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Shabelnyk T. V., Prokopovych S. V., Gvozdytskyi V. S., Teslenko D. A. Modeling of Cluster Structure and Digital
Development Trajectories of EU Countries Using Machine Learning Methods

The rapid development of digital technologies is fundamentally transforming economic systems, business models and social processes. Digitalization is becom-
ing a key factor in increasing the competitiveness of countries, contributing to innovative growth, more efficient resource management and the formation of
new forms of interaction between citizens, business and the State. However, currently the level of digital development among countries within the EU is uneven.
Both the digital infrastructure and the level of digital skills of the population and business differ. Therefore, it is becoming relevant to develop and implement a
comprehensive approach to the analysis of digital transformation processes and mechanisms of digital evolution, which will allow identifying structural patterns
and classifying groups of countries, as well as monitoring how countries move between different levels of digital development and under the influence of which
factors. The aim of the work is to identify structural patterns of digital transformation and assess the positioning of countries in the EU digital space, as well
as trace the trajectory of the digital evolution of states. The work substantiated that machine learning methods, namely hierarchical clustering methods and
the transition matrix method, allow for a comprehensive study of the multidimensional structure of digital transformation, to distribute countries with similar
digitalization profiles and to trace the trajectories of countries over time, which, in turn, will allow assessing the efficiency of EU policy within the framework of
defined development strategies, to adjust and optimize it. Using the developed cluster analysis model, the differentiation of EU countries by the level of digital
development in a defined multidimensional information and digital space was assessed. A model for analyzing the trajectories of digital development in EU
countries was implemented based on a study of the cluster structure using a transition matrix, which allows assessing trends, stability and speed of digital
change. According to the results of the study, the current state of digital development in EU countries was assessed, both general long-term trends and indi-
vidual trajectories of particular countries were identified, influencing factors and possible scenarios for further digital evolution were identified, which will allow
developing recommendations for increasing the efficiency of State policy in the field of digital development.

Keywords: modeling; digitalization; cluster analysis; transition matrix; digital transformation.
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La6envHuk T. B., Mpokonosuy C. B., [6o30uybKuli B. C., Tecnexko [. A. ModentosaHHA KnacmepHoi cmpykmypu ma mpaekmopili

