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Abstract: Dynamic changes in the global economy, resulting from the implementation of the Industry
4.0 concept, cover practically all areas of life. They mainly concern companies that need to adapt to
these changes as soon as possible in order to face growing competition. The digitalization process is
of great significance in this respect, as it requires having appropriate material and personal resources
as well as knowledge necessary to implement new innovative solutions. Problems associated with the
digitalization of economy are very well understood in the European Union (EU), which makes every
effort to ensure the best possible conditions for the implementation of this process in companies in all
member states. A special group of these countries belong to Central and Eastern Europe (CEE), the
youngest members of the EU. Given this extremely important issue, the paper presents the results of
research on the level of digitalization of small, medium and large enterprises in this group of countries
(CEE). Their aim was to evaluate the level of digitalization of the studied groups of enterprises and
individual CEE countries. It was important to determine digital technologies dominating in particular
groups of enterprises and, with the use of non-parametric tests, the influence of the digitalization
level on selected economic parameters of particular CEE countries. The research was based on
11 selected indicators characterizing the digital technologies used, infrastructure for Industry 4.0 and
personnel training in new technologies. The level of digitalization of individual groups of companies
was determined based on the multi-criteria decision-making method (MCDM). In this case, the
TOPSIS and VIKOR methods were applied, for which the rankings and levels of digitalization of
individual CEE countries were also determined. The entropy and CRITIC methods were utilized to
measure the weights of indicators adopted for the study. The whole research was complemented by
statistical analyses of the adopted indicators. The results showed a high differentiation in the level
of digitalization for individual CEE countries and the studied groups of enterprises. The highest
levels of digitalization were reported in Slovenia, Croatia and the Czech Republic. The lowest levels
were reported in Bulgaria and Romania. From the point of view of the size of enterprises, the highest
levels of digitalization were found in the group of large enterprises, which results from their potential
and resources. The results are an important source of information regarding the current state of
digitalization in the CEE countries, considering the size of enterprises. This, in turn, should be used
when developing strategies for the digital transformation of the CEE countries and the entire EU.

Keywords: Industry 4.0; open innovation; digitalization; small; medium and large enterprises; CEE
countries; hybrid MCDM approach

1. Introduction

The dynamic development of information and communication technology (ICT),
identified with the concept of Industry 4.0, caused huge economic and social changes
around the world. The effects of this process, also known as digital transformation, cover
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virtually all areas of life and the existence of our civilization [1–4]. Therefore, it is not
surprising that the digitalization process has been recognized as one of the major and
growing trends changing both society and business.

The concept of Industry 4.0 combines processes, machines, data, information systems
and people. Technologies associated with this concept include autonomous robots, big
data analytics, incremental manufacturing, cyber security, cloud computing, the Industrial
Internet of Things (IIoT), vertical and horizontal system integration and artificial intelli-
gence. They are being used to create new goods and services [5]. The development of
these technologies is of great importance for companies that want to meet the growing
competition, and thus must adapt to the changes taking place. This is because the use of
new solutions makes it possible to improve the effectiveness and efficiency of production
processes, the quality of products and services provided and to reduce operating costs [6].

However, the process of implementing new solutions is not simple. It requires an
appropriate strategy based on available resources, organizational capabilities as well as
the knowledge and competence of both staff and employees. These factors are of key
significance for companies that want to achieve business success based on new technolo-
gies. The solutions identified with the Industry 4.0 concept have an immensely complex
and demanding technological architecture, which makes it expensive to implement [7].
Therefore, their implementation must be preceded by very thorough and objective analyses,
which is particularly essential in the case of micro, small and medium enterprises. For these
companies, wrong decisions on investments in new technologies may result in very fast
bankruptcy or serious economic problems. Therefore, despite the growing interest in new
technologies, their effective implementation requires adequate knowledge and preparation.
For this reason, the process of implementing solutions related to the Industry 4.0 concept
has become one of the most important areas of scientific research [8,9], which is briefly
presented in Section 2.

The implementation of digital technologies in enterprises is also extremely important
from the point of view of the development of national and regional economies [10,11]. This
is due to the technological and social pressure that is exerted by the authorities aiming to
build a knowledge-based economy and, consequently, a competitive advantage. It is also
associated with changes in the labor market and the market of consumer goods, closely
related to the implementation of new technologies. The process of digitalization identified
with modernity and innovation is becoming a guarantor of economic growth, changes in
the labor market as well as modern organization and management of production processes.
These changes also affect the development of science and education, which creates very
favorable conditions for the development of individual countries and regions.

The role and importance of the digitalization process is very well understood in the
countries of the European Union (EU), where in recent years, an increasingly dynamic use
of novel technologies in the economy has been reported. Through the introduction and
implementation of many strategies and programs to support the process of digitalization,
companies are promoted and encouraged to implement new solutions [12–16].

These processes, however, are costly and require appropriate knowledge and prepara-
tion. In the case of the EU, the countries of Central and Eastern Europe (CEE), which are
lagging behind in the implementation of digital solutions, have a particular need in this
area. The reason for this is the later introduction of a market economy in these countries
and their lower economic potential, e.g., in comparison with the countries of the so-called
“old EU”. The lower level of digitalization of these countries is evidenced by the results of
the annual survey of the Digital Economy and Society Index (DESI) conducted in the EU.
For most of the countries in the region (Poland, the Czech Republic, Slovakia, Romania,
Hungary, Croatia, Latvia and Bulgaria), the digitalization of economy (and society) is at a
level below the average level set for the EU-27. Only Slovenia, Lithuania and Estonia are
above the average. In addition to the already mentioned reasons for this state of affairs, it is
also worth mentioning the relatively low level of expenditures allocated to R&D activities
in these countries. These outlays, in relation to GDP, are twice as low in the CEE than
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the EU average, which is 2.1% of GDP. The lowest level of these outlays is reported in
Romania (0.48% of GDP), and the highest—in Slovenia (2.04% of GDP). It is worth noting
that countries that are European leaders in innovation, namely, Sweden, Denmark and
Germany, allocate more than 3% of their GDP to R&D [17].

These data indicate that the process of digital transformation in the CEE countries
requires decisive action. This concerns both individual CEE countries and the whole EU,
which, while striving to build a common regional economy based on knowledge and
modern technologies, must also improve the level of digitalization in these countries. A
definite chance for greater modernization of these countries is to use more open business
models and the concept of open innovation (OI), which enables the exchange of new
innovative solutions between stakeholders in the digitalization process [18].

As the level of digitalization in a given country and region is mainly determined
by companies implementing modern solutions, it is fully justified to conduct research to
determine this level in different groups of companies in different countries. When taking
into account the level of development of the CEE countries and the fact that the period
of building a competitive economy is relatively short, it is reasonable to study the level
of digitalization in individual groups (small, medium and large) of companies in those
countries. The aim of the research was primarily to determine the level of digitalization
in individual CEE countries and the studied groups of enterprises with their comparison
as well as to indicate the leaders of this process, also including countries and enterprises
which have problems in this area. Therefore, the evaluation of the level of digitalization in
the CEE countries should indicate the potential directions of EU activities in order to raise
this level across Europe.

In studies devoted to this issue, thus far there has been no research comprising a
comprehensive comparative analysis of the CEE countries in terms of digitalization of
groups of companies from these countries. The lack of results of such an analysis limits the
possibility of a comprehensive approach to assessing the processes of digital transformation
and a more global view of the economy of the CEE countries in the context of economic
growth of the EU and the whole world. Therefore, it is reasonable to conduct this type of
research and fill this research gap. Given the problem of digital technology implementation
in CEE companies and the assessment of their current level of digitalization, three research
questions were formulated:

Question 1: Which digital technologies are dominant in small, medium and large enterprises
in the CEE countries?
Question 2: What is the level of digitalization of small, medium and large enterprises in the
CEE countries?
Question 3: Is there a correlation between the level of digitalization of CEE countries and
their economic level, GDP, GDP per capita and R&D expenditures?

