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Abstract

One of the main reasons for the dynamic global economic development observed in recent

years is the process of digitalization, referred to as Industry 4.0. The significance of digitali-

zation for this development is appreciated by the EU-27. In order for these actions to be

effective, it is necessary to diagnose the current level of digitalization in the EU-27countries.

The article presents the results of the assessment of the level of digitalization of enterprises

in the EU-27 countries. An empirical analysis was conducted using 16 determinants which

describe the digitalization in a sample of 27 EU countries. Based on the adopted criteria and

the Technique for Order Preference by Similarity to an Ideal Solution method, these coun-

tries were divided into four classes in terms of the level of digitalization. The analysis looked

at the size of enterprises and was performed independently for small, medium and large

enterprises. The adopted indicators allowed for the analysis of similarity between the EU-27

countries in terms of digitalization, using the Kohonen’s networks. The result of this research

was the division of the EU-27 countries into groups, also taking into account the size of stud-

ied enterprises. Due to the immensely diverse EU-27 economy, such a huge undertaking as

the digital transformation process requires building logical internal "digital coalitions". The

designated assessment and similarity between countries creates such opportunities, also in

terms of building an effective policy to support these processes by the EU. This increases

the chances of success of joint ventures and building a sustainable European community

based on the latest technologies.

1. Introduction

The digital transformation of the global economy is closely linked to the introduction of new

technologies and is referred to as Industry 4.0 [1–3]. This process is currently gaining momen-

tum, and the pandemic caused by the SARSCovid-19 coronavirus has accelerated it even fur-

ther. It turns out that companies with a high degree of digitalization, automation and

robotization of their production and service processes are less affected by the pandemic than

those based on the traditional forms of their implementation [4]. Their flexibility and ability to
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respond quickly to changes, being less dependent on the human factor, has made these compa-

nies more competitive. The reason for this is the introduction of digital technologies and other

innovative solutions from the Industry 4.0 area [5].

It is obvious that the basis for the development of the digital economy is the implementa-

tion of advanced cyber-physical systems, based on the analysis of large data sets on production

processes in order to optimize them. These activities, combined with the robotization and

automation of production processes, result in the support and, in many cases, replacement of

human work by machines [6,7]. The digitalization, automation and robotization of production

processes have and will have an increasing impact on the structure of employment [8–11].

Nevertheless, it is obvious that the dynamic changes in the digitalization and robotization

of production processes are mainly due to the development of data transmission and process-

ing technologies, which, in conjunction with the development of technical means, creates

exceptionally favorable conditions for building a digital economy. In these processes, large

data sets from mobile and ubiquitous Internet connectivity, cloud computing, big data analyt-

ics, artificial intelligence, 3D printing, and many other solutions, are being used on an increas-

ing scale [12].

The digital transformation process has become a key tool to improve the efficiency and

competitiveness of companies, which are constantly looking for innovative solutions to opti-

mize their production. However, in order to achieve this goal, it is also essential to apply new

business models and product definitions, as well as changes in the way they communicate with

customers [13]. The digital transformation of enterprises and entire economies associated with

the idea of Industry 4.0 concerns many areas of their activities and affects all their resources

[14–16].

Digital transformation creates great opportunities for the economic development of indi-

vidual countries and entire regions, as well as improving the quality of life of their residents.

However, its effects (apparently both positive and negative) will be experienced in virtually all

areas of economic, social and political life [17–19]. The most important technologies related to

digital transformation, which find wide practical application, are mainly communication tech-

nologies (Internet, wireless and mobile networks, etc.), data collection (sensorics, recognition

of speech, writing, face and other images) as well as processing and analyzing these data

(machine learning, neural networks, artificial intelligence algorithms) [20–22].

From the perspective of manufacturing enterprises, the use of digital solutions is particu-

larly evident in the introduction of new technologies, which results in the robotization and

automation of production processes, among other aspects. Currently, the robotization and

automation of production processes is considered very beneficial for enterprises. By improving

quality, productivity, and efficiency of these processes, including safety, competitive advantage

can be more easily achieved. Of great importance is also the support and replacement of

human labor in places where there is a threat to their health or life. The interconnection of

machines and various types of equipment as well as efficient data transmission enable the

implementation of multiple tasks, which through higher productivity and quality as well as

reliability can improve efficiency. This makes companies become interested in introducing

new digital solutions [23,24].

In addition, the governments of individual countries realize that investments in the digital

economy are fully justified and that without the development of this industry they will not be

able to ensure the satisfactory pace of development of their countries. At the level of the EU,

which developed the Digital Single Market Strategy in 2015 [25], the European Commission is

working on identifying and collecting data to assess the social and economic processes associ-

ated with digital transformation. The importance of the issue of digitalization and robotization

of enterprises is also evidenced by its inclusion in the political strategy for 2019–2024.

PLOS ONE Assessing the level of digitalization and robotization in the enterprises of the European Union Member States

PLOS ONE | https://doi.org/10.1371/journal.pone.0254993 July 22, 2021 2 / 36

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0254993


In 2021, the Digital Europe Program with a budget of 8.1 billion euros began in the EU. Its

aim is to financially support the digital transformation of European societies and economies.

As part of the EU budget for 2021–2027, the program is to provide funding for projects in five

key areas: supercomputing, artificial intelligence, cyber security, advanced digital skills and the

use of digital technologies in the economy [26]. Digitalization is also intended to be the pillar

of the EU’s economic recovery from the Covid-19 pandemic, with particular emphasis on

small and medium-sized enterprises. Approximately 20% of the Recovery and Resilience Facil-

ity is envisaged for this purpose.

All these actions undertaken by the EU show how much attention is paid to the process of

digitalization of the economy and the development of the Industry 4.0 idea. This is a difficult

process as the EU consists of 27 countries with large differences in economic development, the

wealth of their societies and different levels of technical saturation of the economy. Also, in

terms of innovation, individual EU countries are extremely different. However, the process of

digital transformation requires huge financial resources, for which many companies do not

have adequate means. Moreover, most of the EU countries, on their own, are not able to pro-

vide adequate support for these processes. Therefore, it is essential to direct the EU financial

policy in such a way that as many countries and companies as possible can benefit from the

funds allocated for the construction of digital Europe. That is why this funding must be pre-

ceded by a thorough study of the current state of digitalization and robotization processes in

individual countries. It is also advisable to determine the degree of this advancement from the

point of view of the size of enterprises.

The existing publications on the digitalization and robotization as well as automation of

production processes in enterprises provide a lot of scientific information related to them [27–

61]. However, they fail to refer to the comprehensive assessment of the degree of the digitaliza-

tion and robotization of the EU enterprises based on their size and similarities between these

countries. The lack of such analysis limits the possibility of a comprehensive approach to the

assessment of these processes and a more global view of the EU economy in the context of the

ongoing digital transformation.

The analysis of the presented problem prompted the authors to formulate the following

three research questions, which clarify the subject of the research, order the conducted analysis

and enable the evaluation of the results and formulation of future research directions.

1. What is the level of digitalization and robotization across the EU countries?

2. What is the level of digitalization and robotization among enterprises in the EU countries

according to their size?

3. What is the similarity between the EU countries in terms of the digitalization and robotiza-

tion of enterprises of these countries, taking into account the size of these enterprises?

It is reasonable to state that the work presents a new and original approach to the evaluation

of the process of the digitalization and robotization of the EU countries and the analysis of

their similarity in this regard.

The first factor proving the originality of the presented work is the selection of a set of as

many as 16 indicators (determinants) characterizing the process of the digitalization and

robotization of enterprises in the most relevant areas for this process. Such a broad and com-

prehensive approach to studying this issue has not been done before. The second original fac-

tor of the work is the inclusion of the size of companies implementing digital technologies in

the studied countries. The analysis was conducted for all enterprises in general and addition-

ally for small-, medium- and large-sized businesses. This makes it possible to allocate financial

resources to the appropriate groups of enterprises and encourage them to cooperate both
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nationally and internationally. The third factor concerns the use of the Technique for Order

Preference by Similarity to an Ideal Solution (TOPSIS) method to assess the level of the digita-

lization and robotization of the EU enterprises. It is one of the most popular methods used for

multi-criteria analysis of various types of problems, including economic ones. Another factor

proving the originality of this work is the similarity analysis between the EU countries in terms

of the level of digitalization and robotization of enterprises. The Kohonen’s artificial neural

networks were used for these analyses, and their result was the designation of similar groups of

the EU countries. The designation of these groups creates great opportunities for cooperation

between countries in these groups. This concerns mainly: applying for EU funds, implementa-

tion of common digital policy, cooperation between companies, building the 4.0 society, sys-

tem integration, cyber security and many other areas related to the process of digitalization

and robotization.

2. Literature review

2.1. Key terms related to Industry 4.0

The global dynamic economic development and the associated process of creating more and

more modern and intelligent factories based on new technologies are closely related to the

concept of Industry 4.0. These changes are linked to many concepts that describe the occurring

processes, developed technologies and other elements associated with them. From the point of

view of this article, the terms Industry 4.0, digitalization, automation and robotization, big

data and cloud computing are particularly important.

Industry 4.0 is a concept that involves the process of technological and organizational trans-

formation of companies, as well as social changes resulting from the development and imple-

mentation of new technologies (Internet, 3D printing, etc.). This transformation includes, for

example, value chain integration, introduction of new business models and digitalization of

products and services [27–37].

According to Gartner’s IT Glossary, digitization is the process of changing from analog to

digital form [62]. Digitalization, in turn, is the use of digital technologies to change a business

model and provide new revenue and value-producing opportunities. It is the process of mov-

ing to a digital busines [63].

Robotization means replacing human labor with devices (machines/robots) that are pro-

grammed and controlled by them. The scope of work and activities that robots perform,

replacing humans, is very diverse [64]. On the other hand, automation is the process of sup-

porting or replacing repetitive activities, performed by humans, in an automatic way by

devices and machines [65]. In this process, there is an increase in the share of machines in pro-

duction processes by reducing the share of human labor.

In relation to robotization, which involves the modification of activities, automation inter-

feres with application software to perform certain operations (or parts of them) by itself.

Recently, the term Big Data, which defines processes related to the acquisition, retrieval,

collection and processing of large data sets, has also become significant. The main goal of these

processes is to extract new information and knowledge, and in a further stage, also wisdom

from these datasets.

