank
method of two-parameter Weibull distribution International. Conference on Quality, Reliability, Risk,
Maintenance, and Safety Engineering (2011). Available from: https://ieeexplore.ieee.org/stamp/stamp.
jsp?arnumber=5976631&casa_token=cNfgRzoVrkcAAAAA:3Y|SarTL-2-
jQSr26bdRliXKaxgFUqrD2jABrkQJhh51yhL42A5GTKa3GnWb-TQxXfuBpkagHQ&tag=1.

Yu XH, Zhang LB, Wang CH. Reliability life analysis of the equipment based on new Weibull distribution
parameter estimation method Mech. Strength, 2007: 29:932-936.

Novak J., Purta M., Marciniak T., Ignatowicz K., Rozenbaum K., Yearwood K. The Rise of Digital Chal-
lengers. How digitization can become the next growth engine for Central and Eastern Europe, Digital/
McKinsey 2018.

Trasca DL, Stefan GM, Sahlian DN, Hoinaru R, Serban-Oprescu G-L. Digitalization and Business Activ-
ity. The Struggle to Catch Up in CEE Countries. Sustainability 2019: 11: 2204.

Beno M, Saxunova D. The Digitization of Society—Case of Specific Chosen State Alliance of Four Cen-
tral European States. In: Silhavy R. (eds) Software Engineering and Algorithms in Intelligent Systems.
CS0OC2018 2018. Advances in Intelligent Systems and Computing, vol 763. Springer, Cham 2019.
https://doi.org/10.1007/978-3-319-91186-1_1.

PLOS ONE | https://doi.org/10.1371/journal.pone.0253965  July 6, 2021 37/38


https://warwick.ac.uk/fac/sci/wmg/research/scip/reports/final_version_of_i4_report_for_use_on_websites.pdf
https://warwick.ac.uk/fac/sci/wmg/research/scip/reports/final_version_of_i4_report_for_use_on_websites.pdf
https://doi.org/10.1109/ICE.2018.8436246
https://doi.org/10.1007/978-3-319-67383-7_10
https://doi.org/10.1007/978-3-319-92267-6_7
https://ec.europa.eu/eurostat/data/database
http://www.ncbi.nlm.nih.gov/pubmed/6288274
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=5976631&casa_token=cNfqRzoVrkcAAAAA:3YjSarTL-2-jQSr26bdRIiXKaxgFUqrD2jABrkQJhh51yhL42A5GTKa3GnWb-TQxXfuBpkagHQ&tag=1
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=5976631&casa_token=cNfqRzoVrkcAAAAA:3YjSarTL-2-jQSr26bdRIiXKaxgFUqrD2jABrkQJhh51yhL42A5GTKa3GnWb-TQxXfuBpkagHQ&tag=1
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=5976631&casa_token=cNfqRzoVrkcAAAAA:3YjSarTL-2-jQSr26bdRIiXKaxgFUqrD2jABrkQJhh51yhL42A5GTKa3GnWb-TQxXfuBpkagHQ&tag=1
https://doi.org/10.1007/978-3-319-91186-1_1
https://doi.org/10.1371/journal.pone.0253965

PLOS ONE Assessing of digital maturity of enterprises in the CEE countries using the MCDM and Shannon’s entropy methods

83. Grigorescu A, Pelinescu E, lon A, Dutcas MF. Human Capital in Digital Economy: An Empirical Analysis
of Central and Eastern European Countries from the European Union. Sustainability 2021: 13:2020.

84. SousaMJ, Rocha A. Digital learning: Developing skills for digital transformation of organizations. Future
Generation Computer Systems, 2019: 91:327-334.

PLOS ONE | https://doi.org/10.1371/journal.pone.0253965  July 6, 2021 38/38


https://doi.org/10.1371/journal.pone.0253965

