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Abstract

This paper aims to identify the regional potential of Industry 4.0 (14.0). Although the regional
background of a company significantly determines how the concept of 14.0 can be intro-
duced, the regional aspects of digital transformation are often neglected with regard to the
analysis of 14.0 readiness. Based on the analysis of the 14.0 readiness models, the external
regional success factors of the implementation of 14.0 solutions are determined. An 14.0+
(regional Industry 4.0) readiness model, a specific indicator system is developed to foster
medium-term regional 14.0 readiness analysis and foresight planning. The indicator system
is based on three types of data sources: (1) open governmental data; (2) alternative metrics
like the number of 14.0-related publications and patent applications; and (3) the number of
news stories related to economic and industrial development. The indicators are aggregated
to the statistical regions (NUTS 2), and their relationships analyzed using the Sum of Rank-
ing Differences (SRD) and Promethee Il methods. The developed 14.0+ readiness index cor-
relates with regional economic, innovation and competitiveness indexes, which indicates
the importance of boosting regional 14.0 readiness.

Introduction

In this rapidly changing environment, regions and cities are forced to develop their strengths
to improve their overall competitiveness [1]. The challenge of today is to seize the opportuni-
ties hidden in digital transformation [2]. “Digital globalization is inducing deep and produc-
tive transformations, making industrial policy necessary in order to reorientate development
towards inclusive and more sustainable growth” [3]. A major development potential of a
region is managing information and knowledge flows between organizations [4]. Therefore,
collaborative territorial governance has to take a step forward to help small and medium-sized
companies apply Industry 4.0 and simultaneously develop the region itself [5]. Knowledge
flow and innovation stimulates digital transformation by inter-regional cooperation projects
while focusing on the green economy and smart cities concepts. This approach can result in
the long-term sustainability of economic growth, reducing environmental risks and ecological
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degradation as well as improving human welfare and social equity [6]. “To support policymak-
ing processes, it is necessary to develop analytical tools exploring the determinants of the
Industry 4.0 development” [7].

This regional perspective and the concept of regional Industry 4.0 (referred to as Industry
4.0+) should gain more attention in the future as it opens up opportunities for regional devel-
opments that should be managed based on public and collective strategies. A decision support
tool needs to be developed for 14.0+ projects to evaluate regional 14.0 performance. Recent
studies have proven the potential of defining and measuring regional development status
through indicator system assessment [7, 8]. Therefore, this paper aims to explore this potential
and create a suitable tool to measure the 14.0 readiness of regions. A region-focused and
14.0-specific indicator system is built to provide a quantitative and comprehensively applicable
concept. The developed indicator system is based on the Triple Helix model of innovation
which refers that the synergies of governmental, academic, and business sectors amplify
regional development [9]. The cross-collaboration of the Triple Helix actors enables a suitable
and stable base for 14.0 implementation to be created and preserved. SI Appendix underlines
the importance of the Triple Helix concept by providing an overview of region-specific indica-
tor systems utilizing the triple helix model.

In the following sections, the Industry 4.0+ (region-specific) concept and its major driving
forces of development are discussed and analyzed. The Materials and Methods section defines
the five major dimensions of the 14.0+ readiness concept and introduces the related open data
indicators. Then, the possible application areas of the proposed 14.0+ index are determined.
Furthermore, the methodology of developing and analyzing this regional readiness index is
discussed in this section. The Results and Discussion section seeks to provide a clear and com-
prehensive analysis of the study applied to European NUTS 2 regions to measure their regional
14.0 readiness. The I4.0+ index was validated by correlation analysis using economic, innova-
tion and competitiveness indexes.

Materials and methods

The purpose of this chapter is threefold: 1) reveals the dimensions of 14.0-specific regional
development, 2) identifies potential application areas and parties who may be interested in
applying this concept, and 3) defines the methodological structure of the research (the devel-
opment and analysis of the 14.0+ index and regional readiness ranking).

Determination of the regional I4.0-related indicator system

This section reveals the necessity of measuring 14.0 readiness from a regional perspective. The
core dimensions of the 14.0+ concept are determined and open data sources assigned to mea-
sure the 14.0 readiness of regions.