The concept of Cloud Computing is closely related to Big Data. It defines a form of comput-

ing service available over the Internet. A number of processes involving the so-called cloud

computing are associated with this concept. Currently, a form of access to remote computing

tools has been increasingly popular among enterprises and other users, also providing the pos-

sibility of data storage [66].
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2.2. Theoretical background

The Industry 4.0 concept was launched in Germany in 2011 as part of a high-tech strategy to

address new economic challenges and ensure the competitiveness of the German production

industry [27].

Undoubtedly, the direction of development initiated by these changes will be dominant in

the global economy for the next few years. The World Economic Forum estimates that the

total global value of the digital transformation process will have exceeded $100 trillion by 2025

[28]. This demonstrates the global nature and irreversibility of this process. The effects have

been and will be the increasing changes in production processes, the labor market, consump-

tion and the functioning of state institutions and social life. They result primarily from the

need to adapt to the growing economic competition through the use of new innovative tech-

nologies, and the launch of new, more and more technologically advanced products on the

market.

In the case of the fourth industrial revolution (Industry 4.0), Rüßmann et al. [29] and Wee

et al. [30] identified nine technology pillars that have a significant impact on the global econ-

omy. These pillars include Big Data Analytics [31], Optimization and Simulation, Cloud Tech-

nologies [32], Virtual and Augmented Reality (VR/AR) [33], Horizontal and Vertical

Integration of Systems, Industrial Internet of Things (IIoT) [34], Additive Manufacturing

Technologies (3D printing) [35], Autonomous Robots, and Cyber Security [36]. These pillars

identify the main areas of change associated with the Industry 4.0 concept and are commonly

used to promote it.

Therefore, it can be assumed that the basis of the Industry 4.0 concept is the integration of

different systems, through the use of digital resources, to build different types of systems,

including intelligent systems that, by communicating with each other, can make certain deci-

sions and perform various operations with much less human involvement than before [37].

It is clear that the digitalization of production and business processes through the imple-

mentation of smarter machines and equipment can bring many economic and business bene-

fits. In a free market, with the free movement of capital, knowledge and people, it leads to the

increased competitiveness, productivity and efficiency of production processes. It also creates

opportunities for the efficient use of resources, and thus waste reduction [38,39]. For the

implementation of the principles of the circular economy, and the economy of sustainable

development, the concepts like digitalization, automation and robotization of production pro-

cesses can have immensely positive effects. Through the full control of these processes, it cre-

ates the possibility of significant reduction of their adverse impact on the environment, among

other advantages.

Changes associated with the digitalization of the economy also lead to radical changes in

communication processes and various types of internal and external relations between compa-

nies [27,40,41]. The consequence of these changes, and the risks arising from them, is also a

growing social awareness. The problem is the fear of job loss due to the introduction of new

technologies [27] and their influence on the environment [42].

The integration of industrial systems is very important in this regard. The use of the Inter-

net of things, artificial intelligence, cloud computing and the maximization of human-machine

cooperation (robots, cobots and collaborative robots) creates intelligent and self-organizing

systems that can efficiently and effectively carry out the production tasks assigned to them [43]

(Fig 1).

These processes also enable the integration of distributed (logically or geographically) pro-

duction systems, including services. This refers to the creation of smart factories that, as auton-

omous, self-regulating, integrated and flexible units, will have the capacity to adapt very
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quickly to production needs as well as market, environmental, social, and climate require-

ments [45].

Therefore, it can be claimed that in order to manage these changes, individual countries or

groups of countries need to take actions as soon as possible to adapt to the digital transforma-

tion that is already underway.

2.3. Readiness for Industry 4.0 in the EU countries

In the case of the EU, European institutions, and the possibility of cooperation between indi-

vidual countries, are of great importance in both promoting and implementing the digital

economy. In order for this cooperation to be effective and bring the expected results, it is nec-

essary to target it in accordance with the specificity and diversity of individual EU countries. It

is also important to know the current state of knowledge and the level of development of the

digital economy in these countries.

In terms of publications on digitalization processes and the idea of Industry 4.0, many stud-

ies can be found [45–60], and their number is growing rapidly. The presented literature review

focused only on the most relevant works on this subject. This review aimed to get acquainted

with the studies that looked at the processes of digitalization, automation and robotization of

enterprises, sectors and countries, as well as methods used to evaluate these processes so far.

Nick et al. [46] in their study presented the research results related to the readiness of Hun-

garian companies to implement the concept of Industry 4.0. For this purpose, they conducted

a study using a survey questionnaire consisting of 99 questions on issues related to the collec-

tion, processing and use of data on production processes, machines and products. It was

found that most companies collect data about their production but do not use them in the

later stages of these processes. On the other hand, in another paper, Gürdür et al. [47] assessed

the readiness of Swedish industry to analyze data. The paper presents the results of a survey on

Fig 1. The self-similar industrial ecosystems in Industry 4.0. (Own elaboration based on [44]).

https://doi.org/10.1371/journal.pone.0254993.g001
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the adoption and use of data analytics in the Swedish industry, with the aim of digitalization.

The survey was conducted with a sample of more than 100 respondents from manufacturing,

technology, engineering, telecommunications and automotive industries in Sweden. The

results showed that Swedish industry has a high rate of resource readiness for data analysis as

well as the necessary tools and human resources. Also, the cultural readiness level of Sweden,

which includes the approval of data-driven decision making, was rated between high and very

high. In terms of the readiness level of information systems, it was reported to be between

medium and high, with the exception of telecommunications. The level of organizational read-

iness was found to be between medium and low. All in all, long organizational delays were

shown to limit the broad applicability of data analysis in business.

Majstorović et al. [48] assessed the readiness of production companies in Serbia to imple-

ment the idea of Industry 4.0. In this article, they presented a model for assessing the maturity

and readiness of production organizations (industries) to operate and implement Industry 4.0

in their environment. Castro et al. [49] developed a tool to assess the level of readiness of Por-

tuguese companies for the digitalization process of the economy. For this purpose, they devel-

oped a tool that assesses the readiness level of the i4.0.—SHIFTo4.0 company. It is based on a

model that considers six different dimensions: strategy and organization; smart factory; smart

operations; smart products; data-driven services; and human resources. Each dimension is

ranked on a scale between 0 and 5. The results of the analysis include a report with a set of rec-

ommendations, or a roadmap, to help the company implement i4.0 to achieve a higher level of

readiness. Kopp and Basl [50] studied the readiness of Czech companies to implement the idea

of Industry 4.0. The study examined as to whether Czech companies were interested in the

fourth industrial revolution and as to whether they were ready for change. The results showed

that some companies were already committed to these changes. However, their number was

found to be insufficient. This is probably due to the fact that Industry 4.0 requires considerable

investment from the very beginning. Tortorella et al. [39] examined the relationship between

lean production and the implementation of Industry 4.0 in Brazilian production companies.

For this purpose, they used data from a study of 110 companies of different sizes and indus-

tries, at different stages of LP implementation. The collected data were analyzed using a multi-

variate analysis. The results indicate that LP is positively related to the Industry 4.0

technologies, and their simultaneous implementation leads to greater productivity

improvements.

Muscio and Ciffolilli [51] investigated factors influencing the ability to integrate different

technologies of Industry 4.0. In particular, they examined the role of European funding and

networking in relation to the ability to develop Industry 4.0 by integrating different enabling

technologies. The findings indicate that EU funds, such as FP7, can facilitate technological

development by sharing knowledge among multiple regional actors/entities and by promoting

the gathering of physical and human resources. These funds and network centrality are signifi-

cantly related to the ability to integrate the enabling technologies of Industry 4.0.

Nhamo et al. [52] utilized the min-max method to investigate the readiness of 212 countries

and regions to implement the idea of Industry 4.0. They used ICT-related sustainability indica-

tors. The results showed that the top 10 countries scored between 71.27 and 78.26 points out of

100, while the 10 countries with the lowest scores (all African countries) scored between 0.02

and 5.80 points. In terms of regions, the European Union ranked first with a score of 60.20

points and Sub-Saharan Africa was last with 13.04 points. Castelo-Branco et al. [53] investi-

gated factors characterizing Industry 4.0 in relation to production processes in the EU-22

countries. The analysis proved that the existence of digital infrastructure, combined with ana-

lytical capabilities for handling big data sets, makes it possible to achieve a high level of
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readiness for Industry 4.0. At the EU level, five homogeneous groups of countries were

defined, with different analytical capabilities for handling big data sets.

When analyzing the presented publications, it can be stated that they mainly concern the

readiness of companies, sectors or countries to implement the idea of Industry 4.0. These

works present interesting research results and many valuable remarks and hints concerning

the whole process of digitalization.

The process of digitalization of enterprises is also associated with the use of robots in pro-

duction processes, among other activities. In one study [67], the author attempted to provide

answers to the following question: What drives and hinders robotization in Central and East-

ern Europe? The research results showed, among other findings, that in these countries, the

implementation of robots is highly concentrated in one sector, which is the automotive indus-

try. By contrast, in other European countries there is more sectoral diversity in the robotiza-

tion process. Turja and Oksanen [68], on the other hand, conducted a study on the acceptance

of robots by employees in the EU-27 countries. The results indicate that in terms of robot

acceptance, these countries can be divided into conventional and innovative ones. Positive atti-

tudes toward robots were found to be higher in countries with a high rate of implementation

of new technologies and work automation.

Several papers also address the issue of determining indicators to assess the level of digital

transformation. From the point of view of the present work, these are very valuable publica-

tions. Based on these publications [27,32,54–57], a set of determinants (indicators) was

selected to assess the level of digitalization and robotization of enterprises in the context of

Industry 4.0 and similarity analysis of the EU countries. These indicators are presented and

discussed in Section 2.2.

In the publications to date, there is a noticeable lack of a comprehensive approach to assess-

ing the level of digitalization and robotization of individual EU countries with a broad consid-

eration of the areas that determine this level. Also, no reference to the size of enterprises could

be found, which is of great importance for the implementation of these processes. Practice

shows clear differences in the implementation of innovative solutions depending on the size of

an enterprise.

Therefore, it can be concluded that the conducted literature search fully justifies taking up

this subject matter and posing the following research questions:

1. What is the level of digitalization and robotization across the EU countries?

2. What is the level of digitalization and robotization among enterprises in the EU countries

according to their size?

