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Abstract

We present a first-of-its-kind empirical study of technological sovereignty
in artificial intelligence, adopting a competence-based perspective. We use
patents and publication data to map competencies across Al techniques, func-
tions and applications, and develop a novel measure of integration based on
relative specializations and complementarities. We argue that our measure
approximates technological sovereignty by capturing local capabilities to in-
novate in Al. We use our novel measure to explain Al innovation, and unpack
integration determinants. Our focus is on the European Union, given its lag-
ging position yet key role in a global landscape increasingly characterized by

growing rivalries and fragmentation.
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1 Introduction

In this paper, we develop a novel analytical perspective to examine the relationship
between developments in Artificial Intelligence (AI) and technological sovereignty.
We define technological sovereignty in the context of Al as the ability of countries
to mobilize local (i.e., domestic) competencies and integrate them across a stylized
AT value chain, spanning from scientific developments to industrial implementation.
Our central premise is that the integration of domestic competencies can be used as
a meaningful measure of technological sovereignty.

In a world increasing characterized by geo-political and geo-economic fragmenta-
tion, the idea that countries should strive to enhance autonomy and resilience in the
production of key, economy-impacting technologies is rapidly gaining traction. The
ongoing discussion revolves around the notion of technological sovereignty because
a handful of key, enabling and breakthrough technologies are considered strategic
assets to lead in the global context. Al is one of such breakthrough technology and
is increasingly seen as a strategic, dual-use asset on the geopolitical stage. For this
reason, it has become one of the top policy priorities for countries across the world
(Kak & West 2024, Bryson & Malikova 2021).

We focus on the European context, as the European Union (EU) is a major
global player. However, as highlighted in a series of recent key European policy
reports (Draghi 2024, Fuest et al. 2024, Aghion et al. 2024), the EU lags behind on
the international stage, trailing the rapid advances at the global technological and
competitiveness frontier, predominantly led by the United States and China. By
adopting a continental perspective, we address the following questions: is the EU
capable of achieving technological sovereignty in a fundamental technology like Al,
which is increasingly considered pivotal and strategic globally? Does the domestic
integration of complementary competencies in Al foster subsequent Al innovation?

If so, what factors contribute to increasing within-country integration?



Our contribution is threefold. First, we conduct a set of empirical analyses based
on patent and publication data for the period 1990-2021. Inspired by Corea (2019)
and firstly implemented by WIPO (2019), we map a stylized value chain relevant
to the production and innovation in Al, comprising techniques (T), functions (F),
and applications (A) —what we label the TFA value chain. Second, we develop
country-specific measures of integration based on relative specializations and com-
plementarities along this stylized Al value chain. We interpret this metric as a proxy
for technological sovereignty in Al, and apply the measure to the geopolitical blocks
of United States, China, and Europe, together with the set of countries most active
in Al. Last, we provide evidence of integration enhancing innovation, suggesting
that integration is a strategic policy lever to increase technological sovereignty.

The paper proceeds as follows. In Section 2, we outline our theoretical frame-
work that describes Al through the TFA model and justifies the conceptualization
of technological sovereignty as the integration of domestic competences. As we fo-
cus on the EU, in Section 3 we describe the “political economy” of Al in Europe,
which partially results from the EU gap of investments in the digital economy. Sec-
tion 4 describes our data and our operationalization of integration into a measure.
Throughout Section 5, we first offer an econometric analysis relating integration,
as technological sovereignty, with innovation, and then reveal the determinants of

integration. Section 6 concludes.

2 Setting the scene

2.1 Innovation as a process of integration

Advancing the concept of technological sovereignty requires a theoretical under-
standing of innovation as a highly uncertain and cumulative process. The dom-
inant, and probably most realistic, view of innovation is that the links between

science, technology, and commercial applications do not follow linear and sequential



relationships (Kline & Rosenberg 1986, Fagerberg et al. 2006). After all, innova-
tion is driven by complex interactions among heterogeneous agents with diverse,
and sometimes conflicting, objectives (Freeman 1987, Aghion & Griffith 2005). But
because of the cumulative nature of technological knowledge, innovation builds on
previous ideas, essentially going from upstream knowledge to more downstream,
localized and concrete knowledge applications. In other words, innovation has a di-
rectional flow, although feedback loops and complex interactions between upstream
and downstream knowledge do occur (Acemoglu et al. 2016).!

In such a complex system, integration capabilities are critical for at least three
reasons. First, integration entails shaping, selecting, and combining techniques ded-
icated to specific functions to deliver a given service.(Jacobides et al. 2009). This is
what gives rise to the system’s coherence. Therefore, integration requires the ability
to coordinate diverse yet complementary competences held by different stakeholders.
Second, the exploration and exploitation of these various technologies require com-
plementary investments, organizational adaptations, and skill development along the
value chain to fully realize their transformative potential (Bresnahan & Trajtenberg
1995). Third, integration emerges from a learning process driven by experimenta-
tion and adjustments along the value chain. Actors must explore and establish the
most promising complementarities. As a result, integration capabilities—the process
of combining dispersed technologies into functional applications—become a highly
ambiguous, risky, and time-consuming process.

This is particularly true in the emerging phases of technology development. As
Rotolo et al. (2015) explain, emerging technologies generate both uncertainty and
ambiguity. Uncertainty stems from the competition between technological trajec-
tories combined with the limited predictability of technological development and
its potential applications, and the associated lack of factors such as technological

skills, financial support, standards, and production costs. Ambiguity arises because

Tn this respect, the role of basic research on technological development is well documented
(Narin et al. 1997, Mansfield 1991, Veugelers & Wang 2019, Ahmadpoor & Jones 2017).



applications remain malleable and unstable, often due to the different or even con-
tradictory meanings ascribed by various agents along the innovation value chain
from scientists to end-users.

The combination of uncertainty and ambiguity makes the ability to integrate and
reconfigure technologies along the industry value chain a critical source of long-term
innovative performance (Pavitt 1984, Nelson 1993, Franco et al. 2009). Breschi et al.
(2005) show how technological specialization at the sector level creates networks
and linkages across firms that develop complementary capabilities and influence the
rate and direction of technological change. At the same time, excessive integration
can be potentially dangerous, as it may lock public and private organizations into
suboptimal technological trajectories, ultimately jeopardizing their survival.

Integration capability is also the product of country-specific characteristics (Lund-
vall et al. 1992, Archibugio & Pianta 1992, Malerba & Orsenigo 1993, Nelson 1993).
Public research programs, private R&D investments, the provision of human capital,
and effective industrial policies are all key ingredients shaping the path towards tech-
nological leadership (Nelson 1993, Malerba & Orsenigo 1993, Furman et al. 2002).
Building on this line of reasoning, Furman et al. (2002) show that cross-country dif-
ferences in inventive productivity are determined by national characteristics, such as
strong intellectual property rights, economic openness and a complex web of under-
lying infrastructures such as investments in higher education, the funding of basic
research, the presence of industrial clusters, amongs other elements. These factors
appear to be critical for predicting the countries’ innovative performance.?

The view that national characteristics condition integration in innovative activi-
ties is also pervasive in the more user-centric approach of national innovation systems
(Lundvall et al. 1992, Jensen et al. 2007). Innovation is conceptualized as a learning

process based on the interactions between producers and users who engage in col-

2The authors further show that in the absence of strong linking mechanisms, upstream scientific
and technical activity may spill over to other countries more quickly than opportunities can be
exploited by domestic industries.



laborative technological combination search. Since users’ needs and preferences for
products that do not exist are often ambiguous, product development is an interac-
tive problem-solving process based on experimentation, trial-and-error (Rosenberg
1982). The direction and the effectiveness of innovation, therefore, depend on the
ability of producers and users to share accepted standards and codes, as well as
create a trustful environment to develop a common understanding of the product.

The argument is that the national context shapes institutions defined as "com-
mon habits, routines, established practices, rules, or laws that regulate the relations
and interactions between individuals and groups” (Edquist & Johnson 1996, p.
46). Comparative studies of innovation conditions across countries reveal signifi-
cant differences in both formal and informal relationships between agents, including
firms’ governance, the organization of work within and between firms, social val-
ues (e.g., egalitarianism vs. large social disparities), cooperative behaviours, and
worker mobility ( e.g. Edquist & Lundvall 1993, OECD 1999). In other words, insti-
tutional conditions stimulate the formation of social capital and interactive learning,
which are essential strategic capabilities for combining and integrating upstream and
downstream knowledge along the value chain.

