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Man is by nature a social being and necessarily depends on cooperation with
others to secure his existence, for he cannot achieve his essential needs alone.
[-..] Through cooperation, the needs of a number of persons, many times greater
than their own number, can be satisfied.

Ibn Khaldun (1332-1406), The Mugaddimah






To my wife Dilara






A Personal Reflection

When I was four years old, many people in my environment worked in the low-wage sec-
tor—cleaning kitchens, working in catering, or taking orders at fast food restaurants, where
everything was greasy. Some worked with a smile on their faces and greeted everyone with
a friendly “hello.” At that age, I believed we lived in a world where everyone earned the
same salary, because anything else would have been unfair. That’s why I wanted to become
like the happy man: I wanted to do the job of those who seemed the happiest.

This early sense of justice was rooted in an idea of equality I was taught from a young
age: fairness meant equal treatment for all. Over time, however, I came to understand that
this view was incomplete. Fairness is not always equality; it may also require recognizing
the differences in mental and physical effort, responsibility, or contribution. Equal pay for
unequal work may itself be unjust.

Later, as a high school student, I set myself a new goal: I wanted to become a doctor, to help
those who couldn’t afford medical care. However, in economics class, I discovered something
unexpected: a fascination with how societies allocate resources and how small institutional
changes can lead to significant improvements in people’s lives on a large scale. It became
clear to me that economic policies—such as interest rate adjustments, tax incentives, and
redistribution mechanisms—can have a profound impact on social outcomes. I began to
believe that I might help more people through economic insight than through medical care.
That realization was a turning point. It taught me that systemic change can sometimes
be more powerful than individual treatment. To contribute meaningfully, however, I un-
derstood I had to grow—both intellectually and personally. I needed to deepen my un-
derstanding of institutions, incentives, and justice, and to refine the tools I would use to
analyze them.

This dissertation is part of that journey. The dissertation examines how institutions can
be designed to provide public goods—those services and protections that benefit all of us,
yet are often taken for granted. Each of the three papers engages with this theme from
a different angle, combining theory and empirics to explore how supranational coopera-
tion, defense burden-sharing, and crowdfunding mechanisms can be structured to improve
outcomes and enhance fairness.

In doing so, I return to a simple childhood aspiration: to make a difference in people’s
lives—only now, not by the job of those who seemed the happiest or practicing medicine,
but by contributing to a better understanding of how we can design fairer and more effective
economic institutions.






Abstract

In this thesis, we study three distinct approaches to the provision of public goods in supra-
national and decentralized contexts. The thesis comprises three self-contained research
papers that address fundamental challenges in international cooperation, burden sharing,
and incentive-compatible redistribution.

The first paper develops formal stability conditions for coalition structures using a behav-
ioral economic approach grounded in game-theoretic tools. The model is validated with
real-world data on supranational public goods and delivers both explanatory and predic-
tive power. The analysis is initially limited to supranational public goods where tasks, once
carried out at external borders, become redundant within national boundaries. Applied to
the European Sky Shield Initiative (ESSI), the model predicts partial cooperation patterns
consistent with recent political developments.

The second paper empirically re-examines the distribution of benefits within coalitions.
The analysis builds on established methods from the NATO burden-sharing literature,
specifically Spearman rank and Wilcoxon signed-rank tests, and focuses on European NATO
members. We construct a statistically validated average benefit share measure based on
GDP, population and proximity to Russian borders. The resulting metric aligns more closely
with observed burden allocations and offers a more accurate benchmark than conventional
indicators.

The third paper investigates how surplus should be redistributed in the provision of public
goods. Using an axiomatic approach, we identify fundamental limitations in the design of
rebate rules by demonstrating the impossibility of simultaneously satisfying participation
incentives, contribution incentives, and a fairness criterion. To address this tension, we pro-
pose a new redistribution rule which satisfies a weaker version of these axioms while preserv-
ing meaningful fairness and incentive properties: the Proportional Rebate with Threshold
(PRT) rule. We show that the PRT rule generates higher redistributions when an individual
increases contributions. We argue this strengthens the incentive to contribute.