3. What is the similarity between the EU countries in terms of the digitalization and robotiza-

tion of enterprises of these countries, taking into account the size of these enterprises?

The use of modern tools for this analysis in the form of the TOPSIS method and the Koho-

nen’s artificial networks makes the findings credible and allowed the authors to gain new

knowledge in this area. However, the developed and applied research methodology for assess-

ing the level of development of the EU countries in the field of digitalization and robotization

of enterprises and the division of these countries into similar groups is a new approach to this

issue.

3. Materials and methods

The study, which aimed to assess the level of digitization and robotization of enterprises (in

total, and divided into small, medium and large enterprises) in the EU-27 countries and to
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identify the similarity of these countries, was carried out using data from the Eurostat database,

the TOPIS method and the Kohonen’s neural networks.

3.1. Data

In order to assess the level of digitalization and robotization of enterprises in the EU countries

and make a comparative similarity analysis for the EU countries, data from the Eurostat data-

base for the year 2018 were used [69].

Data used in the study concern the ICT usage and e-business in enterprises in the EU coun-

tries. Based on these data, specific indicators (determinants) were defined and used to conduct

the presented analysis. These data concern enterprises classified according to the NACE Rev. 2

[70].

In order to assess the level of digitalization and robotization in the EU countries and to

determine the similarity between these countries, it was necessary to choose appropriate deter-

minants. On the basis of the literature search, 8 areas were selected, which have a decisive

influence on the course of digitalization and robotization processes in the EU countries. These

areas are: big data analysis, cloud computing, 3D printing, robotics, integration of internal

processes, integration with customers/suppliers, supply chain management, Internet accessi-

bility and digital skills (ICT training).

Descriptions of the determinants adopted for evaluation that characterize the processes of

the digitalization and robotization of enterprises in the EU countries are presented in Table 1.

3.2. The TOPSIS method

In order to assess the level of digitalization and robotization of enterprises in the EU countries,

the Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) method was

applied. This method belongs to the group of multi-criteria decision-making methods [71,72].

According to this method, the selection of the best solution is based on the evaluation of a set

of criteria. The basic assumption is to identify the best solution among a finite set of solutions

(objects). The TOPSIS method is widely used in many areas of economy [73]. It is based on a

comparison of decision variants with some points, the so-called reference solutions (ideal solu-

tion and anti-ideal solution). These comparisons aim at ordering these variants (the closer a

variant is to the ideal solution and further from the anti-ideal solution, the higher it is located).

The general algorithm of the research procedure using the TOPSIS method was to:

1. construct the decision matrix:

X ¼ ðxijÞ ð1Þ

where: xij2R;

2. calculate the normalized decision matrix:

xij ¼
xiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPm
i¼1

x2
i

p ð2Þ

3. calculate the normalized decision matrix taking into account the weights for each criterion,

according to the following relationship:

vij ¼ xij � wj ð3Þ

where: wj is the weight of the j-th criterion;
Pn

j¼1
wj ¼ 1
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4. calculate the vector of values of the ideal solution S+ and the anti-ideal solution S -:

Sþ ¼ ðxþ
1
; xþ

2
; xþ

3
; . . . xþn Þ ¼ fðmaxixijjj 2 BÞ; ðmini; xijjj 2 CÞg ð4Þ

S� ¼ ðx�
1
; x�

2
; x�

3
; . . . x�n Þ ¼ fðminixijjj 2 BÞ; ðmaxi; xijjj 2 CÞg ð5Þ

Table 1. Determinants characterizing the processes of digitalization and robotization of enterprises in the EU countries.

Area Determinants Marking Description

Big data analysis Analysis of big data from any data source, % of

enterprises

X1 Big data analysis 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.Analyse own big data from enterprise’s smart

devices or sensors, % of enterprises

X2

Analysis of big data from geolocation of portable

devices, % of enterprises

X3

Cloud computing Purchase of cloud computing services used over the

internet, % of enterprises

X4 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).

Purchase of computing power to run the

enterprise’s own software, % of enterprises

X5

Buy high CC services, % of enterprises X6

3D printing Use of 3D printing, % of enterprises X7 3D printing technology is currently one of the most rapidly growing

fields related to the digitalization of the global economy. 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.

Robotics Use of industrial robots, % of enterprises X8 Robotization of production processes involving the replacement of

human activities with machines is the quintessential process of

digitalization of the economy. The introduction of robotization is

associated with quite high costs, but the advantages of this process

are enormous.

Integration of internal

processes

Enterprises that have ERP software, % of enterprises X9 ERP applications (systems) in companies are designed to facilitate

the flow of information and the possibility of horizontal and vertical

integration. This is mainly due to the integration of processes related

to business planning, purchase of goods and services, marketing

processes, sales, enterprise-consumer relations, company finances,

and human resources.

Enterprises using software solutions like Customer

Relationship Management, % of enterprises

X10

Integration with customers/

suppliers, supply chain

management

Enterprises sending eInvoices, suitable for

automated processing, % of enterprises

X11 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.
Enterprises receiving eInvoices, suitable for

automated processing, % of enterprises

X12

Enterprises whose business processes are

automatically linked to those of their suppliers and/

or customers, % of enterprises

X13

Internet connectivity The maximum contracted download speed of the

fastest fixed internet connection is at least 100 Mb/s,

% of enterprises

X14 Businesses’ access to and use of the Internet is absolutely

fundamental to their operations in the digital economy. The

possibility of faster transfer of information and more effective ways

of using it allow to leapfrog improvements in the effectiveness and

efficiency of the enterprise, practically in all areas of its operations.
Enterprises connecting to the internet via a mobile

broadband connection (3G modem or 3G handset),

% of enterprises

X15

Digital skills (ICT training) Enterprises that provided training to develop/

upgrade ICT skills of their personnel, % of

enterprises

X16 The introduction of digital technologies is associated with the need

to build a digital society. Currently, digital skills are considered to be

a basic 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.

https://doi.org/10.1371/journal.pone.0254993.t001
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The ideal solution contains the highest maximized and lowest minimized variables. The

anti-ideal solution is constructed inversely.

5. calculate the value of the distance (dþi and d�i ) of each considered solution from the ideal

solution S+ (dþi ) and the anti-ideal solution S- (d�i ) (6 and 7):

dþi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

j¼1

ðxij � xþj Þ
2

v
u
u
t ð6Þ

d�i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

j¼1

ðxij � x�j Þ
2

v
u
u
t ð7Þ

where dþi is the distance from the ideal solution and d�i is the distance from the anti-ideal

solution.

6. identify the ranking coefficient that determines the similarity of objects to the ideal solution

(8):

Pi ¼
d�i

dþi þ d�i
for i ¼ 1; 2; . . . ;m; wherein 0 � Pi � 1 ð8Þ

In the last stage of the procedure, the solutions are ranked with respect to the value of the

coefficient of relative closeness of the objects to the ideal object—Pi. The highest Pi value indi-

cates the best solution for the considered linear ordering problem.

Based on the analysis, the EU countries were divided into 4 classes. The first class included

countries with the highest level of digitalization and robotization, and the fourth class included

countries with the lowest.

The criteria for dividing the EU countries in terms of the level of digitalization and roboti-

zation of production enterprises into different classes were as follows:

1. Class 1: High level of digitalization and robotization:

Pi �
�Pi þ sPi ð9Þ

2. Class 2: Medium-high level of digitalization and robotization:

�Pi þ sPi > Pi �
�Pi ð10Þ

3. Class 3: Medium-low level of digitalization and robotization:

�Pi > Pi �
�Pi � sPi ð11Þ

4. Class 4: Low level of digitalization and robotization:

�Pi > Pi �
�Pi � sPi ð12Þ
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where Pi is the TOPSIS measure, �Pi is the mean value of TOPSIS measure and sPi is the stan-

dard deviation.

3.3. The Kohonen’s artificial neural networks

The Kohonen’s artificial neural networks belong to the self-organizing group, in which learn-

ing is carried out by a self-organizing method of competitive type [74]. It consists in feeding

signals to the inputs of the network and then selecting through competition the winning neu-

ron that best matches the input vector [75,76]. The main task of the Kohonen’s network is to

organize multidimensional information, so that it can be presented and analyzed in a space

with much fewer dimensions—e.g., a two-dimensional topological map. The general model of

the Kohonen’s network is shown in Fig 2.

The network learning algorithm proposed by Kohonen consists of the following procedural

steps:

1. for each learning vector, the neuron closest to the input learning vector is localized. This

neuron is called the winner (w):

w ¼ argðminx2fx1 ;...::xig
ðdðv; xÞÞÞ ð13Þ

where:

dðvj; xiÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

i� 1

ðvj � xi;Þ
2

s

ð14Þ

2. the winner neuron (w) is assigned with all ni, neurons that have a neighborhood relation-

ship with it. The set of these neurons is called the neighborhood.

Fig 2. Kohonen’s neural network scheme.

https://doi.org/10.1371/journal.pone.0254993.g002
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3. The winner’s weight vector is updated according to equation:

w ¼ w þ b � ðv � wÞ ð15Þ

where β 2 [0,1] is learning rate.

4. the weight vectors neighboring with the winner neuron are updated according to equation:

ni ¼ ni þ gðneighborhoodÞ � b � ðv � niÞ ð16Þ

where: g (neighborhood) is a function that calculates the learning rate modification for a

neighborhood (closer neighborhood should learn more than more distant neighborhood).

In order to carry out the identification of groups of similar countries in terms of digitaliza-

tion and robotization, it was necessary to normalize them according to the normalization

equation for stimulant:

xs ¼
xij � min xi

max xi � min xi
ð17Þ

The normalization process made it possible to present the profiles of the EU countries, in

terms of digitalization and robotization, located in each cluster in a graphical form.

4. Results

The conducted research was divided into preliminary and fundamental. The result of the pre-

liminary part was the determination of statistical parameters of indicators adopted for the

study. The result of the fundamental research was the division of the EU countries into groups

based on the level of digitalization and robotization of enterprises in these countries (using the

TOPSIS method) and their division into similar groups (using the Kohonen’s method).

4.1. The preliminary statistical analysis of indicators on digitalization and

robotization of the EU enterprises

The indicators used in the study, characterizing 8 main areas of the level of the EU countries in

the field of digitalization and robotization, were preliminarily processed and their basic statisti-

cal parameters were determined, which are summarized in Tables 2–5 and Fig 3. These indica-

tors were determined for small, medium and large-sized enterprises and in general.