Altogether, we argue that domestic integration capabilities are key for the inno-
vative performance of countries. While expertise in upstream knowledge is a critical
source of innovation in new functionalities, downstream applications are essential for
capturing value and creating incentives to invest in upstream R&D. Higher levels of
complementarity along the innovation value chain increases the firm’s propensity to
innovate, spurring private research investments and thereby enhancing innovative
capabilities within and across industrial sectors. (Fronzetti Colladon et al. 2025,

Pichler et al. 2020).



2.2 The value chain of innovation in Artificial Intelligence

Our object of analysis is Artificial Intelligence (AI). Al is a breakthrough and a
system technology (Dibiaggio et al. 2022, Sheikh et al. 2023, Vannuccini & Pry-
tkova 2024) which has “prediction machines” (Agrawal et al. 2022) at its core. As a
system, Al consists of a collection of complementary hardware and software compo-
nents, plus data and talent. The Al system evolves thanks to feedback mechanisms
and dynamic complementarities forming among its components: advancements in
AT techniques prompt further inventive opportunities in complementary technolo-
gies or applications, thereby increasing the incentives for their adoption (Bresnahan
2003, Aghion et al. 2009). Subsequent spillovers generate positive feedback between
technical inventions and the co-invention of functions that create opportunities for
further innovations. New functionalities shape the design of products and services,
reinforcing complementarities along the value chain (Rosenberg 1982, Mowery 1992,
Nelson & Rosenberg 1993). At the same time, the uncertainty and ambiguity in-
herent in the dynamics of the structure of complementarities along the value chain,
coupled with path-dependent investment trajectories, can generate dynamic coor-
dination failures; the risk of prematurely committing to an inferior design or being
locked into sub-optimal options is inherently high, underscoring the need to preserve
diversity in the technological environment (David 1985, Arthur 1994, Aghion et al.
2009).

If the production of and innovation in Al are systemic efforts, a useful way
capture their “system-ness” is by mapping the competencies required to innovate in
AT across a stylized series of steps. We adopt WIPO (2019)’s Technique-Function-
Application (TFA) model, or value chain. The key tenet of this framework is that
different Al techniques give rise to specific Al functions; these functions are employed
in different Al applications, which approximate techno-economic activities. As a

result, we have a many-to-many relational structure. The TFA model is not a



traditional value chain, or a full-stack representation of how value is accrued in
the production of Al systems stage by stage. Rather, it is a simplified picture of
how Al innovation is developed, from the more generic software developments to
their adoption into specific function and practical applications. The TFA model is
particularly useful, as it is tailored on the features of the patent and publication
data we use. While a direct line from techniques to applications would trivialize the
many non-linear circuits driving innovation in Al, the stylized value chain has the
benefit of being able to capture the idea that an actor in Al innovation can specialize
in one or more stages, and that — as we hypothesize — integrating competences
along all stages may result in higher rates of innovation.

The rationale for working with a stylized TFA value chain of Al is grounded in
the idea that solving specific Al-related problems (often approximated by functions)
involves developing algorithms and methods that build on specific approaches or Al
paradigms, such as symbolic or sub-symbolic Al. Each paradigm can be based on
an array of techniques with specific properties, which can be more or less adapted
to address certain types of problems. For instance, within the class of deep learn-
ing techniques, convolutional neural networks (CNNs) are used in computer vision
tasks, while generative adversarial networks (GANs) have been used extensively to
produce images. Reinforcement learning approaches have been successful in the Al-
in-science context (e.g., in tasks related to addressing the protein folding problem),
while language models have been pivotal in dealing with prediction tasks involving
text embeddings. Currently, economic actors have bet on language models becoming
the dominant foundational multi-modal design underlying all AI commercial appli-
cations; however, a large variety of techniques continues to exist in the Al world,

which are subject to inventive activities.



2.3 Integration as technological sovereignty

Our premise is that the TFA model can be operationalized to gain insights into the
degree of autonomy an actor possesses to produce and innovate in Al. This is par-
ticularly important, as the question of autonomy (or dependence) in the production
of strategic technologies is emerging as a key political priority in a global landscape
increasingly marked by rivalries. In this context, countries are striving to achieve
technological sovereignty (Edler et al. 2023).

Technological sovereignty involves the capacity to make autonomous decisions
about technology development, deployment, and regulation without undue influ-
ence or dependence on external entities. As a matter of principle, technological
sovereignty should not be viewed as a static, nationalistic, defensive concept fo-
cused on erecting legal protection barriers. Instead, it should be understood as a
dynamic concept centered on building the capability to develop adaptive capacities
(Edler et al. 2023). The concept combines the ability to develop the competences and
resources necessary to deliver technologies pivotal for competitiveness and growth,
with the capacity to source and access the complementary technologies and assets
required to produce industrial applications.

From an economic theory perspective, it is important to stress how the increasing
consensus around technological sovereignty poses a direct challenge to the classical
economic theories that advocate for specialization in international trade (Krugman
1979). In fact, the notion of technological sovereignty emphasizes building domes-
tic capabilities and infrastructure to develop technologies independently, regardless
of factor endowments or global efficiency arguments. This focus arises because eco-
nomic considerations, such as the benefits of trade and specialization, take a backseat
to the political concerns like national security, economic independence, or strategic
interests.

As explained earlier, integration requires specific competencies to ensure coordi-



nation across the evolving boundaries of technological specializations with circular,
interlocking, and often time-delayed relationships. We relate the concepts of inte-
gration, and technological sovereignty in Al (and in more broadly) as follows: an
actor (a country, or the EU) can exhibit specialization in one, two, all, or none of
the layers of the TFA value chain of Al depending on the activities carried out by
firms in its territory. If the actor exhibits a relative advantage in Al innovation
within one of the TFA domains, we consider it to have a comparatively high level of
competence in generating new Al knowledge in that domain. The greater the num-
ber of domains this actor specializes, the more transversal its competencies become.
If these domains are also complementary, they contribute to greater autonomy in
producing all elements of Al innovation, from techniques to industrial implementa-
tions. A lack of integration, missing competencies, and reliance on the expertise of
foreign actors prevent a country from fully capitalizing on its investments. Since
advances in techniques can generate upstream and downstream innovation opportu-
nities, the absence of downstream application producers may hinder a country from
capturing the value of these opportunities. A clear illustration of this dynamic is
when scientific discoveries made by public universitiesare exploited abroad by foreign
corporations.

In summary, within a competence-based framework, technological sovereignty
in Al can be defined as the ability to mobilize and integrate technological compe-
tencies domestically acrossthe entire Al innovation value chain ranging from the
development of new or improved algorithms (techniques), the creation of new Al-
based functions to the practical embodiment of these techniques and functions in

new applications.
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3 The political economy of AI in the European Union

3.1 Europe’s follower position in the digital economy

To map European strengths and weaknesses in Al competences and innovation, a
good starting point is to take a broader perspective that encompasses digital tech-
nology. In fact, according to Carlota Perez, Al “is better understood as a key de-
velopment within the still-evolving information-communications-technology (ICT)
revolution.”®. Understanding the EU’s global position in ICT can shed light on the
roots of potential deficiencies and gaps related to Al. As argued by Bock et al. (2024)
as well in the recent reports by Draghi (2024) and Fuest et al. (2024), the EU lags
behind other actors, particularly the US, in terms of competitiveness, despite being
the world’s largest single market. Moreover this gap has been widening over time.
This disparity began well before the Covid-19 pandemic, reflecting a gradual decou-
pling in overall economic performance. For instance, Bock et al. (2024)report that
the gap in private investments in ICT between between the Eurozone and the US
stood at approximately 150 billion euros in 2000, rising to a concerning 600 billion
euros in 2019. Importantly, the gap holds for all types of private ICT investments
(equipment, services, research and development). Following Bock et al. (2024), it
appears that the primary contributors to United States’ lead in R&D investments
over other international actors are the ICT services sectors. This dominance can rea-
sonably be attributed to the “GAFAMs effect”* In fact, even within the realm of Al,
the returns from the exploitation of large datasets (particularly due to cross-domain
network externalities), along with market dominance in cloud services, digital ad-
vertising, application markets, and the anticipated gains from the rise of AI models,

are prompting tech giants to invest massively in R&D —and in upstream R&D in

3https://www.project-syndicate.org/magazine/ai-is-part-of-larger-technological-revolution-by-
carlota-perez-1-2024-03 — last access August 2024).

