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Abstract. Multiple studies have shown that Information and Communication Technology (ICT) 
has boosted the growth of the global economy and improved the quality of life. At present,  
a significant proportion of innovations and new patents are held by companies operating in 
the ICT sector.  
 This study has two primary aims. The first of them is an analytical comparison of industrial 
investments in research and development (R&D) in ICT-related companies in various countries 
from the European Union. The second is to examine the relationship between these invest-
ments and each country’s digital performance illustrated by the Digital Economy and Society 
Index (DESI). The main contribution of this paper is a proposal of a means to determining the 
quantitative relationship between R&D and DESI as well as the identification of the most  
important DESI component. The author focuses on the largest R&D investors from a list of 1,000 
companies, created on the basis of data published by the Economics of Industrial Research and 
Innovation (IRI), covering the years 2013–2019. Both variables (DESI and R&D) have a clear joint 
group structure found by Ward’s hierarchical clustering. Furthermore, an exponential law was 
identified predicting an increase of 18% in R&D expenditure when a 1 percentage point growth 
in DESI is observed. Among all the components of DESI, the applied random forest model 
proves human capital is the most important factor attracting R&D investments.  
 Moreover, a separate analysis of R&D relating to the analysed companies showed a growing 
trend in R&D investments with its predicted value reaching over 46 billion euro in 2021. 
Keywords: ICT sector, industrial R&D investment, Digital Economy and Society Index, innova-
tion 
JEL: O30, C10 

 

Inwestycje w badania i rozwój czołowych firm sektora ICT  
z krajów Unii Europejskiej  

 
Streszczenie. Badania wskazują, że technologie informacyjno-komunikacyjne (ICT) istotnie 
wpływają na rozwój światowych gospodarek i poprawiają jakość życia społeczeństwa. Obecnie 
znaczna część innowacji oraz zgłoszonych patentów dotyczy sektora ICT. Pierwszym celem 
artykułu jest analiza inwestycji przemysłowych w badania i rozwój (B+R) firm należących do 
sektora ICT, które mają siedzibę w Unii Europejskiej. Drugi cel polega na zbadaniu związku tych 
inwestycji z poziomem cyfryzacji przy wykorzystaniu złożonego Indeksu Gospodarki Cyfrowej  
i Społeczeństwa Cyfrowego (DESI). Główny wkład badania omawianego w artykule to propozy-
cja ustalenia ilościowej zależności pomiędzy B+R oraz DESI, a także identyfikacja najistotniej-
szego składnika DESI. Analizy oparto na rankingu tysiąca największych inwestorów B+R, opra-
cowanym na podstawie danych z Economics of Industrial Research and Innovation (IRI) za lata 
2013–2019. Zastosowano hierarchiczne grupowanie Warda. 
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 W wyniku analiz stwierdzono, że obie badane zmienne mają wyraźną strukturę grupową. 
Ponadto zaobserwowano istnienie zależności wykładniczej przewidującej wzrost wydatków na 
B+R o 18%, kiedy DESI wzrośnie o 1 p.proc. Model lasów losowych posłużył do wskazania kapi-
tału ludzkiego jako najważniejszego czynnika wpływającego na wydatki na B+R poszczegól-
nych firm.  
 Przeprowadzone badanie pozwala zauważyć rosnący trend w inwestycje B+R w sektorze ICT 
o przewidywalnej wartości ponad 46 mld euro w roku 2021. 
Słowa kluczowe: sektor ICT, inwestycje w badania i rozwój w przemyśle, Indeks Gospodarki 
Cyfrowej i Społeczeństwa Cyfrowego, DESI, innowacje 