The research questions posed fit into the theoretical framework of studies related to
the development of the EU and the trend of Europeanization of EU countries in the context
of the digitalization of both the economy and society, as well as in the legal framework
related to the EU digitalization policy. At the same time, the whole research problem
of business digitalization in the context of modern technologies fits into the current of
neo-Schumpeterian theory [19] and neoclassical growth theory [20,21], which emphasize
the relationship between economic growth and ICT technologies.

The study was based on a hybrid approach based on a multi-criteria decision-making
(MCDM) method to determine the level of digitalization of enterprises in CEE countries, in-
cluding a set of 11 indicators characterizing the digital technologies used (9), infrastructure
for Industry 4.0 (1) and the level of staff training in new technologies (1). The entropy and
CRITIC methods as well as the TOPSIS and VIKOR methods were also used for this part of
the research. The entropy and CRITIC methods make it possible to determine weights of
indicators adopted for the research, while the TOPSIS and VIKOR methods make it possible
to determine country rankings and levels in terms of digitalization of small, medium and
large enterprises. In turn, non-parametric tests (Spearman’s rank correlation coefficient
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and Kendall’s tau correlation coefficient) were used to examine the relationship between
the level of digitalization of the CEE countries and selected economic parameters of these
countries and R&D expenditures.

In relation to existing studies, the presented paper is characterized by a new approach
to the studied issue, which concerns three fundamental areas. First, no assessment of the
CEE countries in terms of the level of digitalization of small, medium and large enterprises
has been conducted thus far. As mentioned before, such an assessment is extremely
important for the diagnosis of the current state and the development of strategies for
effective building of a digital economy in these countries and the whole EU. Raising the
level of digitalization of the entire EU economy depends to a large extent on the level of
digitalization in the CEE countries, which with time should approach the level of other EU
countries. Secondly, thus far, no research has been conducted to identify or evaluate the
degree of application of digital technologies (related to the Industry 4.0 concept) used in
small, medium and large enterprises in the CEE countries. Third, the literature to date still
lacks studies that would indicate whether and how the economic parameters of individual
countries are related to the process of digitalization of enterprises, taking into account their
size. This research can also be treated as an element of monitoring and evaluation of the
impact of the application of innovative and near-innovative solutions in enterprises on the
economic development of individual CEE countries.

2. Categories of Enterprises in the European Union

According to the European Commission’s Recommendation of 6 May 2003 (2003/361/EC),
small and medium-sized enterprises are defined as those with a number of employees and
profits falling within certain limits, namely:

• A small enterprise has between 10 and 49 employees and a turnover or balance
sheet total of up to EUR 10 million.

• A medium-sized enterprise has between 50 and 2490 employees and a turnover of
up to EUR 50 million, or a balance sheet total of up to EUR 43 million.

The current regulations do not contain a definition of a large enterprise, however,
based on the recommendation of the European Commission (2003/361/EC), it may be
concluded that this status is held by an entrepreneur who is not a micro, small or medium-
sized enterprise and in at least one of the last two financial years:

• Regardless of the number of employees, exceeded an annual turnover of EUR
50 million, or an annual balance sheet total of EUR 43 million,

• did not exceed an annual turnover of EUR 50 million or an annual balance sheet
total of EUR 43 million but had 250 or more employees.

The role and importance of enterprises, regardless of their size, in the free market
economy of the world and Europe is enormous. They determine the world’s economic
development and technological progress, which from the point of view of digital transfor-
mation is of key importance.

A total of 330,162 small, medium and large non-financial enterprises were operating in
ECC countries in 2019, among which 82% were small enterprises, 15% were medium-sized
enterprises and only 3% were large enterprises. In the CEE countries, the highest share of
employees in small enterprises was recorded in Croatia and Hungary (84% each), and in
medium-sized enterprises—in Slovakia (18%). In the case of large enterprises, the highest
percentages of employment were noted in Slovakia and the Czech Republic (4% each). The
given statistics do not include micro enterprises, i.e., enterprises with up to 9 employees.
A comparison of the number of small, medium and large enterprises in individual CEE
countries is presented in Figure 1.
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3. Literature Review

The presented literature review refers to the most important issues related to the pro-
cess of implementing technologies identified with the concept of Industry 4.0 in companies
as well as the role and importance of open innovation (OI) in this process. The OI concept
is of great importance for building an innovative knowledge-based economy. The review
also shows selected methods for assessing the level of digitalization of companies and
selected countries.

3.1. The Impact of Industry 4.0 Technology and Open Innovation Concepts on Business Operations

Implementation of technologies related to the Industry 4.0 concept enables companies
to carry out technological changes in their production processes [22]. Flexibility of these
processes and access to data characterizing them in real time (thanks to the development of
IoT and the Web) make it possible to take strategic and operational decisions that improve
the efficiency and effectiveness of business operations [9]. Therefore, it is crucial for the
activity of companies wishing to implement new digital technologies to be open to changes
and to have specific resources and knowledge regarding novel solutions. In the field of
digitalization and process improvement, an important role is played by the concept of
OI, which enables the use of solutions of other companies and research units to make
their own solutions available [23]. Indeed, in the context of Industry 4.0 technologies
and their implementation and integration, OI is the most suitable system to promote a
company’s activities in the field of knowledge exploration and exploitation. This concept
allows companies to use a network of external partners to effectively implement innovative
solutions in a company, which undoubtedly includes the technologies of Industry 4.0.
It is obvious that with such dynamic technological changes, companies must support
themselves with external solutions, while providing their own, which they do not use or
use to a limited extent. Open innovation in Industry 4.0 is considered a new way of creating
values for companies through open collaboration, cooperation and coopetition in contrast
to the conventional closed innovation framework [18,24].

Thus, the open business model, of which OI is a part, creates great opportunities to use
the latest solutions and technologies identified with the Industry 4.0 concept and related to
digital transformation [25]. These technologies include monitoring and big data analytics,
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optimization and smart machine modelling and simulation, cloud technologies, virtual
reality (VR) and augmented reality (AR), horizontal and vertical systems integration, IIoT,
incremental technologies (3D printing), autonomous robots and cyber security [26].

These technologies have a tremendous impact on the development of extremely im-
portant areas for business operations, which are vertical and horizontal integration and
complex engineering [27]. Vertical integration refers to the consolidation of ICT systems at
different hierarchical levels of an organization, linking the production and management lev-
els within an enterprise. Horizontal integration, on the other hand, involves inter-enterprise
collaboration, along with real-time sharing of resources and information [28]. End-to-end
engineering is the integration of the entire product value chain, from development to
after-sales service [29]. Undoubtedly, its application is closely related to the high degree of
digitalization of the entire manufacturing process.

The existing literature clearly indicates that the implementation of technologies related
to Industry 4.0 can bring a number of benefits to enterprises, and the use of the already
mentioned concept of OI and conducting an open business model provides opportunities
to obtain the results of research and development and their implementation in order to
build a development strategy and gain a competitive advantage [30,31].

An unquestionable advantage resulting from the implementation of Industry 4.0
technology in enterprises and enabling their development is also an efficient response to
external factors and the ability to adapt to market changes. Horizontal integration is helpful
in this regard, enabling cooperation between enterprises, e.g., in the form of combining and
using their resources [28]. At the same time, the use of digital channels and smart solutions
enables efficient and effective cooperation with customers [32], for whom, depending on
the needs, it is possible to change the production process to provide customized products
even in small batches. Customized products, nowadays more and more expected in the
market, very often result from the process of their personalization. The realization of such
a process is possible with a high degree of digitalization, e.g., by using 3D printing [33].

The presented literature analysis shows that technologies related to the Industry 4.0
concept have a huge impact on the activities of companies and without their implemen-
tation it is and will be difficult for these companies to stay in the market. On the other
hand, the open business model and the OI concept present many opportunities for access
to new solutions, which should positively affect the activity of enterprises and scientific
units. Therefore, this approach should also be used in the CEE enterprises.

3.2. Implementation of Industry 4.0 Technology in Enterprises

Apart from the knowledge of new technologies, the issues related to their application
are of key importance. The problem of adaptation of digital technologies, identified with
Industry 4.0, is also more and more often discussed in literature. The literature thus
far has provided much information and examples of the implementation of Industry 4.0
technologies in enterprises [34], as well as the readiness of enterprises for Industry 4.0
technologies at the national level [35] or barriers associated with their adaptation [36].