Based on the results, it can be concluded that the presented sets of indicators are character-

ized by a wide range of the coefficient of variation. Thus, the condition of diagnostic features is

met, which should be marked with a significant differentiation within the studied community.

The determination of the skewness coefficient was aimed at assessing the asymmetry of the

distribution of variables. The values of this coefficient for determinants X1 (Analysis of big

data from any data source), X3 (Analysis of big data from geolocation of portable devices), X4

(Purchase of cloud computing services used over the internet), X5 (Purchase of computing

power to run the enterprise’s own software), X6 (Purchase of high CC services (accounting

software applications, CRM software, computing power), X7 (Use of 3D printing), X8 (Use of

industrial robots), X9 (Enterprises that have ERP software), X10 (Enterprises using software

solutions like Customer Relationship Management), X11 (Enterprises sending eInvoices, suit-

able for automated processing), X12 (Enterprises receiving eInvoices, suitable for automated

processing), X13 (Enterprises whose business processes are automatically linked to those of

their suppliers and/or customers), X14 (The maximum contracted download speed of the fast-

est fixed Internet connection is at least 100 Mb/s) were found to be positive for all study groups

(companies), which indicates the right-sided asymmetry of the distribution. This, in turn,
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indicates that in most EU countries the values of these indicators were lower than the mean

value for the EU-27. The positive value of the skewness coefficient was also present for deter-

minant X2 (Analysis of own big data from enterprise’s smart devices or sensors).

All used determinants meet the condition of diagnostic variables, which means that they

are characterized by significant variation, determined by the value of the coefficient of

variation.

The use of kurtosis makes it possible to assess the concentration of results around the mean

value. The distribution of indicators for which the value of the kurtosis coefficient is positive is

concentrated near the mean value. By contrast, when these values are negative, there is a

greater dispersion of these indicators.

Table 2. Statistical parameters of indicators determining the level of the EU countries in terms of digitalization and robotization of all enterprises.

Variable Mean Median Min Max Standard deviation Coefficient of variation, % Skewness Kurtosis Percentile 10 Percentile 90

X1 12.33 11.00 5.00 24.00 5.23 42.43 0.66 -0.43 6.00 20.00

X2 4.41 4.00 2.00 10.00 2.29 51.99 0.84 -0.17 2.00 8.00

X3 5.44 5.00 2.00 9.00 2.19 40.22 0.24 -1.26 3.00 9.00

X4 28.52 25.00 8.00 65.00 14.88 52.18 0.96 0.33 11.00 56.00

X5 6.81 6.00 1.00 21.00 4.57 67.13 1.41 2.29 2.00 13.00

X6 16.48 13.00 4.00 44.00 10.91 66.17 1.22 0.57 5.00 37.00

X7 21.37 19.00 4.00 46.00 10.78 50.45 0.72 0.08 9.00 37.00

X8 72.48 73.00 47.00 94.00 11.21 15.47 -0.50 0.52 51.00 83.00

X9 35.78 35.00 14.00 53.00 9.59 26.81 -0.13 -0.45 23.00 48.00

X10 29.89 31.00 12.00 56.00 10.56 35.31 0.44 -0.10 17.00 44.00

X11 24.89 20.00 7.00 79.00 17.09 68.66 1.83 3.29 10.00 55.00

X12 30.96 30.00 12.00 70.00 12.62 40.75 0.97 2.04 17.00 46.00

X13 16.26 16.00 6.00 30.00 6.02 37.04 0.53 0.03 9.00 26.00

X14 3.63 4.00 1.00 7.00 1.60 43.99 0.23 -0.60 2.00 6.00

X15 22.85 23.00 6.00 37.00 8.21 35.94 -0.17 -0.77 11.00 32.00

X16 4.67 5.00 1.00 8.00 1.90 40.74 -0.10 -0.80 2.00 7.00

https://doi.org/10.1371/journal.pone.0254993.t002

Table 3. Statistical parameters of indicators determining the level of the EU countries in terms of digitalization and robotization of small enterprises.

Variable Mean Median Min Max Standard deviation Coefficient of variation, % Skewness Kurtosis Percentile 10 Percentile 90

X1 10.44 9.00 3.00 21.00 4.87 46.63 0.51 -0.70 5.00 18.00

X2 3.19 3.00 1.00 8.00 2.02 63.41 0.94 0.10 1.00 7.00

X3 4.59 4.00 1.00 9.00 2.22 48.41 0.29 -0.98 2.00 8.00

X4 25.81 21.00 7.00 62.00 14.64 56.73 1.04 0.42 9.00 54.00

X5 5.78 5.00 1.00 20.00 4.37 75.65 1.57 3.08 1.00 12.00

X6 15.11 11.00 3.00 42.00 10.87 71.94 1.23 0.53 4.00 36.00

X7 18.67 17.00 3.00 41.00 9.98 53.45 0.76 0.01 8.00 36.00

X8 69.93 70.00 44.00 93.00 11.65 16.66 -0.39 0.48 48.00 81.00

X9 30.33 29.00 10.00 47.00 9.21 30.37 -0.05 -0.60 20.00 43.00

X10 26.56 26.00 10.00 52.00 10.15 38.24 0.52 -0.04 15.00 40.00

X11 22.63 17.00 6.00 78.00 17.09 75.52 1.92 3.66 8.00 53.00

X12 29.85 29.00 11.00 68.00 12.54 42.01 0.92 1.77 16.00 43.00

X13 13.81 13.00 5.00 27.00 5.72 41.44 0.67 0.18 7.00 23.00

X14 3.00 3.00 1.00 6.00 1.36 45.29 0.30 -0.48 1.00 5.00

X15 18.59 18.00 5.00 31.00 7.27 39.11 -0.02 -0.92 8.00 27.00

X16 3.37 3.00 1.00 7.00 1.64 48.79 0.53 -0.09 1.00 5.00

https://doi.org/10.1371/journal.pone.0254993.t003
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4.2. Determining the level of digitization and robotization of EU countries

In the first stage of the fundamental research, the use of the TOPSIS linear ordering method

with a synthetic measure of the degree of similarity to the pattern allowed for the determina-

tion of the ranking of studied EU countries in terms of the level of digitalization and robotiza-

tion of their enterprises. All diagnostic variables adopted for the study were stimulants. In the

analysis, all these indicators were assigned the same value of weights. The results of calculating

the measure of distance of the EU-27 countries from the pattern and anti-pattern, the values of

the TOPSIS Pi synthetic measure for the analyzed years and the classification of the EU-27

countries in terms of the level of digitalization and robotization of their enterprises are pre-

sented in Table 6.

Table 5. Statistical parameters of indicators determining the level of the EU countries in terms of digitalization and robotization of large enterprises.

Variable Mean Median Min Max Standard deviation Coefficient of variation, % Skewness Kurtosis Percentile 10 Percentile 90

X1 33.30 31.00 17.00 55.00 9.95 29.88 0.67 -0.24 23.00 48.00

X2 19.81 17.00 9.00 35.00 7.68 38.74 0.81 -0.45 11.00 34.00

X3 13.59 14.00 6.00 21.00 3.89 28.59 -0.06 -0.59 8.00 19.00

X4 55.52 55.00 25.00 92.00 15.88 28.59 0.43 0.09 39.00 79.00

X5 17.44 14.00 6.00 38.00 9.01 51.63 0.89 -0.08 7.00 34.00

X6 30.67 28.00 11.00 58.00 13.50 44.04 0.69 -0.31 15.00 55.00

X7 47.70 47.00 23.00 86.00 16.16 33.87 0.79 0.46 29.00 77.00

X8 93.89 95.00 79.00 100.00 4.98 5.30 -1.42 2.17 85.00 99.00

X9 79.33 82.00 59.00 92.00 9.73 12.27 -0.66 -0.60 62.00 90.00

X10 58.22 56.00 34.00 80.00 13.79 23.69 0.05 -0.95 42.00 78.00

X11 46.33 42.00 19.00 90.00 18.22 39.33 0.70 -0.24 27.00 74.00

X12 44.48 44.00 18.00 90.00 15.50 34.84 0.87 1.67 28.00 65.00

X13 42.26 41.00 20.00 66.00 12.79 30.27 0.28 -0.76 25.00 61.00

X14 11.07 11.00 3.00 21.00 5.19 46.85 0.09 -1.23 4.00 17.00

X15 66.96 67.00 30.00 88.00 12.88 19.23 -0.92 1.73 53.00 81.00

X16 19.81 21.00 3.00 32.00 6.85 34.57 -0.61 0.46 8.00 28.00

https://doi.org/10.1371/journal.pone.0254993.t005

Table 4. Statistical parameters of indicators determining the level of the EU countries in terms of digitalization and robotization of medium-sized enterprises.

Variable Mean Median Min Max Standard deviation Coefficient of variation, % Skewness Kurtosis Percentile 10 Percentile 90

X1 18.85 17.00 8.00 37.00 7.20 38.19 1.05 0.56 12.00 32.00

X2 7.96 7.00 3.00 19.00 4.11 51.60 0.96 0.53 3.00 14.00

X3 8.15 8.00 4.00 13.00 2.61 32.06 0.24 -0.79 5.00 12.00

X4 39.04 36.00 13.00 77.00 16.06 41.13 0.68 0.17 19.00 62.00

X5 9.70 8.00 2.00 23.00 5.48 56.43 0.89 0.48 3.00 17.00

X6 21.22 18.00 6.00 50.00 10.82 50.99 1.09 0.88 7.00 37.00

X7 31.11 28.00 12.00 69.00 14.67 47.14 1.07 1.06 14.00 55.00

X8 84.00 86.00 61.00 99.00 9.03 10.75 -0.68 0.49 70.00 94.00

X9 58.22 61.00 30.00 75.00 13.24 22.74 -0.54 -0.66 40.00 74.00

X10 43.33 45.00 22.00 71.00 13.19 30.45 0.03 -0.76 23.00 60.00

X11 33.07 27.00 11.00 85.00 17.91 54.16 1.45 1.82 17.00 63.00

X12 35.04 36.00 16.00 80.00 13.46 38.43 1.36 3.65 20.00 47.00

X13 25.26 24.00 9.00 42.00 8.45 33.44 0.01 -0.51 13.00 36.00

X14 5.67 5.00 2.00 11.00 2.53 44.59 0.45 -0.76 3.00 9.00

X15 38.63 39.00 10.00 59.00 12.55 32.48 -0.44 -0.03 17.00 57.00

X16 9.85 10.00 1.00 17.00 4.07 41.35 -0.22 -0.62 4.00 15.00

https://doi.org/10.1371/journal.pone.0254993.t004
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In turn, Fig 4 presents the division of the EU-27 countries into classes (where: class 1 shows

a high level, class 2 shows a medium-high level, class 3 shows a medium-low level and class 4

shows a low level) depending on the level of digitalization and robotization of their enterprises

in total and taking into account their size.