1. Introduction 

Information and Communication Technologies (ICT) are a family of technologies 
that process, collect and send information in an electronic form (EPID, 2015;  
Investin, 2017). There is a significant relationship between ICT and the economic 
growth in developed countries (Jin & Cho, 2015; Sepehrdoust, 2018). Cross-sectional 
studies show that ICT development has played a key role in boosting the growth of 
productivity in developed countries (Doong & Ho, 2012; GUS, 2017; Hong, 2017; 
Jorgenson & Vu, 2016; Pradhan et al., 2018; Sepehrdoust, 2018; Sylwestrzak, 2018; 
Vu, 2013; Żelazny, 2015). ICT has also brought new forms of employment: the num-
ber of ICT specialists1 in the EU grew by 40.0% in the years 2011 to 2019. In 2019, 
approximately 7.8 million persons worked as ICT specialists across the EU. The 
highest number (1.7 million) were employed in Germany, which accounted for 
21.5% of the total ICT staff in the EU. The second largest ICT employer (14.4% of 
the EU total) was France, with 1.1 million ICT specialists (Eurostat, 2019). 
 There is a widespread agreement on the importance of innovation which is con-
sidered key drive for Europe’s competitiveness, growth and jobs (Pesole, 2015). Ac-
cording to OECD & Eurostat (2005) ‘An innovation is the implementation of  
a new or significantly improved product (good or service), or process, a new marketing 
method, or a new organisational method in business practices, workplace organisa-
tion or external relations’. Innovation has become increasingly important for com-
pany survival, growth, and profitability in rapidly changing business environments 
(Hilmersson & Hilmersson, 2020). At present, the ICT sector is responsible for  
a significant part of all innovatins in the economy. Digital innovations are revo-
lutionising the way businesses and industries operate (EPO, 2020). Patent statistics 
published by the European Patent Office (EPO) show that digital technologies have 
taken the lead in terms of filed patent applications, and reflect their key role in the 
digital transformation. Patent applications in digital communications grew by 19.6% 

 
1 ’ICT specialists are defined as persons who have the ability to develop, operate and maintain ICT systems 

and for whom ICTs constitute the main part of their job’ (OECD, 2004). 

https://www.sciencedirect.com/topics/social-sciences/cross-sectional-study
https://www.sciencedirect.com/topics/social-sciences/cross-sectional-study
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Glossary:EU_enlargements
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in 2019 (EPO, 2020). The digital megatrends include Artificial Intelligence, Internet 
of Things, Virtual and Augmented Reality, Big Data and Cloud technology (Liu, 
2017; Schwab, 2017).  
 The available information is not sufficient to create a full and coherent picture of 
Research and Development (R&D) investment in the ICT sector, neither does it 
provide the particulars relating to the top R&D investors. Moreover, it fails to 
demonstrate clearly the factors determining such investment. Consequently, many 
studies present technical reports providing only basic statistical data, the evolution 
of the main companies’ performance indicators or related background information 
(e.g. Hernández et al., 2018, 2019). However, some studies do analyse the inter-
nationalisation of the R&D activity (e.g. Daiko et al., 2017; Nepelski & De Prato, 2012).  
 This study describes investment in R&D by top EU investors from the ICT sector, 
with a focus on 16 countries where the company headquarters is registered. The 
analysis goes further by presenting the relationship between each country’s volume 
of R&D activity and their corresponding digital performance, illustrated by the  
Digital Economy and Society Index (DESI). 
 This study has two primary aims. The first of them is an analytical comparison of 
industrial investments in R&D in ICT-related companies in various countries from 
the EU. The second is to examine the relationship between these investments and 
each country’s digital performance illustrated by DESI. 

2. Methodology 

It is expected that companies based in countries with a highly-developed digital 
economy will invest more in R&D. This claim was studied through a statistical  
analysis of DESI (European Commission, 2020a) and a dataset of top R&D investors 
(European Commission, 2020c). 

2.1. Dataset 

The research examines changes in R&D investment since 2013 among the largest 
corporate R&D investors in the EU. For this purpose, the EU Industrial R&D  
Investment Scoreboard (further referred to as ‘Scoreboard’) from the European 
Commission Economics of Industrial Research and Innovation (IRI) database was 
analysed. The Scoreboard provides economic and financial data as well as analyses 
regarding the largest R&D investors in the EU. It is based on data drawn directly 
from each company’s Annual Report. The Scoreboard is published annually and 
constitutes a reliable, timely benchmarking tool for making comparisons across 
sectors, geographical areas and companies; it also provides data which enables the 
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monitoring and analysis of emerging investment trends and patterns. The Score-
board refers to all of the R&D financed by a particular company through its own 
funds, although not necessarily carried out in the country in which the company is 
registered (Hernández et al., 2016, 2018, 2019).  
 A database of selected ICT industries from 2013 to 2019 was created. The head-
quarters of the EU top R&D investors from the ICT sector are based in 16 countries, 
however their subsidiaries could be geographically spread. Assigning companies to 
industrial sectors according to the existing classification systems could be problem-
atic, because sector descriptions are often inconsistent with the firms’ actual business 
activities, which results from the fact that many of them operate within more than 
one industrial area. However, companies usually indicate their main sector of activi-
ty in their annual reports.  
 As a part of the analysis of the ICT sector, the author extracted the companies of 
interest according to their sector classification ICB4 digits (Hernández et al., 2018) 
and the International Classification Benchmark (FTSE, 2012) from among a selec-
tion of firms from different fields. As a result, the ICT-related companies were 
grouped into the following industries: 
• Software and Computer Services; 
• Electronic and Electrical Equipment; 
• Fixed Line Telecommunications; 
• Mobile Telecommunication; 
• Technology Hardware and Equipment. 
 In the period 2013–2019, out of 7,000 companies from all industries, as many as 
1,684 were classified as ICT-related (24%). These companies were located in 16 
countries (except 2019, when there was no firm from Portugal in the classification, 
leaving 15 countries that year). 