Many authors deal with the reasons for the relatively low level of implementation of
Industry 4.0 technologies in enterprises in different countries/regions of the world. These
are very valuable studies because they show the barriers associated with the use of these
solutions. For example, Huang et al. [37] analyzed factors affecting the implementation
of Industry 4.0 technology in 49 Peruvian micro, small and medium manufacturing enter-
prises. The authors identified four limiting factors, which include the lack of advanced
technology and financial investment, poor management vision and the lack of skilled
workers. Ingaldi and Ulewicz [38], in turn, conducted a study on the implementation of
Industry 4.0 technology in the Częstochowa Industrial District in Poland. Their study
found that the main barriers to implementing these technologies were financial resources
and the lack of specialized support in acquiring new technologies. Frank et al. [2] con-
ducted a survey among 92 manufacturing companies in Brazil on the implementation of
Industry 4.0 technologies. The results show that the implementation of these technologies
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is a major challenge for companies. This is due to incomplete knowledge of them and
financial barriers. Furthermore, Dalenogare et al. [9] examined how the implementation of
Industry 4.0 technologies is progressing in Brazil as a developing country and the expected
benefits of their implementation. Their results confirmed the previously identified barriers.
On the other hand, Hizam-Hanafiah and Soomro [39] examined the course of implement-
ing Industry 4.0 technologies in a sample of 238 technology companies in Malaysia. The
findings indicate that small enterprises have considerable difficulties in implementing
these technologies. The situation looks better in medium and large enterprises due to
their greater investment capacity and resources. González et al. [40] conducted a study
on how Industry 4.0 technology is implemented in companies in the Region of Murcia,
in southeastern Spain. Their results show that companies with higher turnover, profits
and profitability are much more able to cope with this process, which translates into better
levels of investment and employee training.

When analyzing the discussed papers, it can be concluded that in terms of implement-
ing technologies related to Industry 4.0, the resources possessed by a given enterprise and
country are significant. Much greater potential of medium and large enterprises makes
it easier for them to implement new, expensive technologies that require appropriately
qualified employees.

3.3. Methods for Assessing the Digital Maturity of Companies and Countries

To assess the digital maturity of companies and countries, and sometimes also regions,
indicator methods are most often used. These methods are based on models that take
into account various factors that characterize particular areas, technologies or solutions
identified with them as well as organizational or social factors. Table 1 presents a brief
description of the models that make it possible to assess the level of readiness or digital
maturity of an enterprise.

Table 1. Characteristics of methods/models for assessing the level of readiness or digital maturity
of enterprises.

Assessment Method/Model Assessment Dimensions Assessment Levels Source

A maturity model for Industry
4.0 Readiness

The model includes 9 dimensions: Strategy,
Leadership, Customer, Products, Operations,

Culture, People, Governance, and
Technology. Each dimension is assigned

a weight.

The model includes Likert scale;
where 1 = “not important” and

4 = “very important”
[41]

The Degree of readiness for
the implementation of

Industry 4.0

The model includes 8 dimensions: Internet of
Things, Big Data, Cloud Computing, Cyber

Physical Systems, Collaborative Robots,
Additive Manufacturing, Augmented Reality,

Artificial Intelligence.

The model includes 6-point
assessment scale: from Embryonic to

Ready; where:
0 ≤ Digital Readiness < 10 Embryonic

10 ≤ DR < 25 Initial
25 ≤ DR < 50 Primary

50 ≤ DR < 75 Intermediate
75 ≤ DR < 90 Advanced

90 ≤ DR ≤ 100 Ready

[42]

The multi-attribute model

The model includes 7 dimensions: digital
technology, management, organizational

culture, human resources, strategy, digital
business model, role of informatics.

The model includes 4 assessment
levels: Initial, Advanced, Lagging

behind, Digital Winner
[43]

Maturity and Readiness
Model for Industry 4.0

The model includes 3 dimensions of
assessment: Smart products and services,

Smart business processes, Strategy
and Organization

The model includes 4 assessment
levels: Absence, Existence,

Survival, Maturity
[44]
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Table 1. Cont.

Assessment Method/Model Assessment Dimensions Assessment Levels Source

IMPULS—Industry
4.0 Readiness

The model includes 6 dimensions
of assessment:

• Strategy and organization (Strategy,
Investments, Innovation management);

• Smart factory (Digital modelling;
Equipment infrastructure; Data usage;
IT systems);

• Smart operations (Cloud usage; IT
security; Autonomous processes;
Information sharing);

• Smart products (Data analytics in usage
phase ICT add-on functionalities)

• Data-driven services (Share of data
used; Share of revenues;
Data-driven services);

• Employees (Skill acquisition; Employee
skill sets)

The model includes 6 assessment
levels: Level 0: Outsider; Level 1:
Beginner; Level 2: Intermediate;

Level 3: Experienced; Level 4: Expert;
Level 5: Top performer.

[45]

Industry 4.0/Digital
Operations Self-Assessment

The model includes 4 stages of assessment
and 7 dimensions. The stages of assessment
include: Digital novice, Vertical integrator,
Horizontal collaborator, Digital champion.

Assessment dimensions are: Digital business
models and customer access, Digitization of
product and service offerings, Digitization
and integration of vertical and horizontal
value chains, Data and Analytics as core

capability, Agile IT architecture, Compliance,
security, legal and tax, Organization,

employees and digital culture.

The model includes 4 assessment
levels: Digital Novice, Vertical

Integrator, Horizontal Integrator,
Digital Champion

[46]

The Connected Enterprise
Maturity Model

The model includes 5 stages and 4 evaluation
dimensions focused on emerging

technologies. The stages of assessment
include: 1. Assessment; 2. Secure and

upgraded network and controls; 3. Defined
and organized working data capital;

4. Analytics; 5. Collaboration.

- [47]

SIMMI 4.0

The SIMMI 4.0 model includes 3 assessment
dimensions: Vertical Integration, Horizontal

Integration, Cross-sectional
Technology Criteria.

The model includes 5 assessment
levels: basic digitization;

cross-sectional digitization;
horizontal and vertical digitization;

full digitization; and optimized
full digitization

[48]

The Logistics 4.0
Maturity Model

The model makes it possible to assess the
maturity level of a logistics company in 3

dimensions: Manipulation, Storage, Supply,
Packaging, Material identification.

The model includes 6 assessment
levels: from 0 to 5. [49]

A Smartness Assessment
Framework for Smart

Factories Using Analytic
Network Process

Model allows for the evaluation of a
company’s level of maturity in 4 dimensions

and in 10 subcriteria. These dimensions
include: Leadership, Process, System and

Automation, Performance)

The model includes 5 assessment
levels: from 1 (Checking) to

5 (Autonomy).
[50]

When analyzing the examples presented, it can be concluded that, depending on the
purpose and scope of research, different methods and models based on different sets of
indicators are used. Their analysis, however, allows for the selection of the most reliable
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and relevant—from the point of view of the scope of research—factors and dimensions,
which were also taken into account in this study.

3.4. Research Gap

When analyzing the presented literature review, it can be claimed that in terms of
studying the degree of digitalization of small, medium and large enterprises in the CEE
countries, no such research has been conducted thus far. Furthermore, the methods pro-
posed in the paper have not been used for this type of analysis. On the other hand, a very
interesting scientific approach is shown in the presented models and methods used for the
analysis of digital maturity, which was adopted when developing research methodology.
These findings, combined with the importance and timeliness of the presented topic for the
economic development of CEE and EU countries fully justify the advisability of taking up
the topic of research, the methodology and results of which are presented in this paper.

4. Materials and Methods

The section characterizes the studied CEE countries and discusses the data on the
basis of which the research was conducted. It also discusses the research methods used.