Yughposo2o po3sumky KpaiH EC Memodamu MAWUHHO20 HOBYAHHSA
CmpimKuli po38UMOoK yupposux mexHonozili 00KOPiHHO MPAHCOPMYE eKOHOMIYHI cucmemu, modeni bisHecy ma cycninbHi npouecu. Ljugpposizayis cmae
K/110408UM YUHHUKOM MIOBULYEHHSA KOHKYPEHMOCTPOMOXHOCMI OepXcas, CMPUAE iHHOBAYIlIHOMY 3pOCMAHHI0, egheKMUBHIWOMY ynpasniHHIO pecypcamu ma
thopmysaHHIO Hosux (hopm 83aEmMODii Mixc 2pomadsHamu, bisHecom i Oepxcasoro. lpome Hapasi piseHs YugpPoso2o po3suMKy ceped KpaiH ecepeduHi EC €
HepigHoMipHUM. Bidpi3HAEMbCA AK Yugposa iHpacmpykmypa, mak i piseHb YUgPoBUX HABUYOK HaceneHHs ma bisHecy. Tomy cmae akmyansHoK po3pobKa
ma 8nposad#eHHs KoMMeKcHozo nidxody 0o aHani3y npouecie yugposoi mpaHchopmayii ma mexaHismie yugposoi esontoyii, ujo 00380UMb BUSBUMU
CMPYKMypHi 3aKOHOMIPHOCMI M KAGCUGDIKysamu 2pynu KpaiH, 0 Makox: nposodumu MOHIMOPUHe, AK KpAiHU NepemiusyomeCs MiX Pi3HUMU PIBHAMU Yud-
08020 pO38UMKY Ma nid 8nausom akux hakmopie. Memoto pobomu € 8uAgnEHHA CMPYKMYPHUX 3aKOHOMIpHOCMel Yugposoi mpaHcgopmayii ma oyiHKa
N03UYiOHY8aHHA KPaiH y yugposomy npocmopi EC, a marox npocmexceHHs mpaekmopii yughposoi esontoyii depxcas. ¥ pobomi byno 0brpyHmMosaHo, wjo
Memodu MAWUHHO20 HABYAHHS, G CaMe — IEpapPXiYHi Memodu Kaacmepu3ayii ma memod mampuyb nepexodis, 00360/5:0Mb KOMMEKCHO docnidumu 6azamo-
BUMIPHY CMpPyKmypy Yughposoi mpaxcghopmayii, po3nodinumu KpaiHu i3 nodibHUMU mpoinamu yupposizayii ma npocmexumu mpaekmopii pyxy KpaiH y
Yaci, wo, C80EK Yepaoto, 00380/UMb OUIHUMU echekmueHicme nosimuku EC y pamKax 8UsHa4eHUx cmpamezili po3gUMKY, Kopuayeamu ma onmumizysamu ii.
3a donomozoto po3pobreHoi modeni KnacmepHozo aHanizy 6yno ouiHeHo dugepeHuiayito KpaiH EC 3a pisHeM Yyugposo20 PO3BUMKY y 8U3HA4YEHOMY bazamo-
8UMIpHOMY iHhopmauiliHo-yughposomy npocmopi. byso peanizosaHo modenb aHanizy mpaekmopili yugposozo po3sumky KpaiH EC Ha 0CHOBI AOCAIOHEHHS
KaacmepHoi cmpykmypu 3a 00nomo20t0 Mampuui nepexodis, wo 003804€ oyiHumu meHoeHyjii, cmabinbHicme i weudkicme yupposux 3miH. 3a pesynema-
mamu 0ocnioxeHHs 6ya0 oyiHeHo MOMoYHUL CMaH Yugposoo po3gumky KpaiH EC, 8USBAEHO K 302a/bHI 00820CMPOK0BI MeHOeHUii, MaK i iHOUGIOyanbHi

Mpaekmopii OKpemux KpaiH, 8U3HaYeHO hakmopu enaugy ma MoxIuei cueHapii nodanbuwioi yupposoi esonoyii, wo 00380aUMb Po3pobUMU peKomeHAayi

w000 nidsuweHHs ehekmueHOCMi OepHasHoi NOAIMUKU y chepi Yugpposo20 po3sUMKY.
Knroyosi cnoea: modentosarHs; 0idxumanizayis; kaacmepHuli aHaniz; Mampuys nepexodie; Yugposa mpaHcopmayis.
Puc.: 7. Taba.: 3. biba.: 15.
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ithin the EU, digitalization is seen as a stra-
tegic priority that stimulates economic
growth, increases competitiveness, pro-
motes innovation and improves the quality of life of
citizens [1]. The EU approach emphasizes a holistic
framework that integrates technological, economic,
social and regulatory aspects to ensure sustainable
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digital progress in all Member States [13]. Accordingly,
digitalization is seen as a factor in strengthening com-
petitiveness, increasing labor productivity, forming a
single European digital market and ensuring a sustain-
able transition to a knowledge-based economy.
However, digital development is uneven both be-
tween countries and between sectors of the economy.

267

EKOHOMIKO-MATEMATWYHE MOLENHOBAHHA

EKOHOMIKA



EKOHOMIKO-MATEMATWYHE MOLENHOBAHHA

EKOHOMIKA

There are significant differences in access to digital
infrastructure, the level of digital skills of the popula-
tion, the pace of business digitalization and the devel-
opment of the ICT sector. In these conditions, there
is a need for a deep quantitative analysis of digital
transformation processes, which allows identifying
structural patterns, identifying groups of countries
with similar digitalization profiles and tracking the dy-
namics of changes over time. Of particular importance
is the study of how countries move between different
levels of digital development, what factors influence
these changes, and whether there is convergence of
digital capabilities within the EU.

herefore, it is extremely important to further

I study the mechanisms of digital evolution, us-

ing modern digital, IT methods, including ma-

chine learning methods. And the distribution of mem-

ber states by clusters and the comparison of clustering

results in dynamics will allow adjusting and optimiz-

ing state policy within the framework of the defined

strategies Europe 2020, Digital Single Market Strategy,
Digital Compass 2030, etc. [1; 2; 13].