2.2. Digital Economy and Society Index 

The Digital Single Market strategy implemented by the European Commission (EC) 
aims to create digital opportunities for people and businesses and to strengthen  
Europe’s position as the world leader in the digital economy. Further development 
of the digital economy is considered crucial for increasing the competitiveness of 
EU’s economy (Eurostat, 2018). Currently, there are many indicators that parame-
terise the volume of digitisation at both the national and global level. Optimising the 
process of selecting indicators leads to an effective assessment of the dynamics of 
development and allows its prediction.  
 DESI is a composite index published every year by the European Commission EC 
since 2014, measuring the progress of EU countries towards a digital economy and 
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society. The DESI measurement uses a 0–1 scale (alternatively expressed in per-
cents). The DESI 2018 is composed of five principal policy areas (DESI dimensions) 
which are divided into 14 sub-dimensions, and those are finally organised into 34 
indicators (Table 1). However, in order to improve the methodology and to measure 
the actual level of digital development in member states taking into account the lat-
est technological developments, a number of changes were introduced to the DESI 
2019. As a result, DESI 2019 consists of 44 indicators, including new ones which 
consider 5G readiness, Big Data, at least basic software skills, female ICT specialists, 
ICT graduates and Cloud or online courses, all of which are distributed throughout 
the five DESI dimensions. 
 In order to aggregate indicators expressed in different units into the dimensions 
and sub-dimensions of DESI, these indicators were subject to normalisation by 
means of the min-max method, which involves a linear projection of each indicator 
onto a scale between 0 and 1 (European Commission, 2018a, 2018b, 2020b;  
Kisielnicki, 2016). 
 Some dimensions, sub-dimensions and individual indicators are more relevant 
than others, and for this reason they have been given a greater weight in the compu-
tation of the final DESI (European Commission, 2020b, p. 14). The chart presents 
the overall weights attributed to the main DESI dimensions, which reflect the EU’s 
digital policy priorities, and their short descriptions. 

 
Chart. DESI dimensions 

Dimension  
(with weight in %) 

Sub-dimension  
(with number of indicators  

within sub-dimension) 
Dimension description 

1 – connectivity (25) fixed broadband (2), mobile 
broadband (2), fast broadband 
(2), ultrafast broadband (2) and 
broadband prices (1) 

measures the deployment of broadband infra-
structure and its quality; access to fast and 
ultrafast broadband-based services is neces-
sary to increase competitiveness 

2 – human capital (25) basic skills and internet use (2), 
advanced skills and develop-
ment (2) 

measures the skills needed to take advantage 
of the possibilities offered by digital technolo-
gy 

3 – use of internet ser- 
vice (15) 

citizens’ use of content (3), 
communication (2) and online 
transactions (2) 

accounts for a variety of online activities, such 
as the consumption of online content, video 
calls and online shopping and banking 

4 – integration of digital 
technology (20) 

business digitalisation (5) and e- 
commerce (3) 

measures the digitalisation of businesses and 
e-commerce; by adopting digital technologies, 
businesses can enhance their efficiency, re-
duce costs and engage customers and busi-
ness partners to a greater extent; moreover, 
the internet as a sales outlet offers access to 
wider markets, thus providing considerable 
potential for growth 
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Chart. DESI dimensions (cont.) 

Dimension  
(with weight in %) 

Sub-dimension  
(with number of indicators  

within sub-dimension) 
Dimension description 

5 – digital public ser-
vices (15) 

e-Government (5) and e-Health 
(1) 

measures the digitalisation of public services, 
focusing on e-Government and e-Health; 
modernisation and digitisation of public ser-
vices can lead to their higher level of efficien-
cy, benefiting the public administration, the 
citizens and businesses 

Source: The author’s work based on European Commission (2018a). 