4The companies included in this acronym are Google (now Alphabet), Amazon, Facebook (now
Meta), Apple, and Microsoft.

11



particular— in addition to capital expenditure.

The European position is concerning for two reasons. First, the lack of invest-
ment in ICT services results in a slow pace of economic digitization. Second, the
absence of European champions in digital services leads to reduced investments in
R&D and ICT equipment, both of which are prerequisites for AI development. This
discussion on Europe’s investment gap, in particular in ICT — the foundational
substrate of Al — highlights the challenge facing the EU if its ambmition to lead
and achieve autonomy in the production of advanced digital technologies, with Al
at the forefront. As Fuest et al. (2024) point out, the EU has been trapped in a
“middle technology trap” for two decades, focuse on automotive manufacturing and
lacking scale and R&D expenditures beyond that sector. Escaping this trap will
require massive financial efforts, which open the door to discussions on (industrial)
policy, resourcing, and investments at the continental level (Fontana & Vannuccini
2024). Given this context, we can now return to our key question: is the EU capable

of producing a breakthrough system technology such as AI?

3.2 The State of European AI and Technological Sovereignty

The question of whether the EU can overcome its laggard position in the digital
economy and take a global leadership in the development of emerging breakthrough
technologies — and Al in particular — ultimately hinges on whether it possesses the
necessary competencies. This can be reframed in terms of technological sovereignty:
can the EU can the technology autonomously, to a certain extant?

This question is subject to intense debate within the EU. In European trade pol-
icy circles, technological sovereignty is closely tied to the concept of open strategic
autonomy(Timmers 2018). Open strategic autonomy can be summarized as priori-
tizing autonomy while allowing for cooperation when feasible. It is defined as ‘the
ability to shape the new system of global economic governance and develop mutually

beneficial bilateral relations, while protecting the EU from unfair and abusive prac-
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tices, including to diversify and solidify global supply chains to enhance resilience to
future crises”.” Even in the open strategic autonomy format, sovereignty over tech-
nology production and innovation is a matter of ability and, thus, of competencies.
Focusing on Al, rapid advances in the technology its global scope of application
— as well as its potential dual-use nature in the domain of defense — have placed
it at the forefront of the discussion on technological sovereignty. While the real
impact of Al on productivity might turn out to be rather modest (Acemoglu 2024),
the industry forming around it and the shared narrative around Al’s transforma-
tive impact have intensified the focus on Al, which is considered a “strategic asset”
(Ding & Dafoe 2021). Next to potential trade dependencies, one must consider the
increasing power of large tech companies (“Big Tech”) to shape the Al technological
landscape as well as different markets. The anti-competitive and innovation-harming
role of Big Tech in Al and beyond is being increasingly placed under the spotlight,
as these “intellectual monopolies” shape a novel technological regime around their
objectives and appropriate most of the returns on global innovation (Rikap 2023).
Big Tech’s agenda may not align well with technological sovereignty priorities in
Europe. Their cumulative advantage has generated increasing polarization in capa-
bilities (both in resources and competencies), leading to brain-drain from academia
to the private sector and to reduction in the diversity within AI research (Klinger
et al. 2020, Ahmed et al. 2023). Furthermore, Big Tech’s capital investments in Al-
related hardware such as Nvidia’s Graphics Processing Units (GPUs) are draining
the supply of the key inputs of Al systems, which are then allocated exclusively
to commercial uses rather than to pursue goals that favor the public interest.® Fi-
nally, their control of bottlenecks across the whole Al stack is a direct challenge to
European autonomy in the development of (and innovation in) the technology.

For the EU, the increasing attention to technological sovereignty reflects the

5See the 2021 European Commission Staff Working Document — Strategic dependencies and
capacities (last access: July 2024).

6See, for instance, the distribution of compute across private and public actors as provided by
https://www.stateof.ai/compute (last access: December 2024).
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block’s concerns about losing the ability to act autonomously in a global techno-
logical system that is increasingly fragmented and in which trade and industrial
policies are weaponized for geopolitical ends. In this context, Al policy is a matter
of science, technology, and industrial policy, and a consensus on that is emerging at
the institutional level and among civil society, that increasingly advocates for a re-
orientation of Al industrial policy from competitiveness to public interest priorities
(Kak & West 2024). However, in terms of legislation, the dominant approach of the
EU towards Al and more generally digital technology, platforms, and marketplaces
has been that of protecting citizens and favoring market contestability. These prin-
ciples inspired the most important European horizontal regulation exercises in the
field: the General Data Protection Regulation (GDPR), the Digital Markets Act
(DMA), and the Digital Services Act (DSA). The AI Act, just entered into effect,
is another piece of the same puzzle. In this respect, the EU’s political economy
of AI has been one geared ensuring rights, product regulation, and addressing the
dominance of Big Tech as oligopolistic platform business models.

While EU horizontal regulations in the digital realm have generally been a suc-
cess and boosted the so-called “Brussels effect”, with the rest of the world following
and imitating European legislation, less has been done on the investments side. Or-
chestrating initiatives aimed at addressing the lack of continental champions in the
hardware and services layers of ICT have not produced successes yet; for instance,
the slow-moving Gaia-X project of a federated European cloud infrastructure’ testi-
fies to the difficulty of building alternatives to the early American hyperscalers, who
enjoy path-dependent gains from their head start in the market and now control the
upstream layers of the Al technology stack.

At the same time, we are witnessing an acceleration of industrial policy activism,
especially after the introduction of the Inflation Reduction Act (IRA) and the CHIPS

and Science Act in the US (Kleimann et al. 2023). Among the few tools specifically

"See, for example, https://www.politico.eu/article/chaos-and-infighting-are-killing-europes-
grand-cloud-project/ (Last accessed: July 2024)
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focused on Al there is pilot of the National AI Research Resource (NAIRR) launched
by the Biden Administration, and aimed at sharing computing resources among Al
actors to lower the entry costs into the field.® The European Commission has been
working in a similar direction with the proposal of creating “Al factories”. ? In line
with the actions on the American side of the Atlantic, the EU initiative consists
mostly of sharing high performance computational capacity — a key input into the
production of Al systems — re-orienting the existing allocations of the European
budget rather than providing additional resources to increase competitiveness and

competences with regard to Al

4 Measuring specialization and integration in AI

4.1 Data

Our analysis is based on patent and publication data. We consider the granularity
that this type of data offers as most appropriate to address our research question,
given our focus on Al technology and competences. For the part of our analysis
related to patents, we exploit the PATSTAT dataset (Autumn 2023 edition). Despite
their limits (Mezzanotti & Simcoe 2023), patents still provide the broadest coverage
of inventive activities in all technological domains, and remain a good measure of
innovation output when focusing on large companies and R&D firms. It must be
stressed that Al-related inventions do not readily lend themselves to patenting. This
is due largely to the fact that Al algorithms are software technology, and software
can be patented only when embedded in a tangible (hardware) solution using Al.
In this sense, our data might not cover some of the most recent advances in Al

software. However, it will capture hardware-embedded technology that is pivotal to

8https://nairrpilot.org/. Some have pointed out how the design of this type of policy initia-
tive, which builds on public-private partnerships and licensing agreements, risks favoring Big Tech
rather than leveling the playing field: https://foreignpolicy.com/2024/02/12/ai-public-private-
partnerships-task-force-nairr/.

9See https://digital-strategy.ec.europa.eu/en/policies/ai-factories.
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countries’ physical production, products and services and competence formation.

We use Al patents for the period 1990-2021. We opted for measuring Al innova-
tion and competencies over an extensive time span because building competencies
is a cumulative, time-demanding process characterized by path dependence. Under-
standing gaps in European technological sovereignty requires a structural, long-term
view, that can be achieved only by factoring in Al developments along a decades-
long trajectory. Overall, by concatenating the different sources of information, we
obtained 1,415,828 patents.

In addition to patents, our study uses scientific publications to track the evolution
of Al-related scientific discoveries. We retrieved all papers in the Elsevier Scopus
database (2023 edition) that were presented at international AI conferences in the
period 1989 to 2023. To select publications concerned exclusively with Al, we relied
on conferences identified as the main Al conferences by Baruffaldi et al. (2020). From
Scopus, we retrieved all available proceedings of these conferences. We obtained
330,362 publications from conference proceedings from 1989 to 2023.