Analysis of scientific research and publica-
tions. Due to the great relevance of digital transfor-
mation issues, many Ukrainian and foreign scientists
have recently been studying the mechanisms of digital
evolution. For instance, ]. Hunady, P. Pisar, S. Khawaja,
F. H. Qureshi in their work [3] classified EU countries
by digital readiness, compared indicators before and
during the pandemic. Moreover, as a tool, scientists
justified the use of Data Science methods, namely clus-
ter and factor analysis.

Akhnovska I., Bondarenko R. in [4], and Ches-
nokova N. in [5] analyze scientific and methodological
approaches to defining digitalization and digital trans-
formation.

Ratushnyak T. V. et al. in their work [6] analyze
the Digital Economy and Society Index (DESI) [2] and
investigate its application for assessing the digital de-
velopment of European countries.

In their studies [8; 10] Khaustova V. E. et al. de-
veloped a methodological approach to analyzing the
impact of digitalization factors on economic develop-
ment based on a cognitive approach, and also identi-
fied factors for increasing the effectiveness of digitali-
zation process management strategies.

Researchers [9] focus on identifying those fac-
tors that have a significant impact on the sustainable
economic development of countries, and justify that
in modern conditions, sustainable development is
possible only with the successful implementation of
digitalization processes.

Nevertheless, despite the scientific value of the
aforementioned studies, the works do not fully sub-
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stantiate possible scenarios of further digital evolu-
tion, and therefore, studies devoted specifically to
tracing both general trends in the development of
digitalization and individual development trajectories
of individual countries, taking into account the differ-
ent speeds of digital change, have great theoretical and
practical value.

Aim of the article. The aim of this article is to
to identify structural patterns of digital transformation
and assess the positioning of countries in the EU digi-
tal space, as well as to trace the trajectories of digital
evolution of states using modern methods of Data Sci-
ence. To achieve this goal, machine learning methods
were used, namely hierarchical clustering methods
and transition matrix methods. The information base
of the study is open Eurostat data [14], which forms
a comprehensive system of digitalization indicators
within the Science, technology, digital society / Digital
economy and society section.

Results. Analysis of available multi-year data
series allows us to trace a steady increase in the level
of digitalization in most EU countries. The most no-
ticeable positive changes are observed in the area of
Internet access and digital skills of the population [7;
12]. The latter, to some extent, determines the ability
of the economy to adapt to new technological condi-
tions. Most EU countries demonstrate a positive trend
in terms of increasing the share of the population with
basic or higher digital competencies. At the same time,
there is a gap between highly developed countries and
countries that are only approaching the average Euro-
pean indicators.

t the same time, the indicators of the ICT sec-
Ator also demonstrate a gradual increase in the
economic role of the digital technology indus-
try. The share of gross value added created by the ICT
sector and the share of employment in this area are in-
creasing in most countries. The volume of e-commerce
is also growing, and the use of ERP, CRM and BI sys-
tems indicates the gradual integration of digital tech-
nologies into production and management processes.
However, the pace of these changes varies significantly
between EU countries: enterprises in Northern and
Western European countries are implementing digital
management systems much faster, while most Central
and South-Eastern European countries are demon-
strating moderate progress.
Thus, the dynamics of various indicators indicate
a gradual equalization of the levels of digitalization
between EU countries, although structural differences
persist. Northern and Western countries are steadily
maintaining their positions as digital leaders, while
Southern and Eastern European countries are demon-
strating high growth rates, catching up with Central
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European standards. The identified trends confirm the
need for further research into the relationships be-
tween groups of countries, including identifying fac-
tors that determine the differentiation of the pace of
digital transformation and analyzing structural transi-
tions in their digital development [15].