The dimensions of 14.0 development. The examination of the 14.0-related readiness
models indicates a strong degree of organizational and national orientation. S2 Appendix pro-
vides an overview of the 4.0 readiness models describing the level of measurement and the
areas of evaluation. Seven 14.0 readiness models are compared with regard to their scope and
defined dimensions. According to the findings, five out of the seven studies defined readiness
models for companies (mainly SMEs) ([10-14]), while one each is designed for the national
[15] and city levels [16]. However, recent studies have tended to pay increasing attention to
the perspective of regional development in the case of 14.0. Ref. [8] developed a Regional
Industry Index (RII) based on ten open data indicators applied for Bulgarian NUTS 3 regions.
The study highlighted the role of the labour market, investments, enterprises, R&D and infor-
mation society. Ref. [7] seeks to explore the determinants of 14.0 development using extended
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Fig 1. 14.0-related dimensions of regional development.

https://doi.org/10.1371/journal.pone.0250247.9001

indicator-based SWOT analysis applied to a Polish region (Podlaskie Voivodeship). Further-
more, Ref. [17] defines the correlation between Industry 4.0 and R&D projects in relation to
stages of the macroeconomic cycle. However, it can stil be claimed that the regional assessment
of I4.0 readiness has not been studied extensively. Furthermore, regional readiness signifi-
cantly determines the development status of both organizations and nations. Regions should
sufficiently combine regional resources with new industries and technologies to avoid the effi-
ciency trap in terms of technological innovation while focusing on industrial transformation
and creating industrial opportunities [18].

Even though the analysis of Refs. [7, 8] determines the regional development potential in a
well structured way, the NUTS 2-classified and multi-source data analyses are still missing.
Therefore, we see the potential in developing a solely open data indicator-based 14.0+ index to
measure the NUTS 2 regional readiness for 14.0 implementation and, as a result support deci-
sion-making processes. The developed 14.0+ indicator system is divided into five major
dimensions representing regional economic growth: higher education and lifelong learning,
technology, innovation, investment and the labour market. The dimensions mentioned in Fig
1 are strongly related to each other and aim to foster regional development and competitive-
ness and, therefore, improve the quality of life.
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These dimensions are interrelated to the Triple Helix actors, academia (universities and
research institutions), industry (organizations and the labour market) and the government.
Higher education is like a driving force of knowledge creation, providing a well-educated
workforce for the labour market. Moreover, this sector also supports innovative actors, such as
research institutions. The innovative capability of a region can redound to the ability to apply
modern-day technological developments. On the other hand, investment is essential to pro-
mote knowledge transfer. However, projects may not be implemented by enterprises or insti-
tutions without financial support. The willingness to continually learn policies can be the basis
for successful scientific and technological activities [19]. The socio-technical environment
integrates and shapes the governance of innovations and transformation processes [20]. All
these dimensions aim to enhance the competitiveness and development of a region. In the fol-
lowing, these dimensions are analyzed more in-depth, and the indicators associated with them
proposed.

Higher education and lifelong learning. Due to constant digital transformation and
innovation, the demand for an immensely skilled workforce with new skill sets is increasing
[21]. Regarding the expansion of technology-based knowledge and the advent of the global
economy, education is directly responsible for the evolution of industrial structures [22].
Therefore, the importance of on-demand educational training and lifelong learning activities
is beyond doubt as the reskilling of the workforce facilitates the ability of people to cope with
future job creation. As members of the academic sector, universities are said to be one of the
drivers of regional economic development and competitiveness. They play a significant role in
rebounding socio-economic advancement through studies, education, innovation and infra-
structure development [23].

Regarding the dimension of regional higher education and lifelong learning, the following
indicators are considered:

o Educational attainment level (25-64) (EDU1-4) determines the percentage of the population
aged 25-64 that falls into different levels of educational attainment. Three levels of educa-
tional attainment are considered, namely 1) upper secondary as well as post-secondary non-
tertiary and tertiary education, 2) upper secondary as well as post-secondary non-tertiary
education, and 3) tertiary education. Therefore, by measuring the percentage of 25-64 aged
population attainment in terms of higher education, this indicator can be considered to
identify the intensity of lifelong learning within regions.

o The educational attainment level (30-34) (EDU5-7) offers a narrower perspective of the
aforementioned indicator as the age group is only between 30 and 34 years old. It measures
the percentage of attainment of the population in terms of educational level.

o The indicator of the employment rate of young people not in education and training (aged
15-34) (EDU8-35) aims to measure the gap in time between when young people finish edu-
cation and enter the labour market.