To identify Al patents and publications, we develop a protocol built on WIPO
(2019) that combines two sources of information: patent classifications (technol-
ogy classes) and keywords-based search. After having being identified, patents and
publication are assigned to the TFA categories, and the location of invention (in
terms of country) is determined. The latter step is key to our goal to locate and
map Al-related competences. The fact that a patent is being developed by inven-
tors from a particular country implies that complementary investments, in terms
of infrastructure, researchers, engineers, national innovation system, networks, the
underlying education and professional training system, etc., have been made in the
first place. Details of the selection, assignment and location procedure can be found
in Appendix A, including the full list of techniques and functions used to classify
patents and publications in the Technique-Function-Application framework in Table

B1.
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Figure 1: The dynamics of Al-related patents and publications
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Sources: EPO PATSTAT (Ed. Autumn 2023) for patent data. SCOPUS for publication data. Authors’ own
calculations. The left axes in Figure la are in thousands of patents (orange line), of families (dark red line), and of
publications (orange line, Figure 1b). The dotted blue line depicts the average family size (Figure 1la, right axis).

Figure 1 displays the evolution of the number of Al patents filed since 1970 (Panel
4a) and publications (Panel 4b). The two panels exhibit a similar exponential trend
(the most recent decline being a product of time-lags characteristic of patent and
publication data), with an acceleration around 2010, which is usually linked to the
beginning of the so-called “Deep Learning era” (Sevilla et al. 2022), which marks
the resurgence of interest in the so-called connectionist (that is, simply put, neural-
network based) Al after previous “Al Winters” (Vannuccini & Prytkova 2024).

As our analysis is focused on Europe, we considered the European Union and
the Eurozone (EZ) as countries.!? Figure 2 displays the distribution of Al-related
competences across countries. The top panel ranks countries according to their
contribution in terms of frequencies. The bottom panel normalizes the figures by
providing the number of patents and publications per million inhabitants. Figure 2
shows that the EU ranks third in terms of patents when looking at patents frequen-

cies, yet with a significant gap: the number of EU27 patents is almost a third of

10WWe constructed the statistics on patents and publication in the EU and the EZ by aggregating
the information about the individual member states (27 for the EU; 19 for the EZ). We excluded
the United Kingdom from all EU statistics.
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the number of US patents. Turning to publication counts in Al, EU27 publications

match the number of US publications, and greatly exceed Chinese publications.

Figure 2: Country frequencies in Al-related patents and publications
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The evidence can be read through the critical take of Dosi et al. (2006) on the

European paradox. Traditionally, the paradox describes the gap between European

frontier science and its sub-optimal industrial application. The term is often used



to highlight failures in technology transfer and commercialization when compared
to the US. However, our results suggest that in the case of Al the paradox may
be more severe than originally conceived: the EU under-performs — relative to the
US — both in patent and publication production. The take-home message is that
the EU gap with the frontier is both science and innovation-based, rather than only
innovation-based. Hence, the quest for improving Al competences is a transversal
matter encompassing science, technology, and industrial policies.

Another element to consider is the long-term impact of this gap. As knowledge is
for a large share cumulative, a lower accumulation of inventions compared to other
areas of the world might turn into a persistent disadvantage. If a critical mass of
knowledge production is needed to improve competitiveness and catch-up with the

frontier, Europe might never be able to fill the gap formed over the decades.

4.2 Specialization in AI TFA

As we are interested in mapping competences to innovate in Al in a global context
increasingly characterized by geopolitical rivalries and fragmentation, we compute
the degree of specialization in Al TFA across the three major competing blocks:
the EU, the US, and China. Specialization indicates the presence of a (relative)
particular expertise and, hence, it is a measure of the decision to allocate resources
among a portfolio of possible destinations. Specialization in sciences or in techniques
has been the focus of attention of scholars in the literature on technical change,
whether in firms (Cantwell 1989, Dibiaggio & Nesta 2005) or countries (Nesta &
Patel 2004). One measure which has been used extensively is the so-called relative
specialization index (RSA). In our context, the metric measures the share of a
domain’s Al patents in all Al patents for a given country relatively to the same
share for the rest of the world.

The measure is constructed as follows: let P, ; be the number of patents held by

country ¢ in Al domain d, representing alternatively the technique ¢, the function f,
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or the application a domains. For a given year, the relative specialization advantage

RS A index is defined by:

Pc,d/zdpc,d (1)
Zb;ﬁcpc,d/z]b;éczdpc,d’

RSA.q =

where d € {t, f,a}, t = {1,2,--- ,t,--- T}, f € {1,2,--- f,--- F}, and a =
{1’27... NOREE ’A}

The RSA index belongs to the zero-infinity interval (i.e. nRSA € [0 ;+o0l),
and its pivotal value is unity. Without altering the interpretation of the indicator,
and in order to facilitate the visualization of the results, we normalized the index as

follows:

RSA.q—1
R b 2
RSA.q+ 1’ 2)

nRSA.q =
where nRSA.4 € [—1 ;+1], with a threshold value of nullity indicating whether
a country enjoys a relative specialization advantage (nRSA > 0) or disadvantage
(nRSA < 0). It is important to stress that the RSA is a relative indicator, and
therefore it does not provide information about absolute amounts: a country can be
highly specialized without holding a large number of patents.

Figure 3 compares the specialization profile of the three macro blocks, respec-
tively for techniques, functions, and applications. The broad insight that can be
derived is that the EU does not display any specific specialization across the whole
stylized Al value chain relatively to US and China. Impressive enough, China is
characterized by high specialization in many, different techniques, functions and
applications. Focusing on applications, China outperforms the other macro blocks
on Telecommunications, Industry and Manufacturing, and Agriculture, while the
US are relatively more specialized in Personal Devices, Computing and HCI, and
Cybersecurity. The lack of European specialization is the result of individual EU

countries not exhibiting clear patterns of specialization. In other words, there is no
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Ricardian specialization in Al innovation across European member states. This fact
can provide a policy opportunity: through coordination and support, the EU as a
whole has a great deal of room for action to steer the direction of Al development

towards specific areas.

4.3 Complementarity and integration across AI TFA

Our conception of technological sovereignty is rooted in the idea that the portfolio
of competences of countries must be complementary to one another in order to yield
services that cannot be reduced to their independent use. Applied to the AT TFA
framework, sovereignty can be measured as the aggregate level of complementar-
ity between the various Al domains of expertise in Al techniques, functions, and
applications.

We exploit the fact that a single patent can be jointly assigned to techniques,
functions, and applications. For example, a patent might use the techniques of
“Probabilistic graphical models” to produce “Computer vision” functions for the
application “Transportation”, and doing so it signals a consistent, coherent (Nesta
& Saviotti 2005) value chain.!!

Our goal is to develop a statistical measure of complementarity that exploits
joint frequencies. We assume that combinations of techniques and functions, and
of functions and applications that are more productive are more complementary.
We also maintain that they will occur more frequently than less productive ones.
Hence, we first counted the frequency of joint occurrences of techniques and func-
tions (what we call T'F' co-occurrences), and of functions and applications (what
we call F'A co-occurrences). We then compared the observed T'F and F'A joint

frequencies with their expected ones, should such joint frequencies occur randomly.

U More specifically, if we combined the techniques, functions, and applications randomly, the
number of possible combinations to be analyzed would be extensive (23 techniques combined
with the 27 functions might yield 22 applications, giving rise to more than 13,000 possible value
chains). Therefore, we claim that the actual combinations are meaningful and suggest an order
led by synergies.
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Figure 3: Normalized RS A in Al techniques, functions and applications
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(c¢) Applications

An observed number of joint frequencies greater than their expected value reveals a
positive association, a “mutual” attraction, or, one could say, a complementarity be-

tween techniques and functions (alternatively, between functions and applications).
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Conversely, should the expected frequencies exceed the observed ones, we would
conclude that the two Al domains exclude one another, and hence are not comple-
mentary to one another. We called the resulting measure 7;;, where ij = {T'F, FA}.
We explain the derivation of the measure in details in Appendix C.

Figure 4 displays the evolution of the distribution of 7;¢ (panel a) and 74, (Panel
b) over the period of 1970 to 2020. Overall, the two panels display a strikingly
similar pattern in which, initially, complementarities, and their lack thereof, are
poorly defined. This pattern spans more than two decades, from 1970 to 1990.
This initial period corresponds to the phase in which ICT technologies became

increasingly pervasive in productive activities.