The conducted analyses made it possible to classify the EU-27 countries into one of four

classes in terms of the level of development of digitalization and robotization of their enter-

prises based on the adopted indicators.

Without taking into account the size of enterprises, the countries with a high level of devel-

opment in this area are Finland, Denmark, Belgium, Sweden, the Netherlands and Slovenia. In

the case of small, medium and large enterprises, the countries that have a high level of digitali-

zation are Finland, Denmark, the Netherlands, Belgium, and Sweden.

The countries with medium-high levels of enterprise digitalization development without

taking into account enterprise size are Ireland, France, Austria, Germany, and Portugal. By

contrast, for small enterprises, these are Ireland, Lithuania, Malta, Portugal and Slovenia, and

for medium-sized enterprises, these are Ireland, Slovenia, Malta, Portugal, France, and Spain.

Fig 3. Basic descriptive statistics for the determinants of digitization and robotization of enterprises in the EU27 countries (a-all enterprises, b-small enterprises, c-

medium enterprises, d-large enterprises).

https://doi.org/10.1371/journal.pone.0254993.g003
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In terms of large enterprises, they are Slovenia, Ireland, France, Austria, Germany and

Portugal.

The medium-low levels of digitalization and robotization of enterprises in total were found

in the following countries: Malta, Estonia, Spain, Poland, Czechia, Italy, Lithuania, Luxem-

bourg and Slovakia. For small enterprises, the countries include Luxembourg, Spain, France,

Germany, Italy, Croatia, Estonia and Austria, and for medium-sized enterprises: Lithuania,

Germany, Luxembourg, Austria, Italy, Estonia, Czechia, Cyprus and Croatia. Among large

enterprises, medium-low levels of digitalization and robotization were found in the following

countries: Malta, Estonia, Spain, Poland, Czechia, Italy, Lithuania, Luxembourg, Slovakia,

Hungary, Latvia, Bulgaria, Croatia.

The low level of digitalization of enterprises without taking into account their size was

found for Hungary, Latvia, Bulgaria, Croatia, Cyprus, Greece and Romania. For small enter-

prises, it was Slovakia, Czechia, Poland, Cyprus, Romania, Latvia, Bulgaria, Greece and Hun-

gary and for medium-sized enterprises, it was Poland, Slovakia, Greece, Latvia, Bulgaria,

Hungary and Romania. In terms of large enterprises, Cyprus, Greece and Romania are charac-

terized by a low level of digitalization of enterprises.

Table 6. Distance of the EU-27 countries from the pattern and anti-pattern together with the TOPSIS measure for the level of digitalization of individual groups of

enterprise.

All enterprises, without financial

sector (10 persons employed or

more)

Small enterprises (10–49 persons

employed), without financial

sector

Medium enterprises (50–249

persons employed), without

financial sector

Large enterprises (250 persons

employed or more), without

financial sector

Si
+ Si

- Pi Ranking Si
+ Si

- Pi Ranking Si
+ Si

- Pi Ranking Si
+ Si

- Pi Ranking

Belgium 0.080 0.547 0.873 3 0.395 0.722 0.647 4 0.227 0.560 0.712 5 0.080 0.547 0.873 3

Bulgaria 0.521 0.085 0.141 23 1.418 0.086 0.057 25 0.947 0.077 0.075 25 0.521 0.085 0.141 23

Czech Republic 0.378 0.176 0.317 16 1.151 0.107 0.085 21 0.708 0.171 0.195 18 0.378 0.176 0.317 16

Denmark 0.038 0.548 0.935 2 0.235 1.014 0.812 2 0.183 0.724 0.798 2 0.038 0.548 0.935 2

Germany 0.279 0.222 0.443 10 0.971 0.308 0.241 14 0.583 0.271 0.317 13 0.279 0.222 0.443 10

Estonia 0.291 0.166 0.363 13 1.044 0.161 0.134 17 0.576 0.165 0.223 17 0.291 0.166 0.363 13

Ireland 0.211 0.263 0.555 7 0.601 0.474 0.441 6 0.353 0.365 0.509 6 0.211 0.263 0.555 7

Greece 0.551 0.047 0.078 26 1.429 0.085 0.056 26 0.796 0.096 0.108 23 0.551 0.047 0.078 26

Spain 0.293 0.166 0.362 14 0.833 0.320 0.277 12 0.488 0.249 0.338 11 0.293 0.166 0.362 14

France 0.238 0.217 0.477 8 0.905 0.309 0.255 13 0.504 0.259 0.339 10 0.238 0.217 0.477 8

Croatia 0.491 0.077 0.136 24 0.972 0.190 0.164 16 0.722 0.132 0.154 20 0.491 0.077 0.136 24

Italy 0.334 0.146 0.305 17 1.020 0.204 0.167 15 0.640 0.225 0.260 16 0.334 0.146 0.305 17

Cyprus 0.616 0.072 0.105 25 1.310 0.119 0.083 22 0.734 0.164 0.182 19 0.616 0.072 0.105 25

Latvia 0.495 0.089 0.152 22 1.375 0.111 0.075 24 0.939 0.080 0.078 24 0.495 0.089 0.152 22

Lithuania 0.329 0.139 0.296 18 0.661 0.448 0.404 7 0.484 0.236 0.328 12 0.329 0.139 0.296 18

Luxembourg 0.362 0.139 0.278 19 0.834 0.325 0.281 11 0.566 0.203 0.264 15 0.362 0.139 0.278 19

Hungary 0.448 0.102 0.185 21 1.268 0.074 0.055 27 0.896 0.062 0.065 26 0.448 0.102 0.185 21

Malta 0.336 0.218 0.394 12 0.665 0.439 0.398 8 0.482 0.314 0.394 8 0.336 0.218 0.394 12

Netherlands 0.149 0.360 0.707 5 0.377 0.758 0.668 3 0.215 0.601 0.736 3 0.149 0.360 0.707 5

Austria 0.280 0.228 0.449 9 1.160 0.144 0.111 18 0.617 0.221 0.264 15 0.280 0.228 0.449 9

Poland 0.348 0.162 0.318 15 1.264 0.118 0.085 21 0.807 0.115 0.125 21 0.348 0.162 0.318 15

Portugal 0.260 0.189 0.420 11 0.678 0.381 0.360 9 0.456 0.275 0.376 9 0.260 0.189 0.420 11

Romania 0.647 0.032 0.047 27 1.312 0.111 0.078 23 1.050 0.034 0.031 27 0.647 0.032 0.047 27

Slovenia 0.196 0.380 0.659 6 0.755 0.315 0.294 10 0.409 0.349 0.460 7 0.196 0.380 0.659 6

Slovakia 0.412 0.113 0.215 20 1.119 0.110 0.089 19 0.741 0.100 0.118 22 0.412 0.113 0.215 20

Finland 0.026 0.650 0.962 1 0.129 1.307 0.910 1 0.078 0.917 0.922 1 0.026 0.650 0.962 1

Sweden 0.093 0.466 0.833 4 0.529 0.641 0.548 5 0.244 0.647 0.726 4 0.093 0.466 0.833 4

https://doi.org/10.1371/journal.pone.0254993.t006
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In general, it can be said that in each analyzed group, the high level of digitalization was

shown by enterprises from Finland, Denmark, Netherlands, Belgium and Sweden, the

medium-high level–from Ireland and Portugal, the medium-low level–from Estonia, Luxem-

bourg, Italy. The low level of digitalization, for each group, was found in Romania and Greece.

4.3. Dividing the EU countries into similar groups by the level of

digitalization and robotization of enterprises using the Kohonen’s artificial

neural networks

The second stage of fundamental research was to divide the EU countries into groups similar

in terms of digitalization and robotization with the use of the Kohonen’s artificial networks. In

batch learning, for proper model building, it is important to identify the correct number of col-

umns and rows that define the size of a topological map. This size was determined with the fol-

lowing Eq (18) [77]:

k ffi
ffiffiffi
n
2

r

ð18Þ

where: k is the size of a topological map, n is the number of cases (countries).

Fig 4. Division of the EU countries into similar classes in terms of the level of development of digitalization of enterprises (a- all enterprises, b–small enterprises, c-

medium enterprises, d-large enterprises) (own elaboration).

https://doi.org/10.1371/journal.pone.0254993.g004
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The composition of clusters of similar countries in terms of the indicators adopted for the

analysis for enterprises in total is presented in Table 7. The distribution of countries in the cre-

ated clusters on the basis of the value of the activation function is presented on the topological

map in Figs 5 and 6 shows the juxtaposition of the examined standardized indicators for the

digitalization and robotization of enterprises in the EU countries in the determined similar

groups.

In order to highlight the similarity between countries within one cluster and differences

with respect to other countries in other clusters, a uniform scale on the Y-axis was maintained.

In the case of normalized values (Eq 17), the value of a single indicator ranges from 0 to 1.

With a value of ’0’ the indicator does not appear in the profile, and with a value of ’1’ it indi-

cates a state of perfect influence (Fig 6).

Table 7. The division of the EU countries into similar groups based on the examined indicators for all enterprises together with activation values.