Graduates (BSc, MSc, PhD) in Engineering, the Natural Sciences and Statistics (GRA1); IT
and Information and Communications Technology (GRA2); as well as Engineering,
Manufacturing and Construction (GRA3) can be some of the significant forces with regard
to the I4.0-related pillar of higher education. This indicator determines the regional pre-
paredness of providing labour to the market that is specifically skilled in 14.0. Furthermore,
this output indicator can be considered from the perspective of the demand for skilled labour
of regions with regard to I4.0.
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o The number of students participating in study mobility programmes (ERA1-2) indicates the
additional number of students leaving and arriving in a region to study in the fields of
Science, Mathematics and Computing, as well as Engineering, Manufacturing and
Construction.

Labour market. Opportunities as a result of Industry 4.0 made developing businesses
conscious as continuous innovation is no longer an option for success but necessary to remain
competitive in the market. Careful and conscious business innovation has become a priority,
which has changed the perception of job content. As a result of digitalization and robotization,
there is a growing need for high technology and knowledge-intensive services. According to a
report from the World Economic Forum (WEF), 23 to 37% of companies are planning to
invest in robotization between 2018 and 2022. This transformation brings about 133 million
new jobs and help to balance out almost 75 million jobs displacements [24]. Governments and
institutions face the pressing issue of identifying skill development models to ensure job
opportunities for the working age population [25].

Three indicators are considered to identify the readiness of regions with regard to the
I14.0-related labour market, namely:

« Employment in the technology and knowledge-intensive sectors (HTE1-8) reflects the per-
centage of employment in the chosen economic activities related to 14.0.

o The number and tone of I4.0-related media appearances (GDC, GDT) within regions is a
creative way of measuring how many regions deal with the issues and/or results of the rele-
vant field (innovation, automation, research and development as well as SMEs).

o The number of institutions (GRC) within a region indicates the available employment
opportunities as well as the possibility for open innovation and collaboration with external
parties. Within this indicator, we consider research-related organisations registered in the
Global Research Identifier Database [26], namely educational institutions, companies,
healthcare institutions, governmental institutions and nonprofit organization.

Innovation. The innovation capability of a region is a critical factor in terms of 14.0 readi-
ness, as it empowers a company or region to be competitive [21]. Innovation can occur
through the utilization of technological developments as well as idea and knowledge creation
[27], in which the Triple Helix actors play a significant role [28]. Their collaboration increases
the efficiency of finding solutions to innovation and sustainability-related challenges [29].

The following indicators are taken into account with regard to the 14.0-related innovative
actions of regions, namely:

o The indicator of Human Resources in Science and Technology (HRS1-10) reflects the
regional intensity of employment in science and technology. It determines which regions are
advanced and which need to improve.

« Patent applications in I4.0-related field (PAT) indicates the innovation capability according
to the ability and willingness of a region to adopt new ideas and technological developments.
These 14.0-specific areas are the following: Additive manufacturing technology, Nanotech-
nology, Machines or engines in general; Engine plants in general; Steam engines, Control-
ling; Regulating, Computing; Calculating, Counting, Signaling, Information and
Communication Technology (ICT) especially adapted to specific fields of application.
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o Publications by category (PAP) aims to measure the number of publications per region over
a given periof of time. This indicator reflects the intensity of research and development
actions in the academic sector.

These categories are the following: Industrial engineering, Operations management, Process
engineering, Transport engineering, Operations research, Simulation, Knowledge manage-
ment, Control theory, Telecommunications, Mechanical engineering, Computer engineer-
ing, Software engineering, Manufacturing engineering, Machine learning, Data mining,
Mathematical optimization, Control engineering, Regional science, Embedded systems,
Artificial intelligence, Process management, Reliability engineering, Systems engineering,
Management science, Data science.

A strong correlation can be observed between productivity indicators with regard to the
number of publications and university-industry co-authored publications that exist [30].

o Employment in the technology and knowledge-intensive sectors (HTE1-8) is a driver of
innovative progression as employees in these sectors are the “initiator” of knowledge transfer
and development.

The dimension of innovation interweaves all sectors that are considered drivers of regional
14.0 development, namely higher education and lifelong learning, the labour market and tech-
nology, as well as investment.

Investment. Financial initiatives play a significant role in terms of skill evolution, innova-
tion and job creation through policy-making. The industry has been a target of investments as
it is expected to be a driver of competitiveness, innovation, jobs and wealth [31]. The responsi-
bility of the budget allocation for R&D must be divided among the Triple Helix actors [28].
Furthermore, 14.0-focused regional development can only be maintained with collaboration
between the actors (academia—key of knowledge, industry—production key, government—
key of stable interaction).