To achieve the goal set in the study, clustering
methods (in particular, the k-means method, the Ward
method) were used to divide countries into typological
groups according to their positions in the digital space
for several selected time periods. This makes it possible
to assess the differentiation of countries within the EU,
identifyleaders and outsiders, and also trace the dynam-
ics of changes over time. As indicators characterizing
digitalization, the indicators described in the previous
study [11] were taken, divided into 4 groups: Group 1 —
Digital inclusion of the population; Group 2 -
Digital skills (competences); Group 3 — Business digi-
talization; Group 4 — Digital Economy (ICT economy).

The solution of the problem of determining the

optimal number of clusters was performed us-

ing the following tests: the Elbow Method, the
Silhouette Method, and the gap statistics. The results
of applying these methods are presented in Fig. 1.

Elbow Method

160

140 +

120 +

Inertia

100 +

80

60

As can be seen from Fig. 1, the results of the el-
bow method show a “bend” for 3 and 6 clusters, so it is
not possible to accurately determine the optimal num-
ber of clusters. However, the results of the silhouette
method and gap statistics show that the maximum co-
efficient corresponds to the number of clusters equal
to 2. However, this division of the EU countries into
only two groups according to the level of digital devel-
opment is not informative, so it is concluded that the
optimal division of countries is precisely into 3 clusters.

Fig. 2 shows the distribution of countries ob-
tained based on the k-means method, implemented
in Python, in the space of two principal components
found and interpreted in a previous study [11].

An identical result was obtained when using the
Ward method (Fig. 3).

Fig. 4 shows graphs of the average values of digi-
talization indicators for each of the three clusters.

Fig. 5 shows the members of each cluster and
their distance to the center of the cluster.

Cluster 1 with low values of digitalization indi-
cators includes the following 8 countries: Bulgaria,
Greece, Croatia, Italy, Cyprus, Poland, Portugal, Ro-
mania. Cyprus and Italy have the shortest distance
from the center of the cluster.

Average Silhouette Score

0.34

0.32

0.30 7

0.28 4

Silhouette

0.26

0.24 4

0.22

Gap Statistic

Fig. 1. Determining the optimal number of clusters using the elbow, silhouette, gap-statistics methods (2013)

Source: compiled by the authors.
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Source: compiled by the authors.
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Fig. 2. Distribution of countries in the space of two principal components (2013)
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Source: compiled by the authors.

Cluster 2 with medium values of digitaliza-
tion indicators includes the following 13 countries:
Belgium, Czechia, Germany, Estonia, Spain, France,
Latvia, Lithuania, Hungary, Malta, Austria, Slovenia,
Slovakia. Slovakia has the shortest distance from the
center of the cluster.

Cluster 3 with high values of digitalization indi-
cators includes the following 6 countries: Denmark,
Ireland, Luxembourg, Netherlands, Finland, Sweden.
Sweden has the shortest distance from the center of
the cluster, and Ireland has the largest distance.

270

Lithuania

France
Austria
Slovenia
Czechia
Germany
Belgium
Slovakia
Ireland
Finland
Denmark
Sweden

Luxembourg
Netherlands

Fig. 3. Dendrogram by the Ward's method in Python (2013)

The quality of clustering can be assessed using
data from the table of analysis of intra-cluster and in-
ter-cluster variances (Fig. 6).

As can be seen from Fig. 6, the division into three
clusters is very qualitative. For all indicators, high sta-
tistical significance is observed according to the Fisher
test. The error level (signif. p) is much lower than the
threshold level of 0.05.

Similar calculations were performed for the other
three periods of the study (2016, 2020 and 2024). Thus,
for all periods, the optimal division was precisely into
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Plot of Means for Each Cluster
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Fig. 4. Graph of average values of indicators for each cluster (2013)

Source: compiled by the authors.
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Luxembourg 0,423522
Netherlands 0,549108
Finland 0.901197
Sweden 0.406431

Fig. 5. Members of each cluster and distances to the cluster center (2013)

Source: compiled by the authors.