2.3. Local linear trend model 

In order to analyse trends in quantitative terms and make predictions for the future, 
a local linear trend model (LLT) is fitted to the data. The LLT models time-series by 
introducing a hidden variables level (l) and slope (s), which are interpreted as the 
local value and local rate of changes, respectively. The observed time-series (o) is 
assumed to be a noisy observation of the level. Formally, the LLT is defined as below 
(Durbin & Koopman, 2012): 
 

        𝑠𝑠𝑡𝑡 = s𝑡𝑡−1 + 𝜖𝜖1,        𝜖𝜖1 ∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(0,𝜎𝜎𝑠𝑠), (1) 
 

 𝑙𝑙𝑡𝑡 = 𝑙𝑙𝑡𝑡−1 + 𝑠𝑠𝑡𝑡 + 𝜖𝜖2,        𝜖𝜖2 ∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(0,𝜎𝜎𝑙𝑙), (2) 
 

              𝑜𝑜𝑡𝑡 = 𝑙𝑙𝑡𝑡 + 𝜖𝜖3,         𝜖𝜖3 ∼ 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(0,𝜎𝜎𝑜𝑜), (3) 
 
where, for every time step 𝑡𝑡, 𝑠𝑠𝑡𝑡, 𝑙𝑙𝑡𝑡, 𝑜𝑜𝑡𝑡 ϵ1, 𝜖𝜖2 and 𝜖𝜖3 are random variables. 
 
 While 𝑠𝑠𝑡𝑡, 𝑙𝑙𝑡𝑡, and 𝑜𝑜𝑡𝑡 depend on values at the previous time step 𝑡𝑡 − 1, the distribu-
tion of noises 𝜖𝜖1, 𝜖𝜖2 and 𝜖𝜖3 do not depend on time. The parameters of the model 
(𝜎𝜎𝑠𝑠 ,𝜎𝜎𝑙𝑙 𝑎𝑎𝑎𝑎𝑎𝑎 𝜎𝜎𝑜𝑜) were fitted using Bayesian inference, implemented in the TensorFlow 
Probability library (Dillon et al., 2017). The confidence of the predictions is reported 
to reach a 95% confidence interval of the predictive posterior distribution.  

2.4. Ward’s hierarchical agglomerative clustering method 

Clustering is a technique which groups similar data points so that the points in the 
same group are more similar to each other than to the points in other groups. The 
group of similar data points is called a cluster. There are many statistical techniques 
that utilise similarities or differences among data and variables. One of the most 
widespread hierarchical clustering method is the Ward method. The hierarchical 
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clustering technique can be visualised by a tree-based representation of the observa-
tions, called a dendrogram. A hierarchical algorithm yields a dendrogram represent-
ing the nested grouping of patterns and similarity levels at which the groupings 
change. The clustering process is performed by merging the most similar patterns in 
the cluster set to form a bigger one (Bouguettaya et al., 2015; Gareth et al., 2017).  

2.5. Linear regression model 

The relationship between DESI and its impact on R&D investment was analysed by 
fitting a linear regression model. A linear regression model is a powerful statistical 
model of dependence between two variables. The regression equation for this model 
is as follows: 
 

 𝑌𝑌 = 𝛽𝛽0 + 𝛽𝛽1𝑋𝑋, (4) 
 
where 𝑌𝑌 is the explained variable (R&D investment), while 𝑋𝑋 is the predictor (value 
of DESI). The model parameters are 𝛽𝛽0 and 𝛽𝛽1. 
 
 In regression with a single independent variable, the coefficient signals how much 
the dependent variable is expected to increase (if the coefficient is positive) or de-
crease (if the coefficient is negative) when that independent variable increases by one 
unit. 
 Linear regression can be prone to providing inaccurate estimates in the presence 
of outliers or heteroscedastic errors. Robust Regression proves effective in over-
coming the problem with outliers, but the coefficient’s standard errors can still  
be biased due to heteroscedasticity. Considering the above, it is essential to check 
whether any of the above-mentioned problems exist prior to drawing any  
conclusions from the model. A formal test for heteroscedasticity could be performed 
by means of, e.g., the studentised Breusch-Pagan test.  
 By design, linear regression assumes that an individual observation is independ-
ent. However, this assumption can be easily violated in a number of ways, including 
the use of observations of the same quantity from multiple years in a single model. 
In this case, either the mixed-effects models could be used to increase the statistical 
strength of the model, or only the independent subset of the data can be used for 
model estimation. 
 Sometimes standard linear regression faces significant limitations in terms of its 
predictive power. An improvement can be made by reducing the complexity of the 
linear model, and, thus, the variance through the use of transform functions (e.g.  
a logarithm) (Gareth et al., 2017). 
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2.6. Random forest regression with feature importance 