4.1. Area of Research

The CEE countries consist of 11 states: Poland, the Czech Republic, Slovakia, Slovenia,
Bulgaria, Romania, Croatia, Lithuania, Latvia and Estonia, and Hungary (Figure 2), which
are members of the EU. These countries originate from the former Eastern Bloc and are
linked by common cultural and historical roots, as well as by the time of their admission to
the European community (between 2004 and 2013). Basic information about these countries
is presented in Table 2.
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Table 2. Basic demographic, economic and geographical information about the CEE countries (own
elaboration based on [17]).

Countries GDP,
Million Euro (2021)

GDP per Capita
Euro (2021) Population Area, km2

Bulgaria 67,872.1 9,850 6,951,482 110,994
Czech Republic 238,714.2 22,320 10,693,939 78,866

Estonia 30,660.1 23,060 1,328,976 45,339
Croatia 57,310.2 14,740 4,058,165 56,594
Latvia 32,922.5 17,480 1,907,675 64,589

Lithuania 55,383.1 19,760 2,794,090 65,300
Hungary 154,124.4 15,870 9,769,526 93,030
Poland 570,206.6 14,940 37,958,138 312,685

Romania 240,154.0 12,510 19,328,838 238,397
Slovenia 52,020.2 24,680 2,095,861 20,273
Slovakia 97,122.5 17,820 5,457,873 49,036

4.2. Data

Data from the Eurostat database [17] were used for this study. The data in this
database were collected from enterprises through surveys on ICT and e-commerce usage in
enterprises. They concern small, medium and large enterprises from sectors covered by the
classification of economic activities carried out in the European Community, the so-called
NACE Rev.2 (Nomenclature statistique des Activités économiques dans la Communauté
Européenne, Rev.2). The unit measure, for the indicators selected, based on the analysis
of the literature and the authors’ own experiences, is the percentage of companies that
confirmed the use of a specific digital technology, infrastructure for Industry 4.0 or staff
training in their activities. For the indicators AI, IoT, cloud computing, integration of
internal processes and Internet connection used in the study, data for 2021 were available,
while for the indicators 3D printing, big data analysis, robotization, integration with
customers, suppliers or both, supply chain management, cybersecurity and ICT skills, data
for 2020 were available. All indicators used in the study along with their brief description
and marking are presented in Table 3.

Table 3. Summary of indicators used to study the degree of digitalization of enterprises in the
CEE countries.

Categories Technologies/Skills Marking

Artificial intelligence Enterprises that use AI technologies I1

Internet of Things Use of interconnected devices or systems that can be monitored or
remotely controlled via the Internet I2

Additive manufacturing 3D printing I3
Robotization Use of robots (industrial or service) I4

Big data Analysis of big data I5
Cloud computing Cloud computing I6

Integration with customers and/or suppliers eInvoices I7
Integration of internal processes ERP software package I8

Cybersecurity ICT security measure used: virtual private network I9

Internet connection The maximum contracted download speed of the fastest fixed line
Internet connection is at least 100 Mb/s but less than 500 Mb/s I10

ICT skills training—ICT skills I11

4.3. Research Methods

The study was divided into preliminary and fundamental research. Methods of
descriptive statistics were used for the preliminary research, and for the fundamental
research—a hybrid approach of MCDM methods based on methods determining the
weights of indicators and ranking (choosing the best alternative). The entropy and CRITIC
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methods were used to determine weights of indicators, and the TOPSIS and VIKOR
methods to determine rankings of the CEE countries.

The preliminary research involved the determination of basic descriptive statistics
of the indicators for the population of the CEE countries, and their aim was to obtain
information on their statistical properties.

The aim of using a hybrid approach based on the entropy-CRITIC and TOPSIS-VIKOR
methods was to determine rankings for the CEE countries in terms of the level of digitaliza-
tion of small, medium and large enterprises from these countries. Digitalization indices
determined from entropy-CRITIC and TOPSIS-VIKOR methods were used to assess the
level of digitalization.

In the last stage, the relationship between the digitalization index of small, medium
and large enterprises, determined for the CEE countries, and the basic economic parameters
of these countries (gross domestic product, gross domestic product per capita and gross
domestic expenditure on R&D) was studied.

The following subsections discuss the research methods used in this study, while the
course of the applied research procedure is presented in Figure 3.

4.3.1. MCDM Methods

In the case of research with many variables treated as criteria for the evaluated options
(CEE countries), the process is highly complex. In addition, there is a need to objectively
assign weights to indicators (criteria) of assessment [51]. Therefore, to assess the level
of CEE countries in terms of digitalization of enterprises (small, medium and large), a
hybrid approach based on 4 independent methods was proposed. Two methods were used
to determine the weights of indicators (evaluation criteria): entropy and CRITIC; while
the TOPSIS and VIKOR methods were used to determine the level of digitalization. The
research procedure using the entropy and CRITIC and TOPSIS and VIKOR methods is
shown in Figure 4.

Entropy Method

The entropy method was used to determine weights of individual indicators, the
algorithm of which is as follows:

1. To construct a decision matrix:

X =
[
xij
]

m×n =

 x11 · · · x1n
...

. . .
...

xm1 · · · xmn

 (1)

2. To construct a normalized decision matrix:

xij =
xij

∑m
i=1 xij

(2)

3. To determine entropy:

Ej = −k
m

∑
t=1

xijln
(
nij
)

(3)

where
k =

1
ln(m)

(4)

and nij is the proportion of samples in time t in the i indicator.
4. To determine the level of variation of entropy for each criterion (the degree of intrinsic

divergence of the scores relative to subsequent criteria) from Equation (5):

dj = 1− ej (5)
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5. To determine weights (degree of importance) of the criteria according to Equation (6):

wj =
1− Ej

∑n
j=1
(
1− Ej

) (6)
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CRITIC Method

The criteria importance through intercriteria correlation—CRITIC [48]—method is
a correlation method. Steps taken to determine indicator weights in this method are
as follows:

1. To construct a decision matrix that consists of a set of alternatives (Equation (1));
2. To construct a normalized decision matrix according to Equation (7):

X∗ij =
Xij−min(Xij,i=1,2,....,m)

max(Xij, i=1,2,...,m)−min(Xij, i=1,2,...,m)

f or i = 1, 2 . . . ., m and j = 1, 2 . . . ., n
(7)
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3. To estimate standard deviation for attributes in the normalized decision matrix:

SD =

√
∑n

i=1(xi − x)
n− 1

(8)

4. To determine a correlation between attributes of the normalized decision matrix:

rjk =
∑n

i=1
(
xij − xj

)
(xik − xk)√

∑n
i=1
(
xij − xj

)2
∑n

i=1(xik − xk)
2

(9)

5. To determine attribute weights (wi):

wij =
Cj

∑n
i=1 Cj

Cj = σj
n
∑

i=1

(
1− rjk

) (10)

where: Cj is the quantity of information contained in j-th criterion, σj is the standard
deviation of the j-th criterion and rjk is the correlation coefficient between j-th and k-th
criteria. For a criterion, high standard deviation and low correlation with the other
criteria mean that a given criterion weight is high [52]. The higher the value of Cj, the
greater the amount of information obtained from a given criterion.

TOPSIS Method

In the TOPSIS method, decision alternatives under consideration are compared with
abstract weighted reference solutions: ideal and anti-ideal. The method uses a measure of
relative distance to the best solution, which represents the pattern (ideal), and a measure
to the worst solution, which represents the anti-pattern (anti-ideal). Finally, a TOPSIS
synthetic measure is determined for each alternative.