3 clusters, and the quality of clustering was very high.
It was concluded that for the periods of 2013, 2016,
2020, the clustering results were similar, and the cluster
member countries coincided in general. But the results
of the division into clusters in 2024 are very different,
and the average values of digitalization indicators for
each of the three clusters are also different (Fig. 7).

Tbl. 1 shows the results of dividing the EU coun-
tries into three clusters in 2024.
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Thus, cluster 1 with low values of digitalization
indicators in 2024 includes only 2 countries: Bulgaria,
Romania.

Cluster 2 with average values of digitalization in-
dicators in 2024 includes the following 11 countries:
Germany, Greece, France, Croatia, Italy, Latvia, Lithua-
nia, Poland, Portugal, Slovenia, Slovakia. Slovenia has
the smallest distance from the center of the cluster.
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Analysis of Variance (Digitalisation Normalized Dataset)
Between | df Within df F signif.

\/ariable SS SS p
LIA_13 19928771 2 6.07123 24 3938993 0.000000
UI_13 2120425 2 479575 24 5305766 0.000000
(lUs_13 19.17866 2 682134 24 3373876 0,000000
IUSN_13 1474717 2 1125283 24 1572637 0,000043
IUHI_13 17.08%58 2 8.94042 24 2289767 0.000003
IUOC_13 832020 2 17.67980 24 564726  0.009773
EnQO 13 9.,00798 2 16,99202 24 6,36156  0,006071
ETE_13 945684 2 1654316 24 6.85976  0.004403
%GVA_13 936823 2 1663177 24 6.75927 0.004694
%PTE_13 17.48765 2 8.51235 24 24 65264 0.000002

Fig. 6. Analysis of variance table (2013)

Source: compiled by the authors.

Plot of Means for Each Cluster
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Fig. 7. Graph of average values of indicators for each cluster (2024)

Source: compiled by the authors.

Cluster 3 with high values of digitalization in-
dicators includes the following 8 countries: Belgium,
Czechia, Denmark, Estonia, Ireland, Spain, Cyprus,
Luxembourg, Hungary, Malta, Netherlands, Austria,
Finland, Sweden. The Czech Republic has the smallest
distance from the center of the cluster, and the largest,
as always, Ireland.

hus, within the framework of this study, clus-
I tering was carried out according to ten integral
indicators of digitalization of the population,
business and digital economy based on normalized
data for 2013, 2016, 2020 and 2024. The results ob-
tained will allow us to determine the trends of digital
transformation based on the analysis of the dynamics
of the cluster structure.
And at the next stage of the study, an analysis of
the dynamics of the cluster structure was conducted by
constructing transition matrices that reflect the move-
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ment of countries between clusters over time, which
allows us to assess the trends, stability and speed of
digital change.

First, the structure of digital inequality in 2013—
2020 was analyzed. Thus, in 2013, a classic three-level
model of digital development was traced: 1) Cluster 1
(low level): mainly Southern and Eastern European
countries (8 countries); 2) Cluster 2 (medium level):
the most numerous group of 13 countries; 3) Cluster 3
(high level): 6 technologically advanced countries of
the North and Benelux. The same three-layer struc-
ture is preserved in 2016 and 2020, although the inter-
cluster distance is gradually decreasing.