Both R&D personnel and R&D expenditures considered to be elements of innovation with
regard to the regional innovation system [32], therefore, the dimension of 14.0-related invest-
ment studies the following two indicators:

« Total intramural R&D expenditure (GERD—Gross domestic expenditure on R&D) (RDE1-
5) indicates the source of funds for research and development within a region by sectors.
This indicator determines the density of financial support with regard to R&D.

o The total R&D personnel and researchers (RDP1-15) indicator reflects individuals employed
in the research and development field as well as researchers employed in the public or private
sectors as academia. This indicator enables knowledge workers considered to be drivers of
knowledge, innovation and facilitators of improvement to be identified.

Technology. “The successful adoption of the 4th industrial revolution will rely on the abil-
ity of governments, business and citizens to commit in supporting the transformation of soci-
ety into a modern and smart society driven by advanced technology, skills, innovation and
responsive policy” [21]. Technological diversification can promote regional innovation capa-
bility [33].

To identify the technological readiness of regions, the equipment of businesses alone cannot
determine the suitable environment for adapting and utilizing emerging technologies. A high
degree of flexibility is essential to provide a basis for digital culture and skills [34].

“Networking with external institutions highlights R&D collaboration of universities or pub-
lic research institutions with industries, e.g., high-tech ventures or small-sized enterprises to
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foster technology convergence. Meanwhile, governmental supports can play a catalytic role in
stimulating technology convergence networks” [35]. Spatial interconnections can be exploited
by external parties such as universities, companies or the government, leading to an improved
and competitive environment.

In this regard, the technological factors affecting regional 14.0 readiness are the following:

« Employment in the technology and knowledge-intensive sectors (HTE1-8) can reflect the
capability to adapt new technologies and the constant demand for modernization.

o The output of I4.0-related publications (PAP) indicates the intention to deal with modern-
day technologies and future challenges.

« Patent applications (PAT) in the fields of Additive manufacturing technology, Nanotechnol-
ogy, Machines or engines in general; Engine plants in general; Steam engines, Controlling;
Regulating, Computing; Calculating, Counting, Signaling, and Information and Communi-
cation Technology (ICT) reflect the regional capability with regard to the adaption of new
technologies.

« The indicator of Graduates in the fields of IT, Engineering or Mathematics (BSc, MSc, PhD)
(GRA2-3) assumes the need for 14.0-related skills and graduates can be considered as the
basis of knowledge transfer for an innovative technology-oriented environment.

Application areas of the proposed 14.0+ index

Identifying the stakeholders and the applicability of the proposed index is critical as the possi-
ble future demand and interest must be considered. We classified four possible parties, which
are shown in Fig 2, who could benefit from utilizing the 14.0+ regional readiness index and
conclude the regional development status.

1. Governments have power over regions not just financially but in terms of policy-making
processes as well. By considering regional economic development, governments can use
this index to measure regional statuses and identify future strategic plans for their

TERRITORIAL ENTREPRENEURS INVESTORS

GOVERNMENT COUNCILS

> Determine the » Qualify regional "heat map”
future aspiration capability of Development
> Identify the adapting potential
further steps changes Identify
> Regional » Keep up with economic
development the competitive stability
environment

» Stimulate the
regional
economy

» Strategic tool

» Decision-making

> S3

Fig 2. Possible areas of application of the 14.0+ index to utilize the potential in terms of regional strength.

https://doi.org/10.1371/journal.pone.0250247.9002
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improvement. This can include research-and-development allocations, innovation projects
and Smart Specialization Strategies (S3) between regions. If a country wants to make its
mark on the “global world map” it has to start developing from lower levels and keep up
with continually changing global requirements.

2. The role of territorial councils is also appreciated as they are directly involved and enable to
identify what has to be improve. The 14.0+ readiness index confirms the position of regions
in the ranking. Regions can determine their future aspirations and further steps in order to
be competitive regionally and strong economically. The innovation-helix is performed in
the regional stage and can create connections between businesses, governments and
academia.

3. Entrepreneurs connected to the business sector can use the index as a tool for identifying
the capability of regions to remain or become stable. They can look into which regions are
worth investing in and how regions can develop by the concept of 14.0. The connection of
enterprises to this concept is critical as they can function as the potential drivers of eco-
nomic growth.

4. Investors can use the proposed indicator system as a “heat map” to determine which region
(s) is worth investing in, or stable enough to cope with future challenges. The area of invest-
ment is critical in terms of research and development, manufacturing or attracting busi-
nesses to a region.