Figure 4: The dynamics of complementarity
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These graphs display the distribution of complementarity measures 7 over time, from the minimum to the maximum
measures, and by darkening each every fifth percentile towards the median. Orange (resp. blue) colors depict
positive (resp. negative) complementarity measures 7. Source: EPO PATSTAT (Ed. Autumn 2023). Authors’ own
calculations.

From the early nineties to the late 2010s, we observe an increase in the vari-
ability of complementarities. Significant positive ones grow and, as in a mirror,
negative ones become clearer. This process exemplifies the fact that complemen-
tarities between Al techniques and Al functions, and between Al functions and Al

applications, become gradually identified, and others are ruled out as a result of ex-
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perimentation. This second phase matches the systematization of Al developments
in scientific and applied fields. During this period Al continues to advance despite
experiencing one of its “Winters”. Starting in the early 2010s, the last phase corre-
sponds to the rise of deep learning-driven Al as a well-bounded technology. It builds
on the access to larger datasets and better computational capabilities. These are the
two conditions needed for Al algorithms to be trained and expanded for a variety
of potential uses. Thus, it not surprising to witness an increase in the range of the
distribution, reaching very high positive and negative values. These results indicate
that the T'F'A landscape is consolidating around better-identified sets of techniques,
functions, and applications, and determinations about how to combine them in a
way that yields services that cannot be reduced to their independent usage.

The information contained in patents and their breakdown into Al techniques,
functions, and applications can be used to characterize the degree of integration of
the Al innovation value chain. As we interpret technological sovereignty in Al as the
capacity to mobilize local Al-related competences to develop Al-related innovations:
an actor will exhibit a degree of integration when it masters the competences that
appear to be complementary in the AI value chain. There are two ideas in this
intuitive definition. First, actors must exhibit specialization in some Al-related
areas, whether technical, functional, or application-related. Second, these exhibited
levels of specialization between techniques and functions, and between functions
and applications, must be complementary. Given this setting, and abstracting from
the country and time indexes, we measured the overall TFA integration for a single

application domain I'rg4 as in the following:

FTFA,a:ZthXatxft+z7'fa><04f><5f (3)
teT fer

where 735 and 74, are defined as in Equations C3 and C6, respectively. Variables
a; and oy represent shares of techniques and functions in overall patents, i.e. oy =

Pi/¥ P, and ay = P/ >, Py, respectively. Last, variables & and ; represent
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indicator variables, taking value 1 if the normalized value of RSA in technique ¢ and
function f are positive, 0 otherwise, i.e. §& = 1(RSA; > 0) and & = 1(RSAf > 0),

respectively.

Figure 5: AI innovation value chain for a fictitious country

To better understand the spirit of the measure, Figure 5 represents the Al in-
novation value chain with three Al techniques, three AI functions, and three Al
applications.'? Now let us imagine a country specializing in technique T2, functions
F1 and F2, and applications A1 and A3, implying that &7 = 1, {p1,&p2 = 1, and
last €41 = 1 and €43 = 1. The edges between the vertices represent the degree of
complementarity between the techniques, functions, and applications (7 and 7y,).
Edges in bold represent complementarities that are relevant for this country because
they correspond to the revealed areas of specialization. As Figure 5 indicates, there
is a positive association between technique T2 and functions F1 and F2 (blue edges).
In addition, there is a negative association between function F1 and application Al
(red edges), but a positive association with function A3 (blue edges), unlike function
F2. Overall, the degree of integration is the sum of the observed complementarities
(the bold edges) linking the vertices corresponding to areas of Al specialization.
This degree of integration can be either positive or negative, depending on whether
countries specialize in areas that complement or exclude one another. We interpret

this measure as indicating the complementarity between the TFA domains. In other

12The result is 27 possible technique-function-application chains with the total number of pos-
sible chains amounting to 1,000.
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words, the degree of integration is simply the sum of the degrees of complementarity
observed (between techniques and functions, then between functions and applica-
tions) along the possible chains. Observe that our measure of integration can be
decomposed into two parts such that I'rpqg = I'rp + I'pa. Doing so improves our
ability to determine whether the locus of integration is located more in upstream
integrations (I'rr) or downstream integrations (I'ga).

Figure 6 displays the levels of integration among the top patenting countries over
the TFA Al value chain, do distinguish between T'F' integration and F'A integra-
tion. As the figure indicates, Europe, whether the EU or the EZ, exhibits one of the
lowest levels of integration. The United States and China belong to the other end of
the spectrum, with values of integration reaching 60% and 80% of the highest value
in the dataset belonging to India. Within Europe, Italy displays the highest level
of integration, together with countries such as Finland, Sweden, and the Nether-
lands. France and Germany have low levels of integration and drive the overall poor
performance of Europe regarding integration. Contrary to the United States and
China, Europe exhibits low levels of integration. Within Europe, Italy displays the
highest level of integration, together with countries such as Finland, Sweden, and
the Netherlands. France and Germany have low levels of integration.

Another appealing feature of our measure of integration is that it can be decom-
posed by Al application fields, offering a diagnosis on whether a given Al application
domain rests upon an integrated value chain. Table 1 provides integration scores
by top Al application specializations, by geo-political blocks. We have three main
observations. First, all integration scores are positive. This result implies that all
value chains display positive complementarities on average, although some connec-
tions throughout the AI value chain may well be negative. Second, the locus of inte-
gration may vary a great deal, whether we consider upstream (I'rr) or downstream
(I'ra) integration. For example concerning “Transportation” in Europe, the locus

of integration is clearly located in the functions to applications complementarities,
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Figure 6: Mean T'F' A Integration across countries (1990-2021)
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The overall bar represents the value of integration over the Technique-Function-Application value chain (T FA
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functions and applications (F'A integration). Mean values are normalized to 1 for the frontier value (India).
Source: EPO PATSTAT (Ed. Autumn 2023). Authors’ calculations.

as previously observed. In contrast, the complementarities between techniques and
functions are very poor. A similar pattern is evident concerning “Energy manage-
ment” in Europe, “Personal devices, computing and HCI” in the US, and “Industry
and Manufacturing” in China. Conversely, the locus of integration is located up-
stream in “Cybersecurity” in the US, and to a lesser extent in “Agriculture” in
China. All other areas have a somewhat more balanced pattern in which there is

integration throughout the entire value chain. Third, as exemplified by “Personal
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devices, computing and HCI” or by “Cybersecurity”, two countries with significant
specializations can exhibit different integration patterns. For example, with regard
to ¢ Cybersecurity”, integration in Europe is more balanced throughout the T'F'A
value chain than in the US, where integration is essentially upstream (T'F integra-
tion). In a similar fashion, with regard to “Personal devices, computing and HCI”,
whereas integration in Europe is more balanced, that of the US leans more towards
downstream complementarities (F'A integration). Our interpretation is that this
heterogeneity conceals local systems of innovation throughout the AI value chain
involving specific public and private actors and specific sets of collaborations and

interactions.

Table 1: Integration score by top Al application specializations, by geographic area

AT application I'rra T'rr T'ra
Europe
Transportation 0.499 0.005 0.494
Life and medical sciences 0.334 0.067 0.267
Personal devices, computing and HCI 0.287 0.135 0.152
Energy management 0.266 0.067 0.199
Cybersecurity 0.295 0.125 0.169

United States of America

Personal devices, computing and HCI 0.330 0.064 0.265
Business 0.296  0.148 0.148
Document management and text processing 0.313 0.137 0.176
Banking and finance 0.296 0.157 0.140
Cybersecurity 0.302 0.214 0.088
China
Agriculture 0.327 0.216 0.111
Industry and manufacturing 0.370  0.069 0.301
Education 0.303 0.124 0.179
Networks 0.332 0.177 0.155
Telecommunications 0.306 0.136 0.170

Period 2011-2021. See equation 4 for details about the I' index. TFA:
techniques-functions-application integration; TF: techniques-functions integration;
TF: functions-application integration. Source: PATSTAT Autumn 2023 Edition.
Calculations of the Authors.
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5 Technological sovereignty and innovation

5.1 Is integration a source of innovation?

What remains to be tested is whether and to what extent technological sovereignty
in AI, proxied by TFA complementarity and integration, does matter for Al innova-
tion. We estimate a Cobb-Douglas patent production function whereby new patents
in a given area of Al applications a stem from the relative specialization in Al appli-
cation a (nRSA,), the existing stock of Al-related knowledge stock in patents and
publication, measures of the concentration of patents across techniques, functions,
and applications, and of course, integration as measured in Equation 3.