The algorithm for determining the ideal solution, the anti-ideal solution and the
TOPSIS synthetic measure is as follows:

1. To determine a decision matrix, according to Equation (1).
2. To determine a normalized matrix, according to:

xij =
xij√

∑m
i=1 x2

ij

; ∀i, j (11)

3. To determine a weighted normalized decision matrix:

x∗ij = xij × wij (12)

4. To determine the ideal solution S+ and the non-ideal solution S−:

S+ =
(
x+1 , x+2 , x+3 , . . . x+n

)
=
{(

maxixij|j ∈ B|
)
,
(
mini, xij|j ∈ C|

)}
(13)

S− =
(
x−1 , x−2 , x−3 , . . . x−n

)
=
{(

minixij|j ∈ B|
)
,
(
maxi, xij|j ∈ C|

)}
(14)

5. To determine the Euclidean distance of the object from the ideal variant S+ and the
non-ideal variant S−:

d+i =

√√√√ n

∑
j=1

(
xij − x+j

)2
(15)

d−i =

√
∑n

j=1

(
xij − x−j

)2
(16)
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6. To determine the coefficient of relative closeness of the decision variants Si to the ideal
solution S+:

Pi =
S−i

S+
i + S−i

(17)

The values of the TOPSIS measure belong to the range from 0 to 1, with the higher the
value reached by the synthetic measure, the higher the ranking position achieved by the
object. The TOPSIS measure (Pi) calculated for each country arranges the units linearly and
makes it possible to carry out classification from the highest to the lowest level.

VIKOR Method

The VIKOR (VIseKriterijumska Optimizacija I Kompromisno Resenje) method by
Serafim Opricovic is based on the concept of measuring the distance of the studied variant
from the ideal solution [53]. The individual variants belonging to the set A (a1, a2, . . . am)
and evaluated by n criteria are described by the coefficient fij, which is the weight of the
variant aj against the criterion ni.

The starting parameter for the analysis conducted by the VIKOR method is the Lp-
metric distance, determined from:

Lpj =

{
n

∑
i=1

[
wi

(
x∗i − xij

)(
x∗i − x−i

)p

]} 1
p

; 1 ≤ p ≤ ∞, j = 1, 2, . . . m (18)

where: x∗i and x−i are the best and worst values of all criterion functions for all alternatives
from set A (a1, a2, . . . am); n is the number of criteria.

The algorithm of the VIKOR method to determine the compromise ranking is as follows:

1. to construct a decision matrix, according to Equation (1);
2. to construct a normalized decision matrix, according to Equation (11);
3. to determine the best x∗i and worst x−i values for all criteria functions i = 1, 2, . . .

n. If the i-th criterion represents profit (the larger the better), then x∗i = maxj xij
and x−i = minj xij; if the i-th criterion represents cost (the smaller the better), then
x∗i = minj xij and x−i = maxj xij;

4. to calculate Sj and Rj values forming the ranking measure, from the following relationships:

L1j = Sj =
n

∑
i=1

wi

(
x∗i − xj

)(
x∗i − x−i

) (19)

L∞j = Rj = max

[
wi

(
x∗i − xij

)(
x∗i − x−i

)] (20)

where: wi is the weight of the i-th criterion; Sj and Rj represent the utility measure and
the regret measure. The solution obtained by minjSj is with a maximum group utility
(‘majority’ rule), and the solution obtained by minjRj is with a minimum individual
regret of the ‘opponent’

1. to calculate the VIKOR—Qj index value (21):

Qj =
v
(
Sj − S∗

)
(S− − S∗)

+ (1− v)

(
Rj − R∗

)
(R−R∗)

(21)

where:
S∗ = minjSj ; S− = maxjSj ; R∗ = minjSRj ; R− = maxjRj (22)

where: v is measure of strategy weight (takes value from 0 to 1); Sj and Rj are calculated
in step 3 and are introduced as weight of strategy of ‘the majority of criteria’ (or ‘the
maximum group utility’). In the present study, v = 0.5;



J. Open Innov. Technol. Mark. Complex. 2022, 8, 113 16 of 28

2. to create a ranking of alternatives according to the value of Qj.

The alternative with the smallest VIKOR value is referred to as the best (Qminimum).
However, to unify the gradation direction in the VIKOR method with the TOPSIS method,
the final VIKOR index value is determined as:

Q∗j = 1−Qj (23)

At this point, the alternative with the largest VIKOR value is referred to as the best.

4.3.2. Non-Parametric Tests: The Kendall’s Tau Correlation Coefficient and the Spearman’s
Rank Coefficient

In the last stage of the study, the relationship between the level of digitalization
of small, medium and large enterprises in the CEE countries and the basic economic
parameters of the EU economy and R&D expenditures was examined. For this part of
the research, non-parametric tests, such as the Spearman’s rank correlation coefficient and
Kendall’s tau correlation coefficient, were used.

The Spearman’s rank correlation coefficient makes it possible to test the consistency of
the ordering (ranks) of the values of two characteristics. Both features must be measured
at least on an ordinal scale. Their rankings can be in ascending or descending direction
(the direction of ordering of both features must be the same). If there are several identical
values of a feature in the series, then the average of the ranks corresponding to these values
is assigned to them. If there is complete agreement in the ordering of the values of the two
features, then the relationship between them is functional.

The value of Spearman’s rank coefficient is determined according to:

rSp = 1−
6 ∑i

(
dx − dyi

)2

N3 − N
(24)

where dx and dyi are the ranks assigned to the feature values corresponding to the i-th unit,
N is the size of the sample population.

The Kendall’s tau correlation coefficient, on the other hand, takes values between −1
and +1. The value of this coefficient is based on the difference between the probability
that two variables are in the same order (for the observed data), and the probability that
their ordering differs. The lower limit of this coefficient is reached if and only if the
random variables (X,Y) are opposite monotonic, while the upper limit is reached if and
only if the random variables (X,Y) are co-monotonic. The value “0” occurs for independent
random variables.

An important advantage of the Kendall’s tau coefficient is that it indicates not only
the strength, but also the direction of the relationship [54].

The Kendall’s tau correlation coefficient is calculated from the following relationship:

τ = P[(x1 − x2)(y1 − y2)] > 0− P[(x1 − x2)(y1 − y2)] < 0 (25)

5. Results

With the use of the methods presented in Section 4 and the developed methodology,
the research was conducted, the results of which are presented in this section.

In the first stage of the research, the adopted indicators characterizing digital technolo-
gies, infrastructure for Industry 4.0 and personnel training in enterprises with respect to
their size were subjected to preliminary statistical analysis, which enabled the authors to
determine their basic parameters describing the population of the studied CEE countries
(Tables 4–6).
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Table 4. Basic descriptive statistics of indicators for small enterprises in the CEE countries.

Indicator Average Median Min Max Variance Standard
Deviation

Coefficient
of Variation Skewness Kurtosis

I1 3.73 3.00 1.00 9.00 2.49 66.90 1.51 1.43 3.73
I2 22.00 21.00 9.00 46.00 9.76 44.35 1.42 3.31 22.00
I3 2.82 3.00 1.00 5.00 1.08 38.28 0.43 0.83 2.82
I4 3.73 4.00 2.00 6.00 1.27 34.13 0.26 −0.62 3.73
I5 6.00 5.00 4.00 11.00 2.14 35.75 1.34 1.85 6.00
I6 29.91 29.00 10.00 55.00 13.02 43.53 0.29 0.10 29.91
I7 24.00 14.00 9.00 61.00 19.42 80.92 1.27 0.08 24.00
I8 23.64 24.00 15.00 38.00 7.75 32.79 0.55 −0.78 23.64
I9 25.64 24.00 12.00 41.00 8.56 33.39 0.24 −0.53 25.64

I10 25.36 24.00 15.00 40.00 7.30 28.77 0.66 0.24 25.36
I11 12.45 13.00 4.00 21.00 5.24 42.08 −0.07 −0.40 12.45

Table 5. Basic descriptive statistics of indicators for medium enterprises in the CEE countries.

Indicator Average Median Min Max Variance Standard
Deviation

Coefficient
of Variation Skewness Kurtosis

I1 7.36 7.00 2.00 20.00 4.74 64.35 2.07 5.50 7.36
I2 34.09 33.00 14.00 61.00 12.94 37.96 0.42 0.82 34.09
I3 5.36 5.00 3.00 10.00 2.50 46.63 1.23 0.62 5.36
I4 11.45 10.00 5.00 19.00 4.08 35.65 0.49 −0.08 11.45
I5 10.91 10.00 6.00 18.00 3.36 30.80 0.62 0.76 10.91
I6 44.36 47.00 18.00 70.00 14.28 32.18 −0.39 0.87 44.36
I7 32.55 23.00 14.00 67.00 19.66 60.42 1.02 −0.74 32.55
I8 51.09 50.00 21.00 66.00 13.92 27.25 −0.88 0.59 51.09
I9 52.45 53.00 24.00 76.00 14.27 27.21 −0.43 0.43 52.45

I10 31.36 32.00 21.00 46.00 8.15 25.99 0.31 −0.74 31.36
I11 29.82 33.00 10.00 44.00 10.72 35.96 −0.78 −0.05 29.82

Table 6. Basic descriptive statistics of indicators for large enterprises in the CEE countries.