Random forest is an ensemble method based on regression trees. Multiple decision 
trees (DT) are trained to predict target variable values from a random subset of pre-
dictors. Each tree depends on the values of a random vector sampled independently, 
with the same distribution for all trees in the forest (Breiman, 2001).  
 Since random forest is a bagging model and every tree is trained on bootstrap 
samples, there are samples which are not used for training this particular tree. In the 
context of bagging models, they are called out-of-bag (OOB) samples and are used to 
estimate the generalisation error without wasting precious samples validating the 
model (Gareth et al., 2017). 
 Random forests could also be used for the assessment of feature importance. Dur-
ing the training process, each tree in the forest selects a predictor to split on; the 
order of predictors depends on the quality of the split data, measured by an impurity 
function (e.g. the Gini Index). The impurity function measures how well two sets of 
label objects are separated. The lower the impurity, the better the separation. The 
feature importance is measured as impurity decrease weighted by the probability of 
reaching a given node in the tree. The higher the impurity decrease, the more im-
portant the feature (Palczewska et al., 2013). 

3. Statistical analysis of DESI and R&D – research results 

The study analysed the volume of investment in research and development made by 
companies from the ICT sector of several EU member states and the relationship of 
that investment with each country’s digital performance expressed by DESI.  

3.1. Investment in R&D in the ICT sector 

For a long time, the importance of investment in ICT and R&D to technical change 
and economic growth has been emphsised (Edquist & Henrekson, 2017). The 
world’s most developed countries allocate the largest funds in R&D. At the same 
time, R&D activity has become more international in recent years in the majority of 
countries (De Prato & Nepelski, 2013; European Commission, 2012; Nepelski & 
De Prato, 2012). Investment in information and technology is essential to a country’s 
integration with the global social system and increasing its competitive power 
(Bozkurt, 2015). Figure 1 illustrates the changes in R&D investments in the ICT 
sector over time. German companies invested the highest amounts, i.e. over 12,000 
million euro in 2019, closely followed by the United Kingdom, the Netherlands and 
France. In 2019 the countries with the lowest investment in R&D included Greece 
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and Poland. The remaining EU countries are not mentioned in the ranking as their 
investment in R&D did not achieve the required minimum; furthermore, the major-
ity of these countries are characterised by a low DESI (Figure 4 p. 36). Among the 
analysed countries, the highest investments were made by the German company 
SIEMENS (operating in the Electronic and Electrical Equipment industry) with an 
R&D investment of 5,909 million euro. The second greatest investor was Nokia from 
Finland (from the Technology Hardware and Equipment industry) with spending on 
R&D amounting to 4,044 million euro. SAP from Germany (operating in the 
Software and Computer Services industry) invested 3,612 million euro, whereas the 
Swedish Ericsson (the company from the Technology Hardware and Equipment 
industry) earmerked 3.484 million euro for this purpose, thus placing itself fourth 
among the highest-investing companies. 

Figure 1. R&D investment in the ICT sector in selected EU countries

Source: the author’s work based on IRI.
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 The industries of the ICT sector which invest in R&D to the greatest extent were 
Technology Hardware and Equipment, whose total annual investment amounted to 
almost 16 billion euro (Figure 2). On the other hand, the Mobile Telecommunications 
industry made the lowest investment in R&D. 

 The greatest volume of investment in R&D made by the ICT sector in 2019 came 
from 15 countries: Germany, Finland, Sweden, the Netherlands, Italy, France, Spain, 
Ireland, the United Kingdom, Luxembourg, Austria, Belgium, Denmark, Poland and 
Greece. The remaining EU countries did not appear in the ranking. 
 As Figure 3a shows, the amount of R&D investment in the analysed companies 
varies across countries. Among EU member states investing the most in R&D in the 
ICT sector in 2019 were: Germany, the Netherlands, the United Kingdom and 
France. Figure 3b presents the quantitative distribution of companies from the ICT 
sector investing most in R&D among EU member states in 2019, which emphasises 
the differences between the amount of R&D investment and the quantitative distri-
bution (e.g. in Figure 3a Germany ranks first and second in Figure 3b). Nevertheless, 

bn EUR
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Figure 2. R&D investment in the ICT sector by industries

Source: the author’s work based on IRI.
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it is worth stressing that more than half of these companies’ affiliates were located in 
four countries: the United Kingdom, Germany, France and Sweden. 

3.2. Digital Economy and Society Index 

Currently, most countries which joined the EU after 2004 have a DESI below the EU 
average. Figure 4 (p. 36) presents DESI regarding connectivity, human capital, 
integra-tion of digital technology and digital public services. The countries with 
the highest value of DESI in 2019 include: Finland, Sweden, the Netherlands and 
Denmark, while the lowest values of this indicator were observed in Greece, Romania 
and Bulgaria.  