Abstracting from subscript ¢ accounting for country ¢, the model reads as follows:

ko1 = AKgKSgSCOBC exp(BzZo + va1), (4)

where k, represent innovation in Al application a, and K and S represent overall
patent and publication stocks (irrespective of the application domain a). Subscripts
0 and 1 indicate the timing of innovation, whereby additional patents in 1 come from
existing stocks at the beginning of the period (hence, period 0). We forward the
dependent variable one year to avoid any spurious correlation between the dependent
variable and the vector of explanatory variables. We decompose the disturbance
term v, into a year specific effect controlling for common shocks across countries,
a country-application fixed effect to control for unobserved but stable differences
between country-domains of application, and an iid disturbance term such that,
respectively: v,1 = Ky + tc + €.

Knowledge stocks, whether using patents or publications, are measured using
the permanent inventory method whereby new patents feed an existing stock of past
patents given a rate of obsolescence ¢ — set to 15% — such that K; = (1—0) K1 +ky,

where k;, are new patents (when computing the patent stock) or new publications
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(when computing the publication stock).

Vector Z includes the variables of interest: the level of expertise E and the level
of integration I', both being specific to application a, so that BzZ = BrE,o +
Brlq 0. What we call the level of expertise £ is the relative specialization advantage
RS A in application a. Integration is measured as in Equation 3, and reflects the
complementarity of the value chain between the various domains of techniques and
functions with application a. Finally, vector C represents a vector of controls,
namely, population and GDP per capita to control for both country size and wealth.
We augment vector C with the various measures of concentration HHI to control
for the concentration of expertise across techniques, functions, and applications. We
also include a variable “Openness” to control for international interactions between
the national innovation system and other countries.™

Taking the log-transformation of Equation 4 allows us to estimate the coefficient
using least squares estimation methods.

Our intuition is that countries endowed with more integrated AI TFA value
chains will have AI competences across the board, and therefore will be better
equipped to produce Al innovations; in other words integration should support the
production of new patents in Al applications. Given that knowledge creation draws
on knowledge stocks, we expect the coefficient associated with patent stocks and
publication stocks to be positive. We also expect the coefficient for the degree of ex-
pertise to be positive, implying that specialization in a given domain of applications
has a positive effect on the creation of future innovations.

Table 2 provides the results of specification 4. We introduce the variables of in-
terest sequentially, with the results appearing in Columns (1) to (4). In Column (1),
we introduce the main control variables of knowledge stocks (patent and publication

stocks), together with the normalized specialization index (nRSA). An important

13 This variable is computed as the share of co-patents with foreign institutions over the overall
number of patents for country ¢, relative to (i.e. divided by) the same share pertaining to all other
countries.
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difference between nRSA and the knowledge stock variables is that the latter do
not pertain to Al applications specifically. Hence, their parameter estimates can be
interpreted as the effects of knowledge capital in science and technology in general
on the generation of Al-related patents. Instead, specialization is Al application
specific, so that its parameter estimate must be interpreted as the effect of expertise
in the given application on the generation of future innovations.

Not surprisingly, all parameters are positive and significant, implying that the
level of expertise in Al applications and overall knowledge stocks are key ingredients
of future innovation in Al-related patents. Regarding specialization (nRSA,), a 1%
increase in nRS A leads to a 46% increase in patent generation. By the same token,
a 1% increase in overall patent stocks leads to a 0.46% in Al-related patents in
specific applications. The significance of publication stocks in patent generation
corroborates the idea that innovation in Al is science-based. Hence, a 1% increase
in publication stocks leads to a 0.1% increase in Al-related patents. Finally, the
parameter estimates of the patent stocks is more than three times as large as that
of the publication stocks. This result is in line with the idea that experience in
patenting matters for future patent generation. Beyond experience, publications and
patents do not necessarily come from the same institutions. For instance, universities
and public research institutions may focus their effort on publishing much more than
patenting. Similarly, while the number of private companies involved in scientific
research is limited, the number of private firms involved in patenting is much larger.
This factor might affect the relationship between publication stocks and patenting
output. These aspects cannot be accounted for by looking at scientific capabilities
only, as evidenced in the publication stocks. These conclusions hold for all models
(Columns 1-4) displayed in Table 2, given the stability of the parameter estimates.

A major finding that corroborates our competence perspective on technological
sovereignty is the significant and positive effect of integration on patenting. There

are a number of reasons for this result. First, as suggested earlier, when the neces-
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Table 2: TFA local integration and the production of quality-weighted innovation

(1) (2) 3) (4)

nRSA, 0.464%**  0.452%**  (0.442%**  (.445%**
(0.056) (0.056) (0.056) (0.056)

Patent Stock (In) 0.359%*F*  0.360***  0.291%FF  (.294%+*
(0.031) (0.031) (0.031) (0.031)

Publication Stock (In) 0.107*%%  0.106***  0.105%%*  0.102%**
(0.032) (0.032) (0.032) (0.032)

TFA Integration (D) 0.022%%  0.024%%  0.074%%*
(0.010) (0.009) (0.021)

Openness -0.262%FF*  _(0.260%**
(0.035) (0.035)

TF A Integration x Openness -0.023%**
(0.008)

T Herfindahl (patents) -1.431%% J1.430%**  -1.210%**  -1.188***
(0.442)  (0.443)  (0.423)  (0.425)

F Herfindahl (patents) 2,128 2 181FFK  1.449%FFF 1. 538%H*

(0.461)  (0.463)  (0.461)  (0.463)

T Herfindahl (publications) 0.750%%  0.745%F  0.892%%%  (.884%**
(0.303)  (0.302)  (0.290)  (0.289)

F Herfindahl (publications) — 0.758%%%  0.750%%%  0.708%**  (.706%**
(0.163)  (0.163)  (0.160)  (0.159)

Population (In) 0.037 0.052 0.596** 0.556**
(0.269)  (0.269)  (0.272)  (0.272)

GDP per capita (In) 1.425%F% ] 419%F%  ]1.439%FF ] 434%6F
(0.099)  (0.099)  (0.095)  (0.095)

R-squared 0.857 0.857 0.859 0.859

Within R-squared 0.197 0.197 0.206 0.207

Log Likelihood -7,840 -7,837 -7,791 -7,787

LR test - 5.44%* 91.44%%* 8.78¥**

N = 8,268. Dependent variable: Quality-weighted number of innovation (number of

patents). Robust standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1. All
regressions include a full vector of unreported year fixed effects and country-field of appli-
cation fixed effects. Constant is omitted for the sake of clarity. The LR test is carried out
comparing the unrestricted model (m) with the restricted model (m — 1).

sary expertise throughout the value chain is developed domestically, organizations
find it easier and cheaper to identify and coordinate their activities rather than
searching for similar competences abroad. Second, the result also suggests the ex-
istence of local clusters where the sharing of information, of human capital, and

their associated positive externalities act as positive ingredients for future inno-
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vation (Romer 1990). Another important element is that value chain integration
reduces uncertainty, allowing for further investments (Amendola & Gaffard 1998).

Observe that the previous remark holds irrespective of the diversity of the coun-
tries” portfolio throughout the AI value chain. More specifically, all models control
for the diversity of the countries in terms of Al techniques and functions, whether
stemming from technologies (as assessed by patents) or from science (as measured in
publication data). It is noteworthy that all concentration measures display positive
coefficients, implying that more concentrated investments around key techniques
and functions matter. The only exception to this contention relates to techniques
as measured in the patent data. Conversely, the diversification of Al techniques in
the patent data acts as a positive input for future innovation. These results show
that efforts to diversify investments into more Al techniques would contrast lock-in
into some Al techniques and be beneficial for innovation in AI applications.

Finally, in Columns (3-4), we introduce Openness, a variable measuring the
propensity of the country to engage in international collaborations in patent activ-
ity. In Column (3), Openness figures negatively, implying that more international
collaborations generate fewer patents pertaining to the country. This result does not
mean that international collaborations are detrimental to innovation in Al. Rather,
we interpret this result as a confirmation of the importance of local innovation sys-
tems. A strong propensity to collaborate with foreign partners reveals a lack of
equivalent expertise locally. As explained, searching for partners abroad is costly
and less stable relative to relying on local networks of partners. Furthermore, open-
ness also results in a loss of innovative opportunities for local partners throughout
the supply chain. Knowledge spillovers and innovation options generated by the
collaboration may benefit customers and suppliers in the partner’s country.