Elements of

clusters 1

Activation

function

Elements of

clusters 2

Activation

function

Elements of

clusters 3

Activation

function

Elements of clusters

4

Activation

function

Belgium 0.80 Bulgaria 0.73 Czechia 0.73 Estonia 0.62

Denmark 0.47 Greece 0.74 Germany 0.67 Ireland 0.68

Netherlands 0.76 Croatia 0.59 Spain 0.50 France 0.52

Slovenia 1.10 Cyprus 0.91 Lithuania 0.62 Italy 0.59

Finland 0.66 Latvia 0.51 Austria 0.51 Luxembourg 0.59

Sweden 0.69 Hungary 0.81 Poland 0.53 Malta 0.89

Romania 0.90 Portugal 0.58

Slovakia 0.57

https://doi.org/10.1371/journal.pone.0254993.t007

Fig 5. The topological map of similar groups of EU-27 countries for all enterprises.

https://doi.org/10.1371/journal.pone.0254993.g005
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Based on the analysis, it can be concluded that cluster one includes six countries with a high

level of digitalization and robotization of enterprises, namely Belgium, Denmark, Finland,

Sweden, Netherlands and Slovenia (based on the TOPSIS analysis), and cluster two includes

countries with a low level of this digitalization (Bulgaria, Greece, Croatia, Cyprus, Latvia, Hun-

gary, Romania) and one country with a low medium level (Slovakia).

In the cluster analysis conducted using the Kohonen’s method, the division of countries

into groups is based on the multidimensional similarity of the adopted indicators. This does

not mean, however, that a given cluster consists of countries with only the highest, medium or

lowest values of these indicators. The basis for the division is the similarity (homogeneity) of

their structure in relation to all indicators (multidimensionality of classification). Therefore,

different group divisions can be observed using the TOPSIS method and the Kohonen’s

networks.

The EU27 countries (Table 7) located inside one cluster are most similar to each other in

terms of indicators for assessing the process of digitalization and robotization of enterprises,

and at the same time they are different from countries located in other clusters. By contrast,

the EU countries inside the same cluster show the greatest similarity when they are as close to

each other as possible.

Fig 6. The summary of studied indicators on digitalization and robotization of enterprises for the EU countries in the designated similar groups (a-cluster 1, b-cluster 2,

c-cluster 3, d-cluster 4).

https://doi.org/10.1371/journal.pone.0254993.g006
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When analyzing the distribution of the EU countries on the topological map (Fig 5) and the

values of activation functions (Table 7), it can be concluded that the greatest internal differen-

tiation was shown by the countries from cluster 1 and 2, and the most similar are countries

from cluster 3 and 4. In cluster 1, Belgium and Denmark showed the greatest similarity, as well

as the Netherlands, Slovenia and Sweden. Finland, which has the highest level of digitalization

and robotization of enterprises among the EU countries, was found to differ the most from

these countries. In cluster 4, the greatest differentiation from the other countries in this cluster

was shown by Romania, which has been ranked in the lowest positions in Europe for years in

terms of the digitalization and robotization of enterprises [78,79].

In the next step of the analysis, the EU countries were divided based on the values of indica-

tors for small enterprises only. The determined cluster compositions are presented in Table 8,

and their distribution in the created clusters on the basis of activation values is presented on

the topological map in Fig 7. In turn, Fig 8 presents the profiles of the indicators adopted for

the study.

Based on the analysis, cluster 1 contains 7 countries, 5 of which have a high level of digitali-

zation and robotization of enterprises, i.e., Belgium, Denmark, Finland, Sweden, the Nether-

lands, and two at medium-high level, namely Ireland and Malta (based on the TOPSIS

analysis). Cluster 2 involves countries with a low level of digitalization and robotization (Bul-

garia, Greece, Cyprus, Latvia, Hungary, Poland, Slovakia, Romania) and one country with a

medium-low level of digitalization and robotization (Estonia).

In the next analysis, the EU countries were divided taking into account the digitalization

and robotization indicators for medium-sized enterprises. The obtained cluster compositions

are presented in Table 9 and their distribution on the topological map in Fig 9. Fig 10 presents

the profiles of indicators for countries in individual similar groups.

The results showed that Belgium, Denmark, Finland, Sweden and the Netherlands (cluster

1) are the countries with the highest level of digitalization and robotization of medium-sized

enterprises. By contrast, Croatia, Poland, Slovakia, Greece, Latvia, Bulgaria, Hungary and

Romania from cluster 2 are the countries with the lowest level of this process. When analyzing

the profiles of the indicators (Fig 9), it can be concluded that the largest disproportions for

medium-sized enterprises are between countries from cluster 2 (the lowest level of digitaliza-

tion and robotization), and the smallest–between countries from cluster 1 (high level) and

cluster 3 (medium level).

The purpose of the next analysis was to determine groups of countries similar in terms of

digitalization and robotization of large enterprises. The compositions of the created clusters

Table 8. The division of the EU countries into similar groups based on the examined indicators for small enterprises together with activation values (distance from

the center of the cluster).

Elements of

clusters 1

Activation

function

Elements of

clusters 2

Activation

function

Elements of clusters

3

Activation

function

Elements of

clusters 4

Activation

function

Belgium 0.77 Bulgaria 0.56 Germany 0.80 Czechia 0.41

Denmark 0.88 Estonia 0.65 Spain 0.72 Croatia 0.54

Ireland 0.81 Greece 0.68 France 0.66 Italy 0.46

Malta 0.86 Cyprus 0.84 Lithuania 0.83 Austria 0.59

Netherlands 0.65 Latvia 0.66 Luxembourg 0.36 Slovenia 0.60

Finland 1.15 Hungary 0.51 Portugal 0.56

Sweden 0.96 Poland 0.52

Romania 0.79

Slovakia 0.30

https://doi.org/10.1371/journal.pone.0254993.t008
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for these enterprises are presented in Table 10, and their distribution on the topological map is

shown in Fig 11. In turn, Fig 12 presents the profiles of digitalization and robotization indica-

tors for countries from each cluster with respect to large enterprises.

The results indicate that the highest level of digitalization and robotization of large enter-

prises, were shown by countries from cluster 1 (Belgium, Denmark, the Netherlands, Slovenia,

Finland, Sweden), and the lowest–from cluster 2 (Bulgaria, Greece, Croatia, Cyprus, Latvia,

Hungary, Romania, Slovakia). The composition of these clusters is the same as in the case of

the analysis concerning the total number of enterprises of the EU countries. At the same time,

countries in cluster 2 are again characterized by significant variation in the values of digitaliza-

tion and robotization indicators. Clusters 3 and 4 include countries characterized by signifi-

cant similarity at the average level of values of these indicators. In their case, the composition

changed slightly, Portugal was in cluster 4 (in the case of the analysis variant for all companies,

it was in cluster 3), thus showing greater similarity to the countries in this cluster.

5. Discussion

The conducted research allowed for the evaluation of the level of digitalization and robotiza-

tion of enterprises of the EU countries and their similarity in this regard, taking into account

the size of production enterprises.

When analyzing the results, it can be concluded that in terms of assessing the level of digita-

lization and robotization of the EU countries’ enterprises, high levels (for all their groups)

were found in Finland, Sweden, Denmark and Belgium and Netherlands. In these countries,

the determinants of digitalization and robotization were reported to be at a very high level,

exceeding in most cases the average values for the EU27. A high level of digitalization and

Fig 7. The topological map of similar groups of the EU-27 countries for small enterprises.

https://doi.org/10.1371/journal.pone.0254993.g007
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robotization without taking into account the size of enterprises was also found in Slovenia,

and when taking into account the size of these enterprises (small medium-sized and large)–the

level was defined as average-high. Sufficient levels of digitalization and robotization of enter-

prises were also reported in Ireland, France, Austria, Germany and Portugal (in total and for

large enterprises). In the case of small enterprises–Germany and France were found to have

less favorable results (Fig 4). On the other hand, the countries characterized, in each variant of

the analysis, by a low level of digitalization and robotization of enterprises for all their groups

were Romania and Greece. For enterprises in total, small and medium-sized, the low levels of

digitalization and robotization were also found in Hungary, Bulgaria and Latvia.

In contrast, the countries with low levels of digitalization and robotization of enterprises for

all groups of enterprises in each variant of the analysis are Romania and Greece. In the case of

total, small and medium-sized enterprises, the low levels of digitalization and robotization

were also found in Hungary, Bulgaria and Latvia.

The results of the studies of the assessment of the level of digitalization and robotization of

enterprises in the EU countries indicate that more emphasis should be placed on the digitaliza-

tion of small and medium-sized enterprises, because, as can be seen, large enterprises have

much higher rates of this process (Table 6). These results also indicate that the level of

Fig 8. The summary of studied indicators on digitalization and robotization of small enterprises for the EU countries in the designated similar groups (a-cluster 1, b-

cluster 2, c-cluster 3, d-cluster 4).

https://doi.org/10.1371/journal.pone.0254993.g008
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digitalization and robotization varies widely across the EU countries. This also applies to indi-

vidual groups of enterprises. This is an unfavorable phenomenon, as it may significantly hin-

der the digital transformation process across the EU. In order to avoid such a situation and the

further deepening of these differences, there is a need for greater solidarity between countries

and assistance provided by the more developed ones to those with a lower level of

development.

The aim of the second analysis involved the identification of similar EU countries in terms

of assessing the level of digitalization and robotization of enterprises.

All calculations in this regard were carried out on the normalized values of the adopted

determinants. The EU countries were divided into four similar groups. This division was

made for the whole economy, also taking into account the size of enterprises. The results

showed that the similarity of countries, broken down into these four variants differed. The

level of digitalization of the whole economy is not always evenly distributed across all enter-

prises. This is due to the different structure and capabilities of these companies and the incen-

tive policies applied by countries. For each variant, countries with the highest degree of

digitalization and robotization were found to be in cluster 1 while those with the lowest degree

of digitalization in cluster 4.

The clear leader in the EU-27 countries in terms of the levels of digitalization and robotiza-

tion of all types of enterprises is Finland. It is one of the most digitized countries in the world

[76]. Finnish companies are very keen to use digital technologies, in particular for cloud com-

puting services and electronic invoices. The same is true in Sweden, where companies are

using digital technologies to improve efficiency, productivity and sales. Businesses in this

country are keen to use cloud computing services and buy high CC services (accounting appli-

cations, CRM software, computing power).

Denmark is another leader from Scandinavia in the use of digital technologies by business.

More and more companies are using cloud computing services and electronic invoices. Den-

mark provides access to high-speed broadband Internet, and the take-up of high-speed Inter-

net connections is growing steadily and is well above the EU-27 average [70]. Danish

companies are also characterized by a high ability and willingness to use new technologies and

introduce changes in the work system. As high as 50% of enterprises there use ERP systems,

which after Belgium is the second result in the EU. Sweden and Denmark were ranked as the

5th and 6th most robotic (automated) countries in the world in 2019, respectively [80]. In Swe-

den, the number of robots per 10,000 employees was found to amount to 274 units and in

Denmark to 243 units.