Indicator Average Median Min Max Variance Standard
Deviation

Coefficient
of Variation Skewness Kurtosis

I1 19.09 19.00 7.00 36.00 7.29 38.17 0.92 2.69 19.09
I2 48.09 47.00 24.00 78.00 16.78 34.90 0.26 −0.50 48.09
I3 13.09 8.00 6.00 26.00 7.52 57.41 0.78 −0.91 13.09
I4 25.27 23.00 13.00 41.00 9.09 35.97 0.40 −0.92 25.27
I5 22.55 25.00 12.00 35.00 7.23 32.07 0.13 −0.97 22.55
I6 64.36 68.00 33.00 81.00 14.42 22.41 −1.13 1.22 64.36
I7 47.09 40.00 24.00 83.00 20.64 43.82 0.97 −0.48 47.09
I8 77.91 80.00 39.00 97.00 16.95 21.76 −1.16 1.57 77.91
I9 81.91 86.00 50.00 94.00 12.61 15.39 −1.80 3.80 81.91

I10 40.36 39.00 28.00 58.00 7.75 19.20 0.94 2.15 40.36
I11 61.36 64.00 29.00 84.00 15.71 25.59 −0.90 0.89 61.36

Based on the results, it was found that the presented set of indicators was characterized,
first of all, by a large spread of the coefficient of variation (above 10%). Thus, the condition
set for diagnostic characteristics, which should be marked by a significant differentiation
within the examined community, was fulfilled. It is worth noting that the higher the value
of the coefficient of variation for a given indicator, the greater its variation within the
population of countries under study. In the case under study, this indicates heterogeneity in
the use of a given technology, infrastructure for Industry 4.0 or the implementation of staff
training in the population of the CEE countries. Low values of the indicator, on the other
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hand, prove the homogeneity of this population in terms of their use in small, medium and
large enterprises.

For small enterprises, the highest value of the coefficient of variation is for the technol-
ogy integration with customers/suppliers (over 80%), and the lowest—for infrastructure
for Industry 4.0 in the form of Internet connection—speed between 100 and 500 Mb/s.
Furthermore, for medium-sized enterprises, the value of the coefficient of variation for
infrastructure for Industry 4.0 was found to be the lowest (26%). By contrast, medium-sized
enterprises were reported to have the highest value of coefficient of variation at over 64%
for the use of any AI technology. Large enterprises, on the other hand, were shown to have
the highest variation in the use of 3D printing technology (57.4%) and the lowest variation
in the use of VPN (15.4%).

In general, cloud computing was found to be the most widely implemented technology
in small businesses, with 30% of them using it on average. The leader in the use of this
technology is Estonia, where as many as 55% of small enterprises declare using it, and
the weakest results were found for Bulgaria (only 10% of small enterprises use cloud
computing). In medium-sized enterprises, the most commonly used technology is the
use of cybersecurity in the form of VPN (52%) and integration of internal processes (51%).
The leader in the use of cybersecurity is Lithuania (66%), and in the use of integration
of internal processes is the Czech Republic (76%). Furthermore, for large enterprises,
these two technologies are used most often, and the leader in their use is Slovakia, where
cybersecurity is used by 94% of enterprises and integration of internal processes by 97%
of enterprises. The average for the ECC countries is 82% for cybersecurity and 78% for
integration of internal processes.

The least used technology in enterprises is 3D printing technology, which is used on
average by 13% of large enterprises, 5% of medium-sized enterprises and less than 3% of
small enterprises.

When analyzing the results of the calculations presented in Tables 3–5, digital tech-
nologies taken into account in the research, infrastructure for Industry 4.0 and staff training
are implemented to the greatest extent in large enterprises in the CEE countries. The ratio
between the studied indicators in small and medium, medium and large and small and
large enterprises is presented in Table 7, and Figure 5 shows their average values.

Table 7. Ratio between examined indicators in small and medium, medium and large and small and
large enterprises.

Indicator Medium/Small Large/Medium Large/Small

I1 1.97 2.59 5.12

I2 1.55 1.41 2.19

I3 1.90 2.44 4.64

I4 3.07 2.21 6.77

I5 1.82 2.07 3.76

I6 1.48 1.45 2.15

I7 1.36 1.45 1.96

I8 2.16 1.52 3.30

I9 2.05 1.56 3.19

I10 1.24 1.29 1.59

I11 2.40 2.06 4.93
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In the next stage of the research, the index and level of digitalization of the CEE
countries in terms of implemented digital technologies, infrastructure for Industry 4.0 and
personnel training in small, medium and large enterprises were determined. Using a hybrid
approach, based on MCDM methods, a ranking of the studied CEE countries in terms of
the level of digitalization of their enterprises (small, medium and large) was also made. All
indicators adopted for the study were stimulants. The values of weights for individual
indicators determined by the entropy, CRITIC and average entropy-CRITIC methods are
presented in Figure 6, and the results of the calculation of the digitalization index and
ranking of countries by TOPSIS, VIKOR methods are summarized in Tables 8 and 9.

Table 8. Distance of individual CEE countries from the pattern and anti-pattern together with the
TOPSIS measure for the level of digitalization of individual groups of enterprises.

Enterprises

Small Small Small

Si+
(Pattern)

Si− (Anti-
Pattern)

Pi TOPSIS
Measure Rank Si+

(Pattern)
Si− (Anti-
Pattern)

Pi TOPSIS
Measure Rank Si+

(Pattern)
Si− (Anti-
Pattern)

Pi TOPSIS
Measure Rank

Bulgaria 0.1162 0.0275 0.191 10 0.1012 0.0243 0.194 10 0.0859 0.0195 0.185 10
Czech

Republic 0.0978 0.0590 0.376 5 0.0738 0.0655 0.470 4 0.0401 0.0740 0.648 2

Estonia 0.0766 0.0929 0.548 3 0.0708 0.0751 0.515 3 0.0635 0.0583 0.479 4
Croatia 0.0574 0.0922 0.616 2 0.0597 0.0718 0.546 2 0.0634 0.0495 0.439 6
Latvia 0.1053 0.0387 0.269 7 0.0819 0.0441 0.350 7 0.0732 0.0457 0.384 7

Lithuania 0.0854 0.0538 0.387 4 0.0774 0.0485 0.385 5 0.0749 0.0371 0.331 9
Hungary 0.1082 0.0316 0.226 9 0.0943 0.0331 0.260 9 0.0661 0.0388 0.370 8
Poland 0.1089 0.0356 0.246 8 0.0839 0.0443 0.345 8 0.0493 0.0540 0.523 3

Romania 0.1226 0.0270 0.181 11 0.1104 0.0237 0.177 11 0.0965 0.0093 0.088 11
Slovenia 0.0393 0.1136 0.743 1 0.0251 0.1077 0.811 1 0.0142 0.0934 0.868 1
Slovakia 0.0983 0.0437 0.308 6 0.0828 0.0464 0.359 6 0.0608 0.0477 0.439 5

The obtained results related to the classification (ranking) of the CEE countries showed
that the method of analysis used had an impact on the country’s position in the ranking
(different for each country). For example, Slovenia—in terms of digitalization of all types
of enterprises in the ranking for TOPSIS and VIKOR methods—was found to be on the
1st place, while Bulgaria—in the ranking made with the VIKOR method for all types of



J. Open Innov. Technol. Mark. Complex. 2022, 8, 113 20 of 28

enterprises—in the 10th place, and with the TOPSIS method—on the 11th place for small
and medium enterprises, and for large enterprises—in the 10th place.