A key feature of our measure of integration is that it allows us to identify the
distinctive role of upstream versus downstream integration. We can rewrite Vec-

tor Z as Bplao + Bropl'rraeo0 + Bre,'Faeo0. Coefficients fr,, and fr,, and their
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difference will provide information about the locus of integration as a source of fu-
ture innovation. Table 3 re-runs the analysis exploiting the possibility of separating
the upstream and the downstream integration effects. The signs, magnitude, and
significance of the coefficients for the key variables tested (nRSA, patent and pub-
lication stocks, Openness) are stable compared to the results of the regressions with
aggregate TFA integration. In this new setup, both the TF and FA integrations
are positive and significant, indicating that Al inventions are enabled both by the
alignment of competences between techniques and functions and between functions
and applications. Models (7) and (8) consider TF integration based on publications
rather than patents. Our goal is to capture the more science-based competences em-
bodied in the technique-functions pairs, and possibly to identify the different actors
involved. The coefficient related to TF integration based on publications loses its
statistical significance, but re-acquires it when the interaction term with Openness is
introduced in specification (8). One way to interpret the result is that TF integration
feeds innovation, but only when the competences are developed domestically rather
than by sources far from the local context. FA integration based on patents reveals
similar insights. Openness affects innovation negatively both overall and when in-
teracted with the integration terms. This result suggests that sourcing knowledge
outside the local innovation systems reduces invention incentives and weakens the
power of integration to produce new knowledge. All in all, this evidence supports

the idea that technological sovereignty can enhance innovative performance.

5.2 The determinants of integration as sovereignty in Al

If integration — and, thus, technological sovereignty — favors innovation in AI, what
factors favor integration? With our data, we can explore the organizational origins
of integration at a granular level. Doing so illustrates the key modalities through
which integration is built, and may also represent an actionable policy lever. In

Table 4, we relate TFA integration (Model (9)), TF integration (Model (10)), and
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Table 3: Partitioning upstream T'F and downstream F'A integration and the pro-
duction of quality-weighted innovation

(5) (6) (7) ®)
nRSA, 0.441%** 0.445%** 0.443%** 0.444%**
(0.056) (0.056)  (0.056)  (0.056)
Patent Stock (In) 0.269*** 0.272%FF%  0.290%F*F  (.282%**
(0.031) (0.031)  (0.031)  (0.031)
Publication Stock (In) 0.097***  0.093***  0.111***  (.135%**
(0.032) (0.033)  (0.033)  (0.034)
TF Integration (I'rr) 0.062%** 0.069***
(0.013) (0.019)
F A Integration (I'p4) 0.016* 0.064*** 0.017* 0.069***
(0.009) (0.020)  (0.009)  (0.021)
Openness -0.281%FF*  _0.279%FF  _(0.259%FF  _(0.246%**
(0.035) (0.036)  (0.035)  (0.035)
TF Integration x Openness -0.004
(0.008)
F'A Integration x Openness -0.022%** -0.024***
(0.008) (0.008)
TF Integration (publications) 0.010 0.080%***
(0.010)  (0.018)
TF Integration (pub.) x Openness -0.031%**
(0.008)
R-squared 0.859 0.859 0.859 0.859
Within R-squared 0.209 0.210 0.206 0.209
Log Likelihood 7,779 7,775 27,792 7,777
Model Comparison (5) vs. (3) (6) vs. (4) None (8) vs. (7)
LR test 24 .82%%% 24 .84%%* - 30.21%%*

N = 8,268. Dependent variable: Quality-weighted number of innovations (number of patents). Robust
standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1. All regressions include a full vector
of unreported year fixed effects and country-field of application fixed effects. The constant is omitted
for the sake of clarity. The vector of control variables includes the series of Herfindahl indexes of
AT techniques and Al functions derived from patents and publications, and population and GDP per
capita entered in logs. Models (7) and (8) use relatedness measures and shares of techniques and
functions derived from publication data.

FA integration (Model (11)). We can distinguish between private and public actors
and combinations thereof (private-private, public-public, and public-private collab-
orations). Indicators of Openness and knowledge stocks (patents and publications)
are included as well. With regard to TFA integration (Model (9)), collaborations

among private actors are related to more integration. Private actors seem to play
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a positive role in enhancing TF integration, with public assignees being character-
ized by a significant but negative coefficient. FA integration is positively related
to the presence of public actors. The stock of patents is significantly related to
integration in all specifications, negatively for TFA and FA and positively for TF.
These results suggest that prior knowledge is important for connecting complemen-
tary competences at the more technological level, while it hinders integration at the
more market-proximate layer of the value chain. Interestingly, Openness has a posi-
tive and significant effect on TFA, TF, and FA integration. A possible interpretation
of this result, especially when compared to the innovation analysis, is that an “open
first, closed then” strategy might be at work. Local actors can develop or diversify
their competences in Al by interacting with international partners. Once the com-
petences are formed, local integration favors the production of new knowledge. In
a nutshell, Al innovators trade openness at the competence-development stage for

less openness at the innovation stage.

6 Conclusion

We have focused on artificial intelligence as one of the technologies driving a global
“arms’ race” between countries and geopolitical blocks to achieve technological
sovereignty. As the international landscape becomes increasingly fragmented and
multi-polar, the question of whether an actor is capable to innovate in Al is pivotal
to understanding future dynamics of growth and competitiveness. This is particu-
larly important for the European Union —a global player in terms of market size but
a laggard in investments in digital and emerging technologies.

We posit that addressing the competitiveness challenges posed by global rivalries
does not require dismantling globalization, but rather improving domestic capabil-
ities and resilience. For this reason, we have focused on the competence dimension

of technological sovereignty. Based on patent and publication data, we developed a
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Table 4: The determinants of integration as sovereignty in Al

(9) (10) (11)

Private assignee (In) 0.038 0.280%** 0.004
(0.049)  (0.039)  (0.049)
Public assignee (In) 0.066**  -0.093***  0.080**

(0.033)  (0.025)  (0.033)

Private-Private coll. (In)  0.153***  0.388***  (0.105%**
(0.034)  (0.025)  (0.034)

Public-Public coll. (In) -0.008 -0.083%** 0.002
(0.018)  (0.016)  (0.018)
Public-Private coll. (In) -0.028 0.033* -0.035
(0.022)  (0.017)  (0.022)
Openness 0.160***  0.340***  0.120%**
(0.040)  (0.030)  (0.040)
Patent Stock (In) -0.192%** Q. 113%**F  -0.204%**
(0.041)  (0.038)  (0.041)
Publication Stock (In) 0.038 -0.007 0.043
(0.036)  (0.028)  (0.036)
R-squared 0.451 0.632 0.441
Within R-squared 0.010 0.103 0.080
Log Likelihood -9,263 -7,608 -9,335

N = 8,268. Dependent variable: TF A integration in model (9). TF in-
tegration in model (10). F'A integration in model (11). Robust standard
errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1. All regressions
include a full vector of unreported year fixed effects and country-field of
application fixed effects. The vector of control variables includes patent
stocks, publication stock, population and GDP per capita, all entered
in logs. Constant is omitted for the sake of clarity.

measure of integration that we argue serves as a proxy for technological sovereignty.
This measure captures the integration of countries’ Al innovation across a stylized
value chain comprising techniques, functions, and applications, and is then applied
in a series of econometric analyses. Through this approach, we have linked inte-
gration to the innovative performance of countries in Al and further unpacked the
integration measure into more fundamental determinants. Our results show that
integration is key for innovation in Al

As the EU reveals the least integrated among global blocks, its gap with the

international technological and competitiveness frontier risks widening further and
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becoming permanent. At the same time, the scope for improvement is substantial,
and the lack of integration in European Al should be seen as a call to policy ac-
tion. We argue that European policies to enhance technological sovereignty should
pursue two non-exclusive avenues. On the one hand, significant public investment
programs, as recommended by Aghion et al. (2024) in the context of France and by
Draghi (2024) for the European Union as a whole, are essential to addressing the
investment gap. The true challenge lies in stimulating private investments in Al, a
task particularly difficult for countries with limited representation among global Al
leaders. On the other hand, efforts in developing a common understanding of the
directionality of investments, for instance by allocating scientific and technological
funding to areas with high returns (Fuest et al. 2024), represents another funda-
mental challenge. Increasing integration in EU Al will also depend on some form
of continental coordination between European actors to facilitate the formation of

a fully-fledged, Europe-wide AI industry.
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Appendix A. Identification of patents and publications

In order to identify relevant Al patents, we combined two approaches. On the
one hand, we used information from three patent classification systems: the Inter-
national Patent Classification (IPC), the Cooperative Patent Classification (CPC),
and the File Index / File forming terms (FI/F). On the other, we exploited keywords
to search for Al technologies in patents’ titles and summaries. Keyword-based ap-
proaches are increasingly used in order to navigate data in a more explorative and
unstructured manner (Ott & Vannuccini 2023, Cockburn et al. 2018) and to go
beyond standard classifications.