Development and analysis methodology of the 14.0+ regional readiness
index

The major objective of this section is to provide a methodological workflow for developing
and analyzing the 14.0+ index. The reader is guided through the process of selecting relevant
data metrics and its analysis to derive an 14.0 and NUTS 2-specific indicator system capable of
ranking regions according to their 14.0 readiness.

Fig 3 provides an outline of the methodological steps, which are individually discussed
below:

1. The determination of data sources and I4.0-related indicators to measure regional read-
iness
The following types of data sources were considered in terms of the development of a data-
set for measuring the 14.0 readiness of NUTS 2 regions:

oy (.’f Ll 4. Defining regional
related regional 5
indi 14.0 readiness rank
* Open governmental indicators * Associate indicators

data with the dimensions
* Alternative mentrics of regional
* Media appearance development

1. Determination of 3. Development of
data sources 14.0+ index

Fig 3. The methodological workflow of developing and analysing the 14.0+ readiness index.
https://doi.org/10.1371/journal.pone.0250247.9003

 Correlation analysis
(economic,
innovation,
competitiveness)

5. Validation of the
results

* Expert sampling * Sum of Ranking
Differences

* Promethee Il

* Principal

Component Analysis
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Table 1. Analysed reports and open data portals as data sources.

Source Type

Regional Innovation Report
Scoreboard (RIS) [37]

Regional Competitiveness Report
Index (RCI) [38]

Cultural and Creative Cities | Report

Index (C3) [39]
ETER [40] Open data
portal
Erasmus+ [41] Open data
portal
MA-Graph [42] Open data
portal
GRID [26] Open data
portal
USPTO [43] Open data
portal
CORDIS [44] Open data
portal

Examined indicator/data Time horizon Spatial horizon
Innovative SMEs collaborating NUTS 1 and 2 for different countries for | NUTS 1 and 2 for different countries for
with others as a percentage of CIS 2008, CIS 2010, CIS 2012, CIS 2014, | CIS 2008, CIS 2010, CIS 2012, CIS 2014,
SMEs CIS 2016 CIS 2016
Knowledge workers (% of total average 2015-2017 NUTS 2
employment)
Average appearances in university 2018 City
rankings
Graduates in IT, Engineering and 2008-2016 NUTS 2
Mathematics (BSc, MSc, PhD)
Number of students participating 2008-2013 NUTS 2
in mobility programmes
Publications by categories 2008-2018 NUTS 2
Distribution of institutions by - NUTS 2
categories
14.0-related patent applications at 2008-2018 NUTS 2
the NUTS 2 level
Collaboration between 2014-2020 NUTS 2

organizations under Horizon 2020

https://doi.org/10.1371/journal.pone.0250247.t001

(a).
(b).

(c).

Open governmental data: Eurostat Regional statistics

Alternative metrics: Beyond open governmental data, reports and open data platforms
were used in order to broaden the scope of examination in the field of 14.0. Table 1
shows the sources and connected indicators determined along with the spatio-temporal
horizon.

Media appearances: The GDELT Project [36] makes it possible to overcome the spatio-
temporal boundaries by media appearances. To precisely examine the appearance of
I4.0-related news stories, we concentrated on four main topics, namely innovation,
automation, research and development, and SMEs. In this regard, the following search
words and areas were examined: Jobs, Competitive industry, Education skills develop-
ment and labour market, Industry policy, Employability skills and jobs, Manufacturing
Detailed descriptions of the identified variables are shown in S3 Appendix.

Table 1 shows the analyzed reports and open data portals considered through the selec-
tion of possible indicators describing regional 14.0 readiness.

2. Selection of 14.0-specific NUTS 2 regional indicators—the development of the 14.0+

readiness index

With regard to the previous step of identifying relevant data sources, this step concerns the
selection of indicators able to describe regional readiness.

The data selection occurred through expert sampling.

As a final set of data sources, seven platforms are chosen and associated with the five
dimensions of 14.0+ as follows:

(a).

(b).

Higher education and lifelong learning: Eurostat Regional statistics, ETER (European
Tertiary Education Register), Erasmus+ Study Mobility Program, Global Research Iden-
tifier Database (GRID);

Labour market: Eurostat Regional statistics, Global Research Identifier Database (GRID),
The GDELT Project;
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(c). Innovation activities: Eurostat Regional statistics, Microsoft Academic Graph (MA-
Graph), United States Patent and Trademark Office (USPTO);

(d). Investment: Eurostat Regional statistics

(e). Technology: Eurostat Regional statistics, ETER (European Tertiary Education Register),
United States Patent and Trademark Office (USPTO);
Regarding the expert sampling, 101 indicators were selected that describes NUTS 2
regional 14.0 readiness. A detailed description of the data describing the regional Indus-
try 4.0 readiness index is found in S3 Appendix.
The I4.0+ indicator system is based on the five dimensions of regional development of
I14.0 mentioned in Fig 1. The dimensions of the indicator system are weighted equally.