3.3. Local linear trend model 

The change in the total R&D expenses in the ICT sector in the years 2013–2019 are 
presented in Figure 5 (p. 37). A clear trend can be observed in the time-series. The 
local linear trend model shows that in the following years, investment in R&D in the 
ICT sector will continue to grow. The predicted investment for 2021 ranges from 40 
billion euro (marking a small decrease in investment) to 53.1 billion euro. The 
ex-pected investment volume in 2021 is to exceed 46.7 billion euro. 

Figure 3. R&D investment in the ICT sector and distribution 
of the sample of top corporate R&D performers in 2019 

A. R&D investment  B. Number of companies

Source: the author   
   ’s work based on calculations made with the use of EU R&D Scoreboard data.
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3.4. Ward’s hierarchical agglomerative clustering method 

The EU Industrial Research and Developments Scoreboard for 2019 includes all EU 
companies spending at least 8.6 million euro on R&D. This lowest amount was 
invested by Telia (a Swedish company from the Fixed Line Telecommunications 
industry). Out of all the 1,000 companies, which invested the largest amounts in 
R&D in 2019, the author classified 230 companies as belonging to the ICT sector 
(23.0%), using the same approach as in the case of the sub-section dataset. As Figure 
3a indicates, R&D investment in the 230 analysed companies varies among individual 
countries. A large country like Germany (over 80 million inhabitants) is compared 
with countries whose population is below 1 million, e.g. Luxembourg. Thus, data 
normalisation on expenditure towards R&D was performed by dividing the coun-
tries by population (normalisation by population). 

Source: the author’s work based on European Commission (2019).
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Figure 4. DESI for EU countries in 2019
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 Ward’s hierarchical clustering was applied as a grouping method to identify the 
countries of a highly similar competitive position in term of ICT-related companies’ 
DESI and R&D expenditure in 2019. The length of the line on the y-axis indicates 
distances between clusters – the lower the height, the more similar the clusters. The 
Euclidean distance was the metric used to compute the linkage. The Euclidean dis-
tance is the ‘ordinary’, straight-line distance between two points in Euclidean space. 
The calculations used standardised data on R&D expenditure by companies from the 
ICT sector. To compare countries, the data were organised into a two-dimensional 
structure (15 observations and 6 features). 
 Similar European countries were classified into three groups based on their aver-
age investment in R&D in the ICT sector, and five DESI sub-dimensions. The divi-
sion of the countries into three clusters was based on the Ward method (an assumed 
binding distance of 1.5 has been chosen to obtain three groups of countries classified 
as: high, medium and low investment in R&D). The class labels for each observation 
are shown in different colours. Each leaf of the dendrogram represents one of the 15 
observations. Moving higher up the tree, branches fuse either with leaves or other 
branches. The earlier (lower in the tree) fusions occur, the more similar the groups 
of observations to each other. 
 In Figure 6, the following groups are presented: cluster 0 – Denmark, Finland, 
Luxembourg, the Netherlands and Sweden; cluster 1 – Austria, Belgium, France, 
Germany, Ireland, Spain and the United Kingdom; cluster 2 – Greece, Italy and 
Poland. When examining the clusters in detail, it can be observed that they intro-
duce ordering in multidimensional (DESI, R&D) space. Cluster 0 contains countries 
with the highest DESI and R&D, while cluster 2 is formed by countries with the 

true

forecast

±2σ

2013 2014 2015 2016 2017 2018 2019 2020 2021

Figure 5. Prediction of expenses in R&D investment in the ICT sector

Source: the author’s work. 
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lowest values of DESI and R&D. The above is a clear indication of the occurrence of 
a monotonic dependence between DESI and R&D.  

3.5. Linear regression models 

It can be expected that companies’ investments in R&D can, at least to some extent, 
be explained by DESI. The Pearson’s correlation coefficient confirms the occurrence 
of positive correlations between R&D and DESI (𝜌𝜌=0.585). On this basis, a conclu-
sion may be drawn that the independent variable can constitute a potential predictor 
of the studied phenomena. In order to validate this assumption, a linear model was 
fitted to infer the investments in R&D from the DESI index. The model is the 
Ordinary Least Squares (OLS) linear regression.  
 However, there are a few problems with this model: (i) there are two outliers 
(Finland and Luxembourg), (ii) for the DESI value exceeding 60 the error is much 
higher compared to smaller DESI values, which implies the occurrence of hetero-
scedasticity. Overcoming these problems involves modelling the logarithm of R&D 
instead of the original variable. This new model takes the following form:  

Figure 6. Ward clusterisation with Euclidean distances 

Source: the author’s work.
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log
R&D

1𝑚𝑚𝑚𝑚𝑚𝑚 𝐸𝐸𝐸𝐸𝐸𝐸 
= 𝛽𝛽0 + 𝛽𝛽1 ∙ 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 +  𝜀𝜀, (5) 

where 𝜀𝜀 represents model error (residuals). 