The protocol for our selection of Al patents is inspired by the methodology
developed by WIPO (WIPO 2019), to which we added an additional step. The
WIPO methodology consists of three building blocks of data from different selection

strategies. Each block builds upon the previous one.
« Step 1: List of CPC codes specific to Al technologies/functions/applications
e Step 2: Specific list of keywords in the titles and summaries of the patents

» Step 3: Specific lists of CPC codes, IPC codes, and FI/F terms controlled by

another specific list of keywords

The combination of the three datasets obtained through these steps results in a
sample that represents all patents considered potential Al patents. Steps 2 and 3
are based on a search in the abstracts and titles of the patents of the keywords that
the WIPO proposed. We also added a number of terms related to development in
Al such as generative Al, that have emerged more recently. Although the majority
of patent titles and abstracts are written in English (approximately 80% for titles
and approximately 90% for abstracts), some are written in other languages. Given
that the keywords in the WIPO list are in English, it is difficult to search through

texts written in other languages. Of the 36 languages used, we selected those which,
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according to the WIPO report, are spoken in countries that play a relatively impor-
tant role in the development of AT (WIPO 2019). We translated the keywords into
the following 11 languages: French, German, Spanish, Portuguese, Italian, Russian,
Chinese, Japanese, Korean and Dutch. The last step was to apply Steps 2 and 3 to
Japanese patents that do not use a patent classification system based on the CPC
or IPC codes. To do so, we first retrieved the Al patents using the Japanese FI/F
classification terms. We then performed a full join on the patent IDs in order to
retrieve the corresponding IPC and CPC codes.

This procedure allowed us to identify 96% of the patents from the Japanese
patent classification. In Step 2 we used the list of keywords from Step 1 to select the
patents. The third step was to select a list of patents by IPC, CPC, and FI/F terms,
and then filter them using the keyword list in Step 2. Finally, we built our own patent
databases by categorizing the patents into the AI TFA categories using an algorithm
we developed. We began by classifying a patent into a category/subcategory if the
CPC/IPC code allowed it through the WIPO classification. If not, we searched for
a series of keywords related to the category and subcategory in the abstract and/or
title of the patent. In this way, we built three databases of patents that corresponded
to the three categories of AI we considered: techniques, functions, and applications.

We also used this method to classify scientific publications about AI into the
three categories of TFA. However, there were three major differences in our approach.
First, given that our publications came from conferences devoted to Al, we did not
have to determine which publications were relevant. Second, unlike patents, publi-
cations are not classified in technology classes (IPC, CPC, FI/F classes). Hence, we
relied exclusively on our search for Al-related keywords in the titles and summaries of
the publications. Last, we did not consider publications associated with application
domains (the “A” in the TFA representation). We made this choice because publi-
cations usually focus primarily on advancing knowledge — in our case, introducing

new (or advanced) techniques and functions — rather than specific production is-
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sues. Therefore, we assumed that scientific publications would be concerned with
the development of techniques and functions.

An important issue for the purpose of this paper is to determine the location of
the invention (in terms of country). As our interest is to locate and map Al-related
competences, we use the country of residence of the inventors identified by their
personal address referenced in PATSTAT rather than the country of the IP office.

The issue with using the inventors’ country of location is that that information

is missing in around 50% of Al patents. To correct that, we proceeded as follows.

1. PATSTAT. With the variable “psn_country_code”, PATSTAT provides infor-
mation on the inventor’s location. Of 1,580,115 patents, we located the inven-

tor’s residency for 783,556 patents.

2. OECD REGPAT database. January 2024. REGPAT is an OECD database
that provides the location of nearly 19 million patents from PATSTAT (Maraut
et al. 2008). The ultimate goal of REGPAT is to link patents to NUTS3

regions, and therefore countries.

3. To complement this approach, we considered patents with only one inventor
and a family size of 1 (only one IP office). We also assigned the country of the

IP office as the country of invention.

By concatenating the different sources of information, we obtained 1,415,828
patents (93%) with a geographic location. It should be noted that a patent can
have several inventors, therefore several locations.

Concerning publications, the information contained in Scopus allowed us to de-
termine the location of the scientists more straightforwardly, using the address of
the affiliation of the authors. We obtained 330,362 publications from conference
proceedings from 1989 to 2023. As in the case of patents, we did not use weights

to allocate publications to countries. If a publication was written by authors from
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different countries, we counted the publication as many times as there were countries

rather than allocating weights to the countries.
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Appendix B. List and frequencies of T'F'A domains.

Table B1 presents the full list of techniques and functions used to classify patents
and publications in the Technique-Function-Application framework. Figures B1 and
B2 display the frequencies of the patent documents and publications, respectively.
Not surprisingly, both figures B1 and B2 indicate over-dispersed distributions in the
number of patents and publications dedicated to techniques and functions. Figures
B1 also show that all applications do not use Al with the same intensity. The fields
of transportation, life and medical sciences, security, and telecommunications are
clearly dominant in their use of Al in our period of analysis. These differences may
affect the estimation and interpretation of specialization in each domain. Becom-
ing an expert in deep learning requires much more investment and resources than
acquiring a specialization in fuzzy logic; at the same time, investing in the least
crowded technical or functional domains might be a positioning strategy for taking
the lead in niche areas, if any returns (scientific or economic) are to be expected in

these areas.
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Appendix C. Measuring Complementarity

To show our approach in details, we follow Nesta (2008) and quantify comple-
mentarity between any Al technique t € {1,2,--- ¢,--- T} and any AI function
fe{1,2,--- f,---, F}. Let the technological universe consist of K patent appli-
cations. Let Py = 1 if patent k is assigned to Al technique ¢, and 0 otherwise. The
total number of patents assigned to technique ¢ is thus O; = Y, Pjx. In the same
vein, let Py, = 1 if patent k is assigned to Al function f, and 0 otherwise. The total
number of patents assigned to function f is thus Oy = >°; Ps;. The number Oy of
observed joint occurrences of Al technique ¢ with Al function f is > Py Pyy.

Given this setting, let us now define a random variable X as the number of
patents assigned to both technique ¢ and function f under the assumption of random
joint occurrence. Then, X;; can be considered a hypergeometric random variable
of mean p; 5 and variance aff as follows (population K, number of successes O; and
sample size Oy):

0,0
pug = BE(Xip = 2) = =

K—-0O\(K-0
O'th::utf< K t>( K_1f> (C2)

If the actual number O, of co-occurrences observed between Al technique ¢ and

(C1)

Al function f greatly exceeds the expected value aff of random joint occurrences,
then technique ¢ and function f are highly complementary. Inversely, when O <
fie, Al technique t and Al function f are deemed as excluding one another, meaning

they do not complement one another. Thus, complementary 7 is defined as follows:

Tt f O_tf

Typically, 7 is a real number that can be positive or negative and may be

o4



thought of as the degree of complementarity between couples of techniques and func-
tions. The same logic can be applied to quantify how AI functions apply to specific
Al-related applications. Define Al applications a such that a € {1,2,--- ,a,--- , A}.
Now let P,, = 1 if patent k is assigned to Al application domain a, and 0 other-
wise. The total number of patents assigned to Al-related application a is thus

O, = >k Par- We then define 44, O'J%a and 7y, as, respectively:

0:0,
g = B, = 2) = 2 4
K—0;\ (K -0,
) e
Tra = Ofa = Hya (C6)

O fa
Again, 7y, is a real number that can be positive or negative and may be thought

of as the degree of complementarity between couples of functions and applications.
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