Table 9. The division of the EU countries into similar groups based on the examined indicators for medium-sized enterprises together with activation values (dis-

tance from the center of the cluster).

Elements of

clusters 1

Activation

function

Elements of

clusters 2

Activation

function

Elements of

clusters 3

Activation

function

Elements of clusters

4

Activation

function

Belgium 0.88 Bulgaria 0.63 Czechia 0.49 Germany 0.78

Denmark 0.68 Estonia 0.66 Spain 0.40 Ireland 0.69

Netherlands 0.81 Greece 0.80 Italy 0.59 France 0.60

Finland 0.76 Croatia 0.71 Austria 0.67 Cyprus 0.78

Sweden 0.82 Latvia 0.54 Portugal 0.51 Lithuania 0.78

Hungary 0.60 Slovenia 0.66 Luxembourg 0.38

Poland 0.68 Malta 0.79

Romania 0.94

Slovakia 0.28

https://doi.org/10.1371/journal.pone.0254993.t009
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Among Western countries, only Belgium and the Netherlands achieved a comparable high

level of digitalization and robotization of enterprises. In Belgium, the number of robots per

10,000 employees was found to equal 214 units, and in the Netherlands– 194 units [80]. The

high rating is due to, among other things, digital maturity in the use of big data technologies

[53] or the use of cloud computing services. The degree of robotization of enterprises in these

countries exceed the EU average.

It is therefore clear that these countries, being the leaders of digitalization in Europe, should

share their experiences with other countries to a greater extent.

The main task for the EU-27 leaders in terms of digitalization and robotization of enter-

prises is to further increase this level and help other countries to achieve such results. The divi-

sion into similar groups is also intended to identify groups of countries for broader

cooperation and exchange of experience and assistance. Mutual assistance and exchange of

experience is the basis of the EU common market.

It can be observed that the lowest results were achieved by countries of Central, Eastern and

South-Eastern Europe. Despite the dynamic economic development of these regions in terms

of digitalization and robotization, the situation is not satisfactory [79,81]. Besides, the overall

economic level of these regions needs significant improvement.

In order for the economies of these countries to reach an appropriate level of development,

it is necessary to base them on knowledge and modern technologies, as well as the experience

of the most developed countries. In this regard, a great opportunity is created by the digitaliza-

tion, automation and robotization of production processes [82]. The changes should include

all groups of companies in these regions, because currently the level of their digitalization and

robotization is low. This concerns mainly the automation and robotization of production, the

use of 3D printing, big data analysis and cloud computing [58,83–85]. There are also problems

Fig 9. The topological map of similar groups of the EU-27 countries for medium-sized enterprises.

https://doi.org/10.1371/journal.pone.0254993.g009
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in access to broadband Internet, which is related to the later adoption of digitalization activi-

ties. It can be noted that among the countries, characterized by a low level of digitalization and

robotization of enterprises in each variant of the analysis, only Greece belongs to the so-called

"Old" EU countries. The rest are countries of the "New Union".

Fig 10. The summary of studied indicators on digitalization and robotization of medium-sized enterprises for EU countries in the designated similar groups (a-cluster

1, b-cluster 2, c-cluster 3, d-cluster 4).

https://doi.org/10.1371/journal.pone.0254993.g010

Table 10. The division of the EU countries into similar groups based on the examined indicators for large enterprises together with activation values (distance from

the center of the cluster).

Elements of

clusters 1

Activation

function

Elements of

clusters 2

Activation

function

Elements of

clusters 3

Activation

function

Elements of clusters

4

Activation

function

Belgium 0.80 Bulgaria 0.73 Czechia 0.71 Estonia 0.63

Denmark 0.47 Greece 0.74 Germany 0.63 Ireland 0.67

Netherlands 0.76 Croatia 0.59 Spain 0.53 France 0.50

Slovenia 1.10 Cyprus 0.91 Lithuania 0.67 Italy 0.60

Finland 0.66 Latvia 0.51 Austria 0.45 Luxembourg 0.61

Sweden 0.69 Hungary 0.81 Poland 0.50 Malta 0.93

Romania 0.90 Portugal 0.59

Slovakia 0.57

https://doi.org/10.1371/journal.pone.0254993.t010

PLOS ONE Assessing the level of digitalization and robotization in the enterprises of the European Union Member States

PLOS ONE | https://doi.org/10.1371/journal.pone.0254993 July 22, 2021 26 / 36

https://doi.org/10.1371/journal.pone.0254993.g010
https://doi.org/10.1371/journal.pone.0254993.t010
https://doi.org/10.1371/journal.pone.0254993


The exception in this regard is the Czech Republic, which, when compared to the rest of the

countries of Central, Eastern and Southeastern Europe, is distinguished by high innovation,

competitiveness and a relatively high level of digital transformation of manufacturing and ser-

vice and commercial enterprises [82,86,87].

Thus, the results obtained indicate a large variation in the level of digitalization and roboti-

zation of manufacturing enterprises in the EU27 countries, which are also related to their geo-

graphical location and the time of accession to the EU.

In terms of the assessment of the level of digitalization and robotization, the best and the

weakest groups of countries, to a large extent, coincide with the results of The Digital Economy

and Society Index (DESI). The differences that occur are related to other indicators adopted

for the analysis and the fact that in this study the research was carried out for companies and

not entire societies [79].

To sum up, the research and the results show that the level of digitalization and robotization

of the EU countries varies greatly. The analysis of this level in enterprises of different sizes fur-

ther deepens these differences. Also, large differences in this level for different groups of enter-

prises within a given country were oftentimes noted. The greatest discrepancies were found

for the group of small and medium-sized enterprises, which clearly indicates the direction in

which the digitalization policy should go.

It should also be emphasized that despite the application of two independent methods of

analysis, the results were reported to be similar. It is interesting in that the objectives of these

analyses were different. The analysis based on the TOPSIS method was to determine the order

(classification) of the EU countries in terms of the level of digitalization and robotization. On

the other hand, the division into similar groups was to indicate the groups of the EU countries

in which individual indicators showed the greatest similarity. This in turn should translate

Fig 11. The topological map of similar groups of the EU-27 countries for large enterprises.

https://doi.org/10.1371/journal.pone.0254993.g011
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into potential opportunities for cooperation and building digital coalitions, for example, when

applying for EU funds.

Despite the different objectives, the results of both analyses provide a lot of information

about the advancement of digitalization and robotization processes in the EU countries. The

combination of the results of these two analyses, taking into account all enterprises of individ-

ual countries is presented in Fig 13.

The results in both analyses provide great opportunities for interpretation, inference and

formulation of recommendations for future activities related to the process of digitalization

and robotization in the EU countries. At the same time, they provide answers to all three for-

mulated research questions.

6. Limitations and directions for further research

The methodology developed, the research conducted, and the results obtained allowed the

authors to formulate an opinion on the limitations of this methodology and future research

directions.

Fig 12. The summary of studied indicators on digitalization and robotization of large enterprises for EU countries in the designated similar groups (a-cluster 1, b-

cluster 2, c-cluster 3, d-cluster 4).

https://doi.org/10.1371/journal.pone.0254993.g012
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In terms of limitations that may have affected the results of the study, the timeliness of data

used in the study should be mentioned. It should be emphasized that this study used the latest

available data from 2018 on the digitalization and robotization of enterprises.

However, as for the directions of further research, it is worth considering the increase in the

number of indicators adopted for the analysis, also representing possible new areas of digitali-

zation and robotization development. On the other hand, in order to assess the changes, in

this area in subsequent years, and compare them with the results presented in this paper, it is

reasonable to carry out a study in accordance with the principles adopted in this work. Besides,

it would be extremely interesting, with the acquisition of further data, to complement this

analysis with further results and on this basis to observe changes in individual countries.

In terms of the adopted indicators, a more detailed analysis for individual countries would

also be extremely interesting. This paper omits this analysis, as it would have greatly increased

its already large content. However, a more detailed analysis of changes in individual indicators,

for the studied groups of enterprises in individual countries would allow a very precise diagno-

sis of the state of digitalization and robotization.

Research comparing the level of digitalization and robotization of various economic sectors

(according to NACE Rev. 2) in these countries would also bring valuable information. By

extending the research with the results of the analysis of the level of digitalization and automa-

tion in selected sectors of the economy (e.g., for transport, energy, agro-food industry, machin-

ery industry, health care, and others), it would be possible to perform an even more precise

analysis of the state of advancement of these processes.

It should also be stressed that the developed methodology has a universal character and can

be successfully used to study other groups of countries as well. The results of such research in

Fig 13. The summary of the results of the study of the level of digitalization and robotization of the EU countries and the similarity

between these countries.

https://doi.org/10.1371/journal.pone.0254993.g013
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comparison with the results for the EU countries would be very interesting material on the

level of digitalization, both from the scientific and utilitarian point of view.

7. Conclusions and policy implications

The analysis of the state of the world economy in recent years clearly shows that the Internet

and digital technologies have significantly changed this economy. In practically all areas of

economic, social and political life, changes associated with the dynamically developing idea of

Industry 4.0 are visible. We are witnessing the formation of a digital economy, which has an

increasing impact on the labor market, consumption, the functioning of state and local gov-

ernment institutions, as well as on political life. In addition to many advantages, this economy

also brings a number of risks, some of which were previously unknown. Changing employ-

ment structure, digital exclusion, digital surveillance, cyber threats and many others are grow-

ing problems that may slow down the pace of change. What is clear, however, is that change

will happen, and probably even faster than expected. The advantages of the process of digitali-

zation of the global economy are disproportionate to the emerging threats, and at this stage

there is no turning back from this process. The SARS-CoV-2 coronavirus pandemic makes

this even more apparent [88–90]. Also, the fascination with the digital world by younger gener-

ations clearly indicates the direction in which the global economy is heading [91].

To meet the considerable demands of this process, individual countries and groups of coun-

tries (such as the EU-27) are even forced to implement digital transformation. However, this

process requires large financial resources as well as organizational and social changes. Individ-

ual countries, especially smaller and less wealthy ones, may find it increasingly difficult to keep

up with the implementation of these changes. Therefore, it becomes necessary to build differ-

ent types of "digital coalitions" between countries and companies in order to compete and

improve the quality and safety of their citizens’ lives.