Table 9. Ranking of the CEE countries in terms of the level of digitalization of individual groups of
enterprises determined by the VIKOR method.

Enterprises

Small Small Large

Si Ri Qi 1–Qi Rank Si Ri Qi 1–Qi Rank Si Ri Qi 1–Qi Rank

Bulgaria 0.816 0.154 0.955 0.045 11 0.794 0.128 0.937 0.063 11 0.798 0.127 0.872 0.128 10
Czech Republic 0.518 0.154 0.704 0.296 5 0.423 0.116 0.582 0.418 4 0.320 0.080 0.320 0.680 3

Estonia 0.528 0.091 0.255 0.745 3 0.397 0.087 0.327 0.673 2 0.417 0.121 0.613 0.387 5
Croatia 0.369 0.085 0.080 0.920 2 0.447 0.123 0.659 0.341 7 0.488 0.121 0.655 0.345 6
Latvia 0.704 0.145 0.797 0.203 7 0.597 0.106 0.623 0.377 5 0.541 0.127 0.724 0.276 7

Lithuania 0.554 0.107 0.392 0.608 4 0.580 0.098 0.545 0.455 3 0.582 0.127 0.748 0.252 8
Hungary 0.775 0.145 0.857 0.143 9 0.693 0.123 0.828 0.172 10 0.588 0.093 0.550 0.450 4
Poland 0.693 0.148 0.809 0.191 8 0.562 0.113 0.658 0.342 6 0.411 0.069 0.307 0.693 2

Romania 0.870 0.136 0.871 0.129 10 0.885 0.106 0.822 0.178 9 0.951 0.134 1.000 0.000 11
Slovenia 0.275 0.087 0.012 0.988 1 0.162 0.067 0.000 1.000 1 0.086 0.048 0.000 1.000 1
Slovakia 0.671 0.139 0.726 0.274 6 0.614 0.123 0.774 0.226 8 0.577 0.131 0.768 0.232 9

In order to obtain the most reliable digitalization index and ranking for the CEE
countries, the mean-rank method was applied, which combines results obtained using the
TOPSIS and VIKOR methods. The mean-rank method enables—in a relatively simple, clear
and objective manner—determining an unambiguous result of such analysis. The mean
value of the digitalization index (Di) was determined from Equation (26).

Di =
Pi + Q∗j

2
(26)

The digitalization index and ranking for the CEE countries are presented in Table 10.

Table 10. Ranking of the CEE countries in terms of the level of digitalization of individual groups of
enterprises determined by the VIKOR method.

Enterprises

Small Medium Large

Digitalization Index Rank Digitalization Index Rank Digitalization Index Rank

Bulgaria 0.118 11 0.129 11 0.157 10
Czech Republic 0.336 5 0.444 3 0.664 2

Estonia 0.647 3 0.594 2 0.433 4
Croatia 0.768 2 0.444 4 0.392 6
Latvia 0.236 7 0.364 6 0.330 8

Lithuania 0.498 4 0.420 5 0.292 9
Hungary 0.185 9 0.216 9 0.410 5
Poland 0.219 8 0.344 7 0.608 3

Romania 0.155 10 0.178 10 0.044 11
Slovenia 0.866 1 0.906 1 0.934 1
Slovakia 0.291 6 0.293 8 0.336 7

CEE-11
Average 0.393 0.394 0.418
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Based on the calculations carried out, in terms of the digitalization index of small,
medium and large enterprises, the final ranking in terms of the value of this index is
as follows:

• For small enterprises: Slovenia > Croatia > Estonia > Lithuania > Czech Republic >
Slovakia > Latvia > Poland > Hungary > Romania > Bulgaria

• For medium-sized enterprises: Slovenia > Estonia > Czech Republic > Croatia >
Lithuania > Latvia > Poland > Slovakia > Hungary > Romania > Bulgaria

• For large enterprises: Slovenia > Czech Republic > Poland > Estonia > Hungary >
Croatia > Slovakia > Latvia > Lithuania > Bulgaria > Romania.

Thus, the results show that in terms of the digitalization of small enterprises, in the
CEE countries, Slovenia and Croatia perform best and Bulgaria and Romania perform worst.
They also achieve the worst results in terms of the digitalization of medium enterprises.
When it comes to the digitalization of medium-sized enterprises, Slovenia and Estonia
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were found to have the best outcomes. When it comes to large enterprises, Slovenia and the
Czech Republic are the leaders, while Bulgaria and Romania are the worst performers again.

Determining the average value of the small, medium and large enterprise digitalization
index made it possible to assess the CEE countries in terms of their level of digitalization.
For this purpose, the CEE countries were divided into four groups according to the follow-
ing conditions:

• Class I—high level Di > Di + sDi

• Class II—average level Di + sDi ≥ Di > Di
• Class III—low level Di > Di ≥ Di − sDi

• Class IV—very low level Di < Di − sDi

where: Di is the digitalization index value, Di is the average digitalization index value
for CEE countries and sDi is the standard deviation from the digitalization index value.

The obtained results are summarized in Table 11 and graphically presented in Figure 7.
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Figure 7. Level of CEE countries in terms of digitalization of their enterprises: small (a), medium (b)
and large (c).

The analyses made it possible to assign individual CEE countries to one of four classes
in terms of the level of digitization of their enterprises based on the adopted indicators.
In the case of small enterprises, countries with a high level of digitalization are Slovenia
and Croatia. In the case of medium-sized enterprises, these are Slovenia and Estonia,
and in the case of large enterprises—Slovenia and the Czech Republic. The lowest level
of digitalization, for all types of enterprises, was reported for Bulgaria, and for large
enterprises—also Romania.
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Table 11. The level of CEE countries in terms of digitalization of their enterprises.

Size of Enterprises
Level of Digitalization

Advanced Average Low Very Low

Small Slovenia,
Croatia, Estonia, Lithuania,

Czech Republic, Latvia, Hungary,
Poland,

Romania, Slovakia
Bulgaria

Medium Slovenia
Estonia,

Croatia, Czech
Republic, Lithuania,

Latvia, Hungary,
Poland,

Romania, Slovakia
Bulgaria

Large
Slovenia,

Czech
Republic,

Estonia, Poland

Croatia,
Latvia,

Lithuania,
Hungary, Slovakia

Bulgaria,
Romania

In the last stage of the research, it was checked whether the selected economic param-
eters of the CEE countries are related to the digitalization indices of small, medium and
large enterprises from these countries (determined in the previous part of the research).

The economic parameters of the CEE countries included in the study were GDP per
capita, GDP value and R&D expenditures as % of GDP value. In order to check these
correlations, the Spearman’s rank correlation coefficients and Kendall’s tau correlation
coefficient were used. The results are presented in Tables 12 and 13.

Table 12. Spearman’s rank correlation coefficients between the value of digitalization index of small,
medium and large enterprises and the basic economic parameters of CEE countries.

Tested Parameters
Spearman’s rank Correlation Coefficient

Small Enterprises p Medium Enterprises p Large Enterprises p

Value of GDP −0.573 0.066 −0.556 0.076 −0.027 0.937
Value of GDP of GDP

per capita 0.727 0.011 0.793 0.004 0.645 0.032

Gross domestic
expenditure on R&D,

% GDP
0.609 0.047 0.711 0.014 0.927 0.000

Note: Statistically significant values are marked in bold.

Table 13. Kendall’s tau correlation coefficient between the value of the digitalization index of small,
medium and large enterprises and the basic economic parameters of the economy of CEE countries.

Tested Parameters
Kendall Coefficient

Small Enterprises p Medium Enterprises p Large Enterprises p

Value of GDP −0.382 0.102 −0.367 0.116 −0.018 0.938
Value of GDP of GDP

per capita 0.673 0.004 0.697 0.003 0.455 0.052

Gross domestic
expenditure on R&D,

% GDP
0.455 0.052 0.550 0.018 0.818 0.000

Note: Statistically significant values are marked in bold.

The determined relationships clearly indicate that the values of Kendall’s tau corre-
lation coefficients are much lower than the values of Spearman’s rank coefficients. This
means that the strength of the relationship between the digitalization index for these com-
panies and the studied economic parameters of the CEE economies for the Spearman’s rank
correlation coefficients is higher.