3. Determination of the ranking of NUTS 2 regions regarding their 14.0 readiness
The ranking of regions according to their I4.0 readiness is based on the following methods:

(a). Indicators were analyzed using the Sum of Ranking Differences (SRD) method [45]
that compares variables based on the Manhattan distance between the sum ranked item
differences in case the gold standard is fixed for the comparison. This method identifies
and ranks indicators regarding their ability to describe the topic and reveal indicators
ranked reverse. The results are visualized in two-dimensional space.

(b). The Promethee IT method [46] is applied to the indicator system that provides a pairwise
comparison of the criteria. The Promethee- GAIA refers to a k-dimensional visualiza-
tion of the set, which provides a more efficient representation.

(c). Principal Component Analysis (PCA) [47] provides a linear combination of the vari-
ables which is a widely used technique for data processing and dimensionality reduction.
The biplot of PCA shows the alternatives, in this case, a two-dimensional space deter-
mined by the principal components.

4. Validation of the results
As aresult, an 14.0+ index is provided, which ranks regions regarding their 14.0 readiness.
To validate the results, the correlation between the 14.0+ index and the economic (GDP),
innovation (RII—Regional Innovation Index), and competitiveness (RCI—Regional Com-
petitiveness Index) indexes is determined.

Results and discussion
Regional ranking according to their I4.0 readiness

This section refers to the regional 14.0 readiness ranking methodology and the analysis of the
given results. Indicators were analyzed using both the Sum of Ranking Differences (SRD) and
the Promethee II method. The ranking of regions is interpreted in a two-dimensional space
based on the Principal Component Analysis (PCA) method.

Promethee II is a multicriteria decision aid method based on preference ranking organiza-
tion, while the Promethee-Gaia method visualizes the set in a k-dimensional space [46]. SRD
compares variables based on the Manhattan distance from the gold standard [45]. The similar-
ities between the examined indicators were evaluated by the SRD method [45]. SRD is an effec-
tive way to analyze which indicators best describe our concept or are more backward and
ranked in reverse. The PCA method is used to reduce dimensionality, and the ranking of alter-
natives (NUTS 2 regions) is presented in a two-dimensional space determined by the principal
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Fig 4. Selected variables from SRD according to their relevance in measurement. (The descriptions of variables are shown in
S3 Appendix).

https://doi.org/10.1371/journal.pone.0250247.9004

components (PCs). The principal components define which variables describing the topic the
most (PCs are the linear combination of the variables).

The selected variables are shown in Fig 4 which reflects the main components describing
14.0 readiness. It is worth noting the two significant groupings, namely indicators connected
to employment as well as the research and innovation-oriented indicators.

The former indicates the importance and connection between education and innovation as
there is an increasing need for a qualified workforce and scientific activities.

1. Total Employment rates of young people not in education and training (EMP30): This
includes all educational levels and education between the ages of 15 and 34. It measures
the number of people employed after finishing their education and categorizes them
according to the years passed since completing their highest level of education.

The analysis of this indicator concerning the complex nature of employability and job
opportunities can be a first step to reflect how difficult it is to get a job (measured in
years). It reflects the development stage of an economy. We can assume where the
employment rates of young people are higher (after finishing their education less then 2-
5 years), job opportunities exist and economic value is generated in a region which fos-
ters adaptation capability. However, it must be noted that other factors also shape this
aspect.

2. The number of graduates in 14.0-related fields (GRA1, GRA2, GRA3): The I4.0-related
educational programmes which are in demand that foster students (future workforce) to
build an innovative mindset and gain I4.0-relevant skill sets.

It should be noted that the Number of students participating in mobility programmes in
the field (ERA2) is closely related to graduates.

3. The number of news concerning ‘competitive industries’ (GDC1), and ‘education skills
development and labour market’ (GDC2) also appears. The number of news stories
found can be considered to be a soft indicator for measuring the public awareness of the
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field, which can further be analyzed with regard to the tone of the news (attitude towards
the events; whether it is positive, negative or neutral).