The analysis of the level of digitalization and robotization of enterprises of the EU countries

and the identification of similarity of these countries, taking into account selected indicators,

presented in the paper, is part of this issue. Of fundamental importance for these activities was

the determination of indicators (determinants), which characterize the most important areas

of the digitalization and robotization process. On the other hand, the main objectives were to

delineate the ranking of EU countries in terms of the level of digitalization and robotization

taking into account the size of enterprises and to determine similar groups of these countries

in this regard.

The results confirm the diversity of the EU countries and indicate the large differences in

the process of digitalization and robotization in these countries that exist between countries

and between different groups of companies in each country.

These results clearly show the great challenges that the EU authorities need to face to reduce

these differences and so increase the pace of digital transformation to meet global competition.

This is considered crucial since the EU can take action related to digital transformation within

the framework of sectoral and horizontal programs and on the basis of the provisions of the

Treaty on the Functioning of the European Union. These provisions are binding for the Mem-

ber States, which have to implement them. In addition to the general guidelines, these activities

also include the financing of various types of programs including the digitalization and roboti-

zation of enterprises. Undoubtedly, the centralization of funding for digital transformation

offers great opportunities for success. Despite some risks, it makes it possible to target the least

developed areas and subsidize them accordingly. However, this targeting must be preceded by

a very thorough analysis of these areas and the legitimacy of their funding and clearly defined

objectives.
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The results presented in the paper can be used to improve the process of financing digitali-

zation and robotization activities of the EU countries. In addition to ranking countries in

terms of the level of digitalization and robotization, they also indicate the groups of similar

countries, taking into account the size of enterprises.

When considering the overall degree of digitization (for all enterprises), similar groups

with the highest (1) and lowest (4) degree of digitization have the following compositions:

• Cluster 1: Belgium, Denmark, the Netherlands, Slovenia, Finland, Sweden;

• Cluster 2: Bulgaria, Greece, Croatia, Cyprus, Latvia, Hungary, Romania, Slovakia.

When taking into account small enterprises, the composition of these groups is as follows:

• Cluster 1: Belgium, Denmark, Ireland, Malta, the Netherlands, Finland, Sweden;

• Cluster 2: Bulgaria, Estonia, Greece, Cyprus, Latvia, Hungary, Poland, Romania, Slovakia.

For medium-sized enterprises, the group compositions are as follows:

• Cluster 1: Belgium, Denmark, the Netherlands, Finland, Sweden;

• Cluster 2: Bulgaria, Estonia, Greece, Croatia, Latvia, Hungary, Poland, Romania, Slovakia.

However, for large enterprises the composition is as follows:

• Cluster 1: Belgium, Denmark, the Netherlands, Slovenia, Finland, Sweden;

• Cluster 2: Bulgaria, Greece, Croatia, Cyprus, Latvia, Hungary, Romania, Slovakia.

This information should mobilize countries to strengthen cooperation and jointly apply for

EU funds, also for specific groups of enterprises. This cooperation should therefore include

not only countries but also groups of enterprises from different countries. Joint investments in

key areas related to digital transformation (included in the examined determinants) create

great opportunities for success and use of these solutions by all EU countries [92]. Especially in

the case of small and medium-sized enterprises [93] and less wealthy countries, such a way of

development seems to be most reasonable. On the other hand, the leaders of this transforma-

tion should support less developed countries in this area, both financially and in terms of orga-

nization and science. Building a common European economy requires broad cooperation and

an attitude of solidarity among all its members.

It is also extremely important to take action to eliminate not only the differences within the

Union as a whole, but also the differences between business groups in individual Member

States. In this regard, particular attention should be paid to the countries of Central, Eastern

and South-Eastern Europe, which require significant assistance in this area. The continuation

of such disparities between the EU countries in terms of digitalization and robotization may

lead to an increase in social and economic inequalities and digital exclusion between these

countries.

Good practices and mutual assistance between countries should also foster the better use of

transmission capacity, the development of innovative solutions, a knowledge-based economy

as well as the research and development of new digital technologies. The main instrument for

realizing the vision of modern, competitive and industrialized Europe should be a coherent

and resilient single European market, which has been introduced to the digital age for several

years now. In order to survive as a community, the EU must meet the challenges that have

emerged as a result of the "diffusion" of advanced digital technologies in the global economy,

especially when considering the digitalization of the economy, which is now being promoted

as a pillar of the EU’s economic recovery from the SARSCovid-19 pandemic.

PLOS ONE Assessing the level of digitalization and robotization in the enterprises of the European Union Member States

PLOS ONE | https://doi.org/10.1371/journal.pone.0254993 July 22, 2021 31 / 36

https://doi.org/10.1371/journal.pone.0254993


Author Contributions

Conceptualization: Jarosław Brodny, Magdalena Tutak.

Data curation: Jarosław Brodny, Magdalena Tutak.

Formal analysis: Jarosław Brodny, Magdalena Tutak.

Funding acquisition: Jarosław Brodny.

Investigation: Jarosław Brodny, Magdalena Tutak.

Methodology: Jarosław Brodny, Magdalena Tutak.

Project administration: Jarosław Brodny, Magdalena Tutak.

Resources: Jarosław Brodny, Magdalena Tutak.

Software: Jarosław Brodny, Magdalena Tutak.

Supervision: Jarosław Brodny, Magdalena Tutak.

Validation: Jarosław Brodny, Magdalena Tutak.

Visualization: Jarosław Brodny, Magdalena Tutak.

Writing – original draft: Jarosław Brodny, Magdalena Tutak.

Writing – review & editing: Jarosław Brodny, Magdalena Tutak.

References
1. Alqahtani AY, Gupta SM, Nakashima K. Warranty and maintenance analysis of sensor embedded prod-

ucts using internet of things in industry 4.0. Int. J. Prod. Econ., 2019: 208:483–499.

2. Cristians A, Methven JM. Industry 4.0: fundamentals and a quantitative analysis of benefits through a

discrete event simulation. In: Challenges for Technology Innovation: An Agenda for the Future. CRC

Press; 2017; pp. 177–182.

3. Jazdi N. Cyber physical systems in the context of Industry 4.0. Proc. 2014 IEEE Int. Conf. Autom. Qual.

Testing, Robot. AQTR 2014.

4. Belhadi A, Kamble S, Jabbour CJC, Gunasekaran A, Ndubisi NO, Vankatesh M. Manufacturing and

service supply chain resilience to the COVID-19 outbreak: Lessons learned from the automobile and

airline industries. Technological Forecasting and Social Change 2021: 163:120447. https://doi.org/10.

1016/j.techfore.2020.120447 PMID: 33518818

5. Mubarak MF, Petraite M. Industry 4.0 technologies, digital trust and technological orientation: What

matters in open innovation? Technological Forecasting and Social Change 2020: 161:120332.

6. Frey CB, Osborne M. The future of employment: How susceptible are jobs to computerization? Technol.

Forecast. Soc. Chang., 2017: 114:254–280.

7. Neumann WP, Winkelhaus S, Grosse EH, Glock CH. Industry 4.0 and the human factor–A systems

framework and analysis methodology for successful development. International Journal of Production

Economics 2021: 233:107992.

8. Balsmeier B, Woerter M. Is this time different? How digitalization influences job creation and destruc-

tion. Res. Policy 2019: 48:1–10.

9. Cirillo V, Evangelista R, Guarascio D, Sostero M. Digitalization, routineness and employment: An explo-

ration on Italian task-based data. Research Policy 2020: 11:104079.

10. Catal C, Tekinerdogan B. Aligning Education for the Life Sciences Domain to Support Digitalization and

Industry 4.0. Procedia Computer Science 2019: 158:99–106.

11. Mourtzis D, Vlachou E, Dimitrakopoulos G, Zogopoulos V. Cyber- Physical Systems and Education 4.0

–The Teaching Factory 4.0 Concept. Procedia Manufacturing 2018: 23:129–134.

12. Liebrecht C, Kandler M, Lang M, Schaumann S, Sticker 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: 8:412–430.

13. Dery K, Sebastian IM, van der Meulen N. The digital workplace is key to digital innovation. MIS Q.

Exec., 2017: 16:135–152.

PLOS ONE Assessing the level of digitalization and robotization in the enterprises of the European Union Member States

PLOS ONE | https://doi.org/10.1371/journal.pone.0254993 July 22, 2021 32 / 36

https://doi.org/10.1016/j.techfore.2020.120447
https://doi.org/10.1016/j.techfore.2020.120447
http://www.ncbi.nlm.nih.gov/pubmed/33518818
https://doi.org/10.1371/journal.pone.0254993


14. Ashrafi R, Mueller J. Delineating IT resources and capabilities to obtain competitive advantage and

improve firm performance. Inf. Syst. Manag. 2015: 32:15–38.

15. GTAI Industrie 4.0 Smart Manufacturing for the Future, 2013. Available from: https://www.

manufacturing-policy.eng.cam.ac.uk/documents-folder/policies/germany-industrie-4-0-smart-

manufacturing-for-the-future-gtai/view Access: 05.01.2021.

16. Mithas S, Tafti A, Mitchell W. How a firm’s competitive environment and digital strategy posture influ-

ence digital business strategy. MIS Q., 2013: 37:511–536.

17. El Massah S, Mohieldin M. Digital transformation and localizing the sustainable development goals

(SDGs). Ecol. Econ., 2020: 169:106490.

18. Jafari-Sadeghi V, Garcia-Perez A, Candelo A, Couturier J. Exploring the impact of digital transformation

on technology entrepreneurship and technological market expansion: The role of technology readiness,

exploration and exploitation. Journal of Business Research, 2021: 124:100–111.

19. Kraus S, Schiavone F, Pluzhnikova A, Invernizzi A. Digital transform ation in health care: Analyzing the

current state-of-research. Journal of Business Research 2021: 123:557–567.

20. Javaid M, Haleem A, Vaishya R, Bahl, Suman R, Vaish A. Industry 4.0 technologies and their applica-

tions in fighting COVID-19 pandemic. Diab. Metab. Syndr. Clin. Res. Rev., 2020: 14:419–422. https://

doi.org/10.1016/j.dsx.2020.04.032 PMID: 32344370

21. Szabo R., Vuksanović I, Herceg Hanák R, Hortovanyi L, Romanová A, Mocan M, et al. Industry 4.0
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