The study of the trajectories of countries' move-
ment between clusters was carried out on the basis of
constructing a transition matrix. Transition matrix
M= (mij) is formed according to the rule:

m; = number of countries that moved
from cluster i to cluster j,
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Table 1

Results of dividing the EU countries into three clusters in 2024

Country Cluster Dist. Country Cluster Dist. Country Cluster Dist.
Bulgaria 1 0427 | Germany 2 0424 | Belgium 3 0.628
Romania 1 0.427 Greece 2 0.982 Czechia 3 0.381

France 2 0.789 Denmark 3 0.983
Croatia 2 0.765 Estonia 3 0.930
Italy 2 0.463 | lIreland 3 1.796
Latvia 2 0.868 Spain 3 0.710
Lithuania 2 0.768 | Cyprus 3 0.892
Poland 2 0.566 | Luxembourg 3 0.926
Portugal 2 0.365 Hungary 3 0.636
Slovenia 2 0.382 Malta 3 0.624
Slovakia 2 0.543 Netherlands 3 0.779

Austria 3 0.573

Finland 3 0.708

Sweden 3 0.408

Source: compiled by the authors.

where i — cluster in the previous period, j — cluster in
the next period.

Three situations are possible:

— a country retains its cluster — elements on the
main diagonal of the matrix;

— a transition to a cluster with higher digitaliza-
tion parameters — elements above the main diagonal;

— a “fall” to a lower cluster — elements below the
main diagonal.

Let us consider the transition matrix for the pe-
riod 2013-2016, which will allow us to examine the
trajectories of countries’ movement between clusters
(Tbl. 2).

As can be seen from Tbl. 2, none of the countries
worsened their position over the period from 2013 to
2016. On the contrary, there was an improvement in
the positions of the following countries: Croatia, Po-
land, Portugal, which moved to cluster 2, as well as
Belgium and Estonia moved from the second to the
third cluster. And none of the countries made a “jump”
through the cluster.

Similarly, a transition matrix was constructed
for 2016-2020. Thus, during this period, countries are
characterized by movements not only “forward’; but
also “backward” The decrease in the share of “outsider”
countries in 2016 (from 8 to 5), as well as its repeated
increase in 2020 (to 7) indicates the instability of digi-
tal alignment processes at different stages of develop-
ment of digital services and infrastructure.

Thl. 3 presents the transition matrix for 2020-
2024.
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During the period 2016-2020, a clear stability of
the group of digital leaders is recorded: cluster 3 in-
cludes Denmark, Finland, Sweden, Netherlands in all
years. Sweden has consistently the smallest distance to
the center of the cluster, which indicates its status as
the “anchor” center of digital progress in the EU. In
contrast, Ireland has demonstrated the greatest dis-
tance to the center of the high digitalization cluster in
all years, which reflects structural disparities between
individual components of its digital development
(high Internet activity of the population and uneven
development of the digital economy).

From Tbl. 3, it can be seen that none of the EU
countries worsened its position in terms of digital de-
velopment during the period from 2020 to 2024. All
changes occurred on the main diagonal of the matrix
and above it.

ext, an assumption was made about a struc-

tural break in the digital development of the

EU countries in 2024. Thus, in 2024, a qualita-

tive transformation of the cluster structure is observed,
which is significantly different from previous periods.
The cluster with low digitalization values is reduced to
two countries (Bulgaria, Romania), which indicates a
sharp decrease in digital inequality in the lower segment.
At the same time, the cluster with an average level of
digital development decreases to 11 countries, while the
cluster with high digitalization increases to 15 countries.
Thus, in 2024, a massive shift of countries from

the average level of digitalization to the group of lead-
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Transition matrix (2013-2016)

Table 2

Cluster 1 (2016)

Cluster 2 (2016)

Cluster 3 (2016)

Previous number
of countries

5 countries remain:

3 countries moved:

Cluster 1 (2013) Bulgaria, Greece, Italy, Croatia, Poland, - 8
Cyprus, Romania Portugal
11 countries remain:
Czechia, Germany,
Spain, France, Latvia, 2 countries moved:
Cluster 2 (2013) h Lithuania, Hungary, Belgium, Estonia 13
Malta, Austria,
Slovenia, Slovakia
6 countries remain:
Denmark, Ireland,
Cluster 3 (2013) - - Luxembourg, 6
Netherlands, Finland,
Sweden
Actual number 5 14 8 27
of countries
Source: compiled by the authors.
Table 3
Transition matrix (2020-2024)
Cluster 1 (2024) Cluster 2 (2024) Cluster 3 (2024) Previous number

of countries

2 countries remain:

5 countries moved

of countries

Cluster 1 (2020) Buloaria Romania up: Greece, Croatia, - 7
gana, Italy, Poland, Portugal
. . 7 countries moved
6 countries remain: . .
Germany. France up: Belgium, Czechia,
Cluster 2 (2020) - nany, o Spain, Cyprus, Lux- 13
Latvia, Lithuania,
; : embourg, Hungary,
Slovenia, Slovakia .
Austria,
7 countries remain:
Denmark, Estonia,
Cluster 3 (2020) - - Ireland, Malta, 7
Netherlands, Finland,
Sweden
Actual number ) 1 14 27

Source: compiled by the authors.

ers is noted, confirming the effect of technological lev-
eling, the accumulation of digital competencies of the
population, and the growth of digital business activity.

It should be noted that Poland, Portugal, Italy +
and Croatia, which in 2013-2020 were in the “lower”

cluster, rise to the middle in 2024. At the same time,

the Czech Republic, Estonia, Spain, Cyprus, Malta and
Austria move to the high digitalization cluster.
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he dynamics of distances to the cluster centers
was also analyzed, which allows us to examine
changes in the internal homogeneity of clusters:

Stable “cluster anchors” are observed: Sweden —
in the leader cluster; Slovakia and Austria — in
the medium-level cluster; Romania and Bul-

garia — in the low-level cluster.
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+ A decrease in inter-cluster dispersion by 2024,
which indicates the convergence of digital de-
velopment.

+ The increase in Ireland's distance in the leader
cluster (to 1.796 in 2024), indicating a dispro-
portionate growth of individual digital econo-
my indicators compared to other components
of inclusion and business digitalization.

Thus, the general trends of the digital transfor-
mation of the EU countries were identified:

+ convergence of digital development: by 2024,
almost all EU countries demonstrate conver-
gence in terms of the level of digitalization, as
evidenced by a sharp reduction in the "lower"
cluster;

+ expansion of the group of digital transformation
leaders: in 2024, the high digitalization cluster
became the largest for the entire period;

+ strengthening the role of digital inclusion: al-
most all "new leaders" (Czech Republic, Spain,
Malta, Austria, Cyprus) made a breakthrough
precisely due to the widespread use of the In-
ternet by the population and the growth of
digital competencies;

+ the lag of the digital economy from the pace of
digitalization of the population and business:
the indicators of %GVA and %PTE indicators
demonstrate the least sensitivity to structural
changes, which may indicate a slower transfor-
mation of the labor market and the structure of
added value;

+ stability of the Nordic countries as the undis-
puted leaders of the EU digital ecosystem.

CONCLUSIONS

Thus, the paper systematizes the theoretical
foundations of digital transformation and outlines its
role in the socio-economic development of countries.
It is shown that digitalization is the basis for increas-
ing the competitiveness, productivity and innovative
activity of the economy.

The study implemented a cluster analysis model,
which allowed grouping EU countries by the level of
digital development based on the k-means and hierar-
chical clustering methods. This model provides a divi-
sion of countries into typological groups according to
their positions in the digital space, which makes it pos-
sible to assess the differentiation of countries within the
EU, identify leaders and outsiders of digital develop-
ment, and also trace the dynamics of changes over time.

The implementation of a model for analyzing
the trajectories of digital development of EU coun-
tries based on a study of the cluster structure made it
possible to track the movement of countries between
clusters in dynamics using a transition matrix, which
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allows assessing trends, stability and speed of digital
changes.

hus, the proposed comprehensive model al-

I lows us to assess not only the current state
of digital development of EU countries, but

also to identify long-term trends, influencing factors
and possible scenarios for further digital evolution.
Comparing the cluster structure in dynamics made it
possible to trace both changes in digital development
trends common to all EU countries and individual tra-
jectories of countries. u
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