The second significant group is the research and innovation area, which correlates with
labour, educational and technological factors. This is underlined by indicators concerning
people employed in science and technology as well as the employment rate in the high-tech-
nology sector. Furthermore, investment also plays a significant role in the research and inno-
vation area.

4. Human Resources in Science and Technology under the category of Persons employed
in science and technology (HRS?7) is the following indicator which is the closest to mea-
sure excellence in the field. It measures the percentage of the total population employed
in science and technology as well as reflects the emerging need for researchers and scien-
tific actions.

5. The density of research institutions (GRC) is another relevant variable, as it measures the
number of institutions involved in research activities.

6. Human Resources in Science and Technology in the category of Scientists and engineers.
As has previously been mentioned, the employment rate in science and technology plays
an essential role in terms of development. This indicator is one of its sub-indicators, so
its relevance is highlighted even more.

7. Employment in High-technology sectors (high-technology manufacturing and knowl-
edge-intensive high-technology services) (HTE4, HTE7) measures people employed in
this field as a percentage of the total employment. It indicates the demand of the labour
market in the field, reflecting how regions keep up with advanced technologies.

8. Industry 4.0-related publications (PAP) are also heading in the direction of research
activities and indicate regional maturity with regard to how much a given region is
involved in I4.0 (research) projects.

9. Industry 4.0-related patent applications (PAT) approximate the direction of the Human
resources in science and technology indicator. It is unequivocal that they are strongly
correlated as those employed in science and technology are the reason for the density of
patent applications (effects) within a region. This indicator can identify the research
activities and innovation capabilities of a region.

10. The appearance of Industry 4.0-related news is located over one-third of the scale as is
the case quite close to the reference. I4.0-related media appearances can from one hand
qualify the events that have occurred in the relevant field, but on the other hand PR activ-
ities influence the number of news stories that occur in a region.

It is fascinating that Intramural R&D expenditures (GERD) are located on the same scale
as news appearances. Consequently, we can claim that GDELT can function as a “proxy”
indicator and assume how much is spent on research and development actions in each
sector. Furthermore, it should be noted that according to the Eurostat database, the latest
available data on GERD is from 2016, while the available news in GDELT is continuously
updated.

On the other hand, while the number of news has a significant effect, its tone does not
provide added value for the index.

Fig 5 shows the ranking according to the Promethee method [46], as it makes a pairwise
comparison according to the criteria and creates the full or partial ranking of alternatives.
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https://doi.org/10.1371/journal.pone.0250247.9005

Visualization takes place by Promethee-Gaia method, while the ranking of variables is inter-
preted by the Principal Component Analysis of decision-making processes (preferences) cal-
culated by criteria. Likewise, indicators that point the furthest, in the same way, are the most
determinative.

The presented results underline the outcome of the SRD method, which categorized the
two leading groups of indicators as (1) employment and (2) research and innovation actions.
In this case, these factors are the Human Resources in Science and Technology (HRST), Total
Employment rates of young people not in education and training (EMP), Employment in tech-
nology and knowledge-intensive sectors (HTE) and the Total R&D personnel and researchers
(RDP).

After analyzing the indicators, the ranking of regions is presented in a two-dimensional
space, based on Principal Component Analysis (PCA). The horizontal axis refers to regional
development, while the vertical axis concerns the innovativeness of the given region. This
visual interpretation can be seen in Fig 6. The more developed regions are located on a Pareto
chart.

The developed ranking is visualized in a map presented in Fig 7. According to the ranking,
the most developed region is located in southern Finland, in the Helsinki-Uusimaa region to
be exact, followed by the region of the capital city of the Czech Republic, that is, Prague and of
Germany, namely Berlin.

The correlation of the 14.0+ index with economic, innovation and
competitiveness indexes

In this section, in order to provide a realistic and more in-depth picture, we compare our
index with economic-related indicators, and existing indexes which aimed to rank regions
according to innovation capability and competitiveness.

1. Comparing the 14.0+ index with GDP is essential to identify the relationship between Euro-
pean regional economic growth and the regional 4.0 ranking based on the Promethee
method. The results indicate a correlation of 0.68, which proves the connection between
economic development and our proposed methodology.

It should be noted that other factors influence GDP as well so, in this regard, it is hard to
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Fig 6. The layout of the regions according to the PCA method indicates regional readiness [48].
https://doi.org/10.1371/journal.pone.0250247.9006

identify the developing effect 0fI4.0 on economic growth. Fig 8 underlines the fact that
there are regions with relatively high GDPs compared to our index, as their economic
growth originates from factors other than the I4.0-related field.