For the values of the Spearman’s rank correlation coefficients, positive and statistically
significant relationships were reported (for all types of companies) between the digitaliza-
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tion index and the value of GDP per capita and gross domestic expenditure on R&D. This
is a highly significant result, indicating that the value of GDP per capita and the amount of
R&D expenditure affect the level of digitalization of enterprises, regardless of their size.
The strongest relationship between the digitalization index and GDP per capita was found
for medium-sized enterprises and between the digitalization index and gross domestic
expenditure on R&D for large enterprises.

By contrast, no statistically significant relationship was found between the digitaliza-
tion index and GDP value for the Spearman’s rank or Kendall’s tau correlation coefficients.
It was also observed that the values of the Kendall’s tau coefficient did not show a signifi-
cant positive relationship between the value of the digitalization index for small enterprises
and gross domestic expenditure on R&D or the value of this index for large enterprises and
the value of GDP per capita.

6. Discussion and Conclusions

On the basis of the research carried out, the level of digitalization of enterprises in the
CEE countries was evaluated taking into account their size and the relationship between
selected economic parameters of these countries. Descriptive statistics, MCDM methods
(entropy-CRITIC and TOPSIS-VIKOR) and non-parametric tests (Spearman’s rank and
Kendall’s tau correlation coefficients) were used for the study. The analysis was based on
indicators characterizing mainly the digital technologies used (9 indicators), also including
a very important area such as infrastructure necessary to implement the Industry 4.0
concept (one indicator) and personnel training (one indicator), which also has a huge
impact on the effectiveness of implementing innovative solutions.

The results showed that despite the common history of political and related economic
transformations, the CEE countries are very diverse in terms of the level of digitalization.
This concerns both the technologies used and the size of enterprises. The results also
indicate that the most frequently used digital technology by small enterprises from these
countries is cloud computing (30%), and among medium and large enterprises—the use of
cybersecurity of networks in the form of VPNs (used by 52% and 82%, respectively).

An appropriate infrastructure was found to be immensely important for the process of
implementation of new technologies, and thus also for the level of digitalization [55]. In this
respect, Romania (small enterprises) and Estonia (medium and large enterprises) achieved
the best results, and Croatia (small enterprises) and Slovakia (medium and large enterprises)
the worst results. Another important factor emphasized by many researchers [56,57] is the
human factor, the measure of which in this study was the staff training index. In this regard,
the most favorable results were obtained by Slovenia (small and large enterprises), the
Czech Republic (medium enterprises) and the least favorable by Romania (small, medium
and large enterprises).

The highest level of digitalization of small and medium enterprises was found in
Slovenia and Croatia, while the lowest in Romania and Bulgaria. On the other hand, in
terms of the digitalization of small and medium enterprises, countries such as the Czech
Republic, Latvia, Hungary, Poland and Slovakia, and in the case of large enterprises,
additionally Lithuania and Croatia, were found to be at a medium level. In the case of large
enterprises, the highest level of digitalization was found in Slovenia and the Czech Republic,
and slightly lower in Estonia and Poland. Undoubtedly, a high level of digitalization of
enterprises characterizes countries with a high level of competitiveness and innovation,
which causes an even faster process of their digitalization [58].

It is also worth noting that the level of digitalization in the CEE significantly depends
on GDP per capita and the number of resources spent on research and development (R&D).
Countries that are more affluent (higher GDP per capita) and those that spend more on
R&D achieve higher levels of digitalization. These trends are consistent with the results of
studies conducted in this regard for other groups of countries/regions, e.g., Sub-Saharan
Africa, OECD and Middle East [59].
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Digitalization of enterprises, especially those in the small and medium sector, is cur-
rently one of the most important elements of the economic policy not only for the CEE
countries, but also for the entire EU-27, which was further strengthened by the pandemic
caused by the SARS coronavirus CoV-2 [60,61]. Digitalization is not only about imple-
menting modern technologies, but also about modernizing the Internet infrastructure and
investing in digital skills and building an open approach to innovation. Training and up-
skilling of employees and staff also play a very important role in these processes [56,62–66].

The development of digitalization and modernization of the CEE economies is one
of the economic priorities of the EU. Increasing the use of digital technologies gives the
entire region (CEE) a great opportunity for development and coming closer to the most
developed countries both in Europe and the whole world. The digitalization process is
related to the entire economic and environmental transformation of the region, which is
trying to build a sustainable economy based on knowledge and innovation.

The results obtained in terms of the level of digitalization of companies also indicate
that some CEE countries are not using the opportunity and potential created by the open-
ness of global markets and pro-development activities in this area undertaken by the EU.
An example is Hungary, characterized by an average level of digitization of all enterprises,
poorly exploiting the potential associated with investments made in this country by Japan,
Germany or South Korea. Undoubtedly, these investments create very favorable conditions
for development of the R&D sector and technologies with a high degree of innovation.
There is a big delay in Romania and Bulgaria, which rank last not only among the CEE
countries, but also among the entire European community in the digitalization of their
companies. Companies operating in these countries are still insufficiently involved in
such processes as production automation, use of 3D printing, big data analytics, AI or
cloud computing. In other CEE countries, the situation looks slightly better, although
in relation to the so-called “old” EU, there is still a significant lag. A great opportunity
for building and developing an innovative economy in the CEE countries is offered by
the concept of open innovation, both for cooperation between companies and groups of
countries. Cooperation between individual CEE countries, the use of good practices across
the EU, creating an open market for the flow of knowledge, capital and people provide a
great opportunity for the CEE countries to make progress in this regard. It is particularly
important to pay more attention to small and medium-sized enterprises, whose resources,
and thus potential and opportunities, are much smaller than those of large companies.
The open business model and broad cooperation on the open EU market as well as joint
application for investment and R&D funds give these groups of enterprises a chance for
rapid development and modernization of their production. Becoming more competitive
will enable them to further develop, overcome potential barriers and increase their ability
to implement new technologies.

The government also plays an extremely important role in the digital economy. The
state’s role in building an innovative economy involves setting national and regional poli-
cies and priorities for the digital economy. These activities include supporting the research
and development of promising technologies, regulating and complementing market forces
to provide access to the Internet, investing in human and organizational resources, guiding
the transformation and management of public services and building state capacities and
institutions to plan, finance and implement national digital transformation strategies.

The role of government in the era of digitalization must not be static but evolve with
the development of the economy and technology. This adaptation to reality must now
move much faster than before. It should also take into account the volatility of the political
situation in the world. As Nagy [67] points out, there is no one universal solution for the
role of government in the digital age. It must be a process of continuous improvement and
adaptation to reality, especially in relation to small businesses. In this context, the triple
helix model (THM) and the open innovation (OI) model are of great importance.

The research results presented in this paper make a new contribution to the existing
literature on assessing the digitalization of CEE countries. They indicate that these coun-
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tries, despite a common past and the same period of transition from centrally planned
to free market economy systems, are at different levels in the process of digitalization of
the economy. This makes it possible to assess the effectiveness of their actions and the
development of path adopted.

This is due to the fact that these countries are undertaking actual innovation activities
to a different extent. This is mainly related to the variation in expenditures on R&D activities,
which ultimately translates into the degree of digitalization of enterprises. The largest
financial outlays in this regard are allocated by Slovenia, and the smallest by Romania and
Bulgaria, which also translates into the level of digitalization of all types of enterprises in
these countries.

To sum up, the conducted research and its results made it possible to formulate
comprehensive answers to the set research questions. At the same time, they showed that
the digitalization of enterprises is an extremely important but also not an easy process for
the development of the economies of CEE countries and the whole EU. The disproportions
in the degree of digitalization in the studied groups of companies and in individual CEE
countries, as well as in relation to other EU countries, which are visible in these results,
indicate the need to take them into account when creating strategies for the EU digital
economy. A new approach to the pro-innovation policy should consider the creation of
an open digital ecosystem that will enable rapid and effective transfer of knowledge and
technology between all stakeholders in the EU economy.
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