 The logarithm transformation reduces the variance of the dependent variable; 
consequently, the model can be considered homoscedastic with normally distributed 
residuals. This transformation has the additional benefit of enforcing a positive pre-
diction value. Furthermore, variance reduction in logarithmic space allows the con-
struction of a more accurate model (in the linear model with the original variables, 
the 𝑅𝑅-squared took the value of only 0.34 and 0.49 when outliers were removed), 
while the new model have the value 𝑅𝑅2 = 0.69. 
 The 𝑝𝑝-value for the whole model obtained from the F-statistic is 0.00012, which is 
much below 0.05, indicating a strong significance of the result. Both coefficients 𝛽𝛽0,
𝛽𝛽1 are statistically significant (𝑝𝑝-value was lower than 0.05 and equal 0.01 and 0.00012, 
respectively), and the residuals passed the Kolmogorov-Smirnov test for normality.  
 Furthermore, the hypothesis assuming that top investors registered in countries 
with a higher DESI spend more on R&D than other companies can be tested through 
the application of this model. This test is equivalent to the test checking if 𝛽𝛽1 is posi-
tive (increasing function of DESI). The p-value for such a test equals 0.0006 (half of 
the 𝑝𝑝-value for the coefficient), so a conclusion can be drawn that indeed the R&D 
expenses are higher in the countries with a higher DESI. It should be noted that 
drawing conclusions regarding DESI from models fitted in a logarithm domain is 
admissible, as a logarithm is a monotonic function. 
 In the logarithm domain, the prediction equation with 95% confidence intervals 
for coefficients takes the following form:  

log
R&D

1𝑚𝑚𝑚𝑚𝑚𝑚 𝐸𝐸𝐸𝐸𝐸𝐸 
=  −2.386 ± 1.715 +  0.073 ± 0.03 ∙  (𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷). (6) 

 The relation, additionally supplemented with information relating to the cluster, 
is visualised in Figure 7. The 𝑅𝑅-square, a popular metric used in regression to show 
the amount of variance of  𝑌𝑌 explained by 𝑋𝑋, has the value of 0.69. 
 When transforming equation (6) to the original space, the following exponential 
law for R&D investments emerges: 

R&D ≈ 1.183𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 × 4,111 𝐸𝐸𝐸𝐸𝐸𝐸. (7)
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 According to this law, R&D is predicted to increase by 18.3% on average, when 
the DESI variable grows by one percentage point. 

 

3.6. Analysis of significant DESI dimensions for investment in R&D 

Results obtained from the regression model show that R&D investment grows along 
with the increase of DESI. 
 The random forest method is used, which provides a unique opportunity to  
estimate the importance of the feature (five DESI dimensions) which attracts ICT in-
vestors the most. The obtained feature importances are visualised in Figure 8. The bars 
represent each feature importance, namely the average value of 100 bootstrap samples. 
The horizontal lines represent the standard error of the estimated importance. 
 The most important feature is dimension 2 – human capital. This dimension con-
sists of a number of indicators, including: ICT specialists, female ICT specialists and 

Figure 7. Scatter plot with regression lines and clusters 

Note. AT – Austria, BE – Belgium ,  DK – Denm  ark , FI – Finland, FR – Fra nc e, DE – Germany, EL – Gree ce , 
IE – Ireland, IT – Italy, LU – Luxembourg, NL – the Netherlands, PL – Poland, ES – Spain, SE – Sweden, 
UK  – the United Kingdom.
Source: the author’s work.
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ICT graduates. According to the results, access to qualified ICT specialists is the 
most important criterion for ICT companies to in choosing a particular country for 
their R&D investment. The other dimensions are similar to each other and are of 
a lower importance.  

4. Summary

There is a widespread agreement that innovation is of key importance to Europe’s 
competitiveness and growth. The rise and development of ICT has transformed both 
economies and societies. In recent years, the crucial role of ICT in the development 
of innovation has been demonstrated by the fact that a significant proportion of 
innovations and new patents are held by the ICT sector. Policy makers must have 
a range of appropriate tools at their disposal to define coherent policies, hence the 
need to monitor ICT’s impact on economy and trends of its further development. 
An estimated trend modelling forecast shows that in the future years investment in 
R&D in the ICT sector will continue to grow. The predicted volume of investment in 
2021 ranges from 42 billion euro (a small decrease) to 51.5 billion euro. The funds 
dedicated to investments in R&D in 2021 are expected to exceed 46 billion euro. 