The relationship between regional development (Real growth rate of regional gross value
added (GVA)) and the proposed innovation index reflects that regions that are more back-
ward according to our ranking can improve without applying the I4.0 concept by investing
in the future. Therefore, those regions who do not take further steps to improve their overall
economic prosperity are unable to emerge.

According to the Regional Innovation Scoreboard 2019 (RIS) report, its composite indica-
tor Regional Innovation Index (RII), which is used to measure the average innovation per-
formance, is also correlated with the proposed index.

Fig 9 shows a correlation of 0.70, which clearly represents the similarity. The horizontal axis
refers to the innovation feature, while the vertical one concerns the specific features of 14.0.
It nicely represents that for regions considered to be moderate innovators, in order to
advance to the next level, the governmental focus is firmly on the development of innova-
tion and the application of the I4.0 concept. These regions are located above the diagonal.

The Regional Competitiveness Index is also a core indicator that needs to be correlated, as
competitiveness provides a stable foundation of which to apply the 14.0 concept. By com-
paring the two indexes, a correlation of 0.70 was calculated. It is worth noting that there are
regions where 14.0 is not a priority, even though they still belong to the competitive regions
such as regions of AT and LU.
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Fig 7. European NUTS 2 regional 14.0 readiness ranking based on the Promethee method [48].

https://doi.org/10.1371/journal.pone.0250247.9007

In conclusion, the proposed 14.0+ index can determine regional development and innova-
tion capability (can be one of its factors).

Conclusions

This paper aims to provide an accessible tool for strategic planning and monitoring that
regional stakeholders can utilize. The created concept can facilitate the understanding of the
current status of regions according to their 4.0 relation and can contribute to elaborate
medium-term development roadmap. For these reasons, a regional 14.0-specific indicator sys-
tem was created, which makes the concept measurable and applicable. Indicators are catego-
rized into five groups that support areas in favour of regional 14.0 readiness namely higher
education and lifelong learning, the labour market, innovation, investment and technology.
All segments have their specific scope, although in the Triple Helix, the actors/segments
amplify their effect and increase the development and innovative features of regions by
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Fig 8. Correlation between GDP and our 4.0+ ranking system (r* = 0.68).
https://doi.org/10.1371/journal.pone.0250247.9008

cross-collaborating actions. According to the spatio-temporal coverage, the desired data avail-
ability is the NUTS 2 regional level, and as recent as possible. Bearing in mind the purpose of
measuring 14.0 readiness, the selection of indicators was strongly dependent on their specific
relation to the area, e.g. 14.0-related publications, patents or educational training appearances.
Moreover, the appearance of 14.0-related news stories was measured at the regional level and
used as a “proxy” indicator to identify the regional connection to the field.

An 4.0+ composite indicator was generated from the aforementioned group of indicators
and applied to the regions of the European Union. The importance of the employment factor
and innovation activities as highlighted according to both the SRD and Promethee methods of
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Fig 9. Correlation between the proposed 4.0+ ranking index and the Regional Innovation Index (RII) (= 0.70).

https://doi.org/10.1371/journal.pone.0250247.g009

ranking regions. The most advanced region is the Helsinki-Uusimaa region in Finland, fol-
lowed by the capital city of the Czech Republic, that is Prague and of Germany, namely Berlin

region.

The relevance of the index emphasized by the results of the correlations with other indica-
tors. With both economic growth (GDP, Change of GDP) and innovation (RII), competitive-
ness (RCI) indexes approximates to correlation of 0.7. This similarity refers to the 14.0
fostering effect of innovation, competitiveness and economic development. We also revealed
the untapped potential with regard to the application of the index as it can function as (1) a
strategic governmental tool to stimulate the regional economy, (2) a decision-making tool of
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territorial councils to define in which field they should invest, (3) “heat map” for investors to
determine which region has potential in terms of development and a stable economic environ-
ment, and (4) a tool for entrepreneurs to qualify the capability of regions to adapt to changes
and remain competitive.

Supporting information

S1 Appendix. Regional indicator systems characteristics and their applicability. This file
provides an overview of regional indicators.
(XLSX)

S2 Appendix. Overview of Industry 4.0 readiness models. This file provides an overview of
Industry 4.0 readiness models.
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$3 Appendix. Data describing the regional Industry 4.0 readiness index. This file provides
the description of variables and all the supporting data is available in the following repository
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(XLSX)
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