importance

Note.  2 – human capital,  5 –  digital  public ser vices,  4 – integration of digital  technology,  
1 – connectivity,  3 – use of internet.
Source: the author’s  work.
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Figure 8. Feature importances plot for random forests
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 The analytical examination of investments in R&D, which was the first aim of the 
study described in this paper, focused on the largest R&D investors and was based 
on a sample of the top 1,000 companies which invested the largest amounts of  
money in R&D in the years 2013–2019, according to the EU Industrial Research and 
Developments Scoreboard. Thus, it can be assumed that a sample from the tail of 
ICT’s R&D investment distribution was analysed. The degree to which top R&D 
investors’ affiliates are diversified varies substantially among countries. The head-
quarters of the EU’s top R&D investors from the ICT sector are situated in 16 coun-
tries (15 in 2019), with the highest concentration in three EU countries (Germany, 
the United Kingdom, France), however their subsidiaries were geographically 
spread. Disparities between countries in the basic comparison may be observed, as 
well the tendency to form groups, which the Ward cluster presents. 
 The paper constitutes a valuable contribution to the analysis of R&D investment 
made by ICT-related companies in the EU and its relationship with each country’s 
digital performance expressed by the Digital Economy and Society Index (DESI). 
DESI is a composite index that summarises five relevant indicators relating to  
Europe’s digital performance. Additionally, it can be used to track EU member 
states’ evolution in the field of digital competitiveness. 
 The random forest model proved that the human capital DESI dimension is the 
most important factor attracting R&D investments. 
 The new approach utilising DESI to predict R&D investment is of high statistical 
significance, and a simple linear model applied to DESI explained 0.69 of the vari-
ance of the logarithm of R&D. A linear relation in the logarithmic scale suggests the 
occurrence of an exponential law between DESI and R&D, predicting an increase of 
18% in R&D investment when DESI increases by 1 percentage point. 
 This analysis, constituting the second aim of the paper, shows that better digital 
performance (expressed by DESI) has a major influence on companies’ investments. 
The majority of EU countries with the lowest DESI index have no R&D-related  
investment. These included: Slovenia, Latvia, Slovakia, Hungary, Cyprus, Croatia, 
Bulgaria and Romania (Italy, Poland and Greece were exceptions – but the last two 
were residual).  
 The further analysis of countries’ similarities in terms of the DESI and R&D  
space was supplemented with information regarding clusters, obtained by means of 
the Ward method. Non-uniform variations in different clusters suggested the  
application of a logarithm as a form of transformation aiming to achieve variance 
stabilisation. 
 The top analysed R&D investors from the ICT sector have affiliates in 16 econo-
mies. Considering that ICT firms are global enterprises with R&D centres located all 
around the world, this study is limited by the lack of information on the geographical 
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distribution of the companies’ R&D centres, in the situation where they are  
sometimes located outside their country of origin. A dataset containing this infor-
mation could extend and confirm the general applicability of the presented results. 
Even with the current dataset, the applicability of the presented results can be  
limited due to the global crisis caused by the COVID-19 pandemic. It has impacted  
a large number of industries, including the ICT sector, so it could have affected  the 
forecast and results presented in article as well. On the other hand, the pandemic 
situation can also be an opportunity for the whole ICT industry to strenghten its 
position, since it would not be possible for people to work or study from home 
without it. 
 The general applicability of the model is limited to the top R&D investors (com-
panies spending no less than 8.6 million EUR on R&D) – i.e. to the tail of R&D in-
vestment distribution; therefore, not all companies from the ICT sector are included, 
as the dataset does not account for R&D investments made by smaller businesses. 
Therefore, it is worth mentioning that if a country is not included in the IRI R&D 
Scoreboard database, it does not necessarily mean that there are no ICT firms 
investing into R&D in that country. It must be noted that assuming the given distri-
bution of R&D investments, an estimation of the parameters for the whole popula-
tion from the tail observation in the Scoreboard may be attempted. The accuracy of 
such estimates can be substantially increased by adding information from different 
sources, including Eurostat.  
 The EU strategy aims to boost the development in the sphere of innovation to 
make the EU a global economic leader. The results deriving from the presented 
model are useful tools for policymakers to measure the efficiency of R&D investment 
in ICT-related firms in Europe and to help define the right policies to attract com-
panies to make R&D investments. An illustration of such policies being implement-
ed can be the increase in the country’s digital performance, in particular in the im-
provement of people’s digital skills. It is especially important to increase the educa-
tion of future ICT specialists, as a large number of enterprises are reporting shortag-
es in this respect. 
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