Together, these papers contribute to a deeper theoretical and empirical understanding of
how collective action problems can be mitigated through tailored institutional design, com-
bining behavioral, empirical and axiomatic approaches.
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Zusammenfassung

In dieser Dissertation untersuche ich drei unterschiedliche Ansétze zur Bereitstellung 6ffent-
licher Giiter in supranationalen und dezentralen Kontexten. Die Dissertation umfasst drei
eigenstandige wissenschaftliche Arbeiten, die grundlegende Herausforderungen internatio-
naler Kooperation, gerechter Lastenteilung und anreizkompatibler Riickverteilung adressie-
ren.

Die erste Arbeit entwickelt formale Stabilitdtsbedingungen fiir Koalitionsstrukturen auf
Grundlage eines verhaltensékonomischen Ansatzes unter Verwendung spieltheoretischer
Werkzeuge. Das Modell wird anhand von Daten zu supranationalen o6ffentlichen Giitern
validiert und zeigt sowohl Erklarungs- als auch Prognosekraft. Im Fokus stehen suprana-
tionale Offentliche Giiter, bei denen Aufgaben, die einmal an der Aufsengrenze erbracht
werden, innerhalb nationaler Grenzen redundant sind. Angewandt auf die FEuropean Sky
Shield Initiative (ESSI) prognostiziert das Modell eine partielle Kooperation, die mit aktu-
ellen politischen Entwicklungen iibereinstimmen.

Die zweite Arbeit untersucht empirisch die Verteilung von Nutzen innerhalb von Koalitio-
nen. Aufbauend auf etablierten Verfahren aus der NATO-Lastenteilungsliteratur — insbe-
sondere Spearman-Rangkorrelationen-Test und Wilcoxon-Vorzeichen-Rang-Tests — richtet
sich die Analyse auf die européischen NATO-Mitgliedstaaten. Auf dieser Basis wird ein
statistisch validiertes Maf fiir den durchschnittlichen Nutzenanteil entwickelt, das auf BIP,
Bevolkerungsgrofe und geografischer Nahe zur russischen Grenze basiert. Diese Metrik kor-
respondiert mit den beobachteten Verteidigungslasten als herkémmliche Indikatoren und
bietet somit einen priziseren Referenzwert fiir den durchschnittlichen Nutzenanteil.

Die dritte Arbeit befasst sich mit der Frage, wie Uberschiisse bei der Bereitstellung 6f-
fentlicher Giiter riickverteilt werden sollten. In einem axiomatischen Ansatz identifizieren
wir grundlegende Grenzen bei der Gestaltung von Riickzahlungsregeln, indem wir ein Un-
moglichkeitstheorem formulieren: Es ist nicht moglich, Teilnahmeanreize, Beitragsanreize
und ein Fairnesskriterium gleichzeitig vollstdndig zu erfiillen. Um diesen Zielkonflikt zu
entschérfen, schlagen wir eine neue Riickverteilungsregel vor, die abgeschwichte Versionen
dieser Axiome erfiillt und zugleich zentrale Fairness- und Anreizeigenschaften wahrt: die
,Proportional Rebate with Threshold“ (PRT) Regel. Wir zeigen, dass die PRT-Regel bei
steigenden Beitragen zu hoheren Riickzahlungen fiihrt als géngige Riickverteilungsregeln.
Dieses Verhalten stédrkt aus unserer Sicht die Anreize zum Beitragen.

Gemeinsam leisten diese drei Arbeiten einen Beitrag zu einem vertieften theoretischen und
empirischen Verstandnis dafiir, wie kollektive Handlungsprobleme durch gezieltes institu-



tionelles Design abgemildert werden kénnen — im Zusammenspiel verhaltenstkonomischer,
empirischer und axiomatischer Ansétze.
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CHAPTER | 1

General Introduction

1.1 Motivation and Fundamental Concepts

Economics is the study of the efficient use of scarce resources. People need resources to
fulfill their wants. Because resources are scarce, people make decisions about how to use
them (Robbins, 1932; Mankiw, 2020). Every day, individuals make choices about the use of
their own resources—for example, what to eat for lunch. The decision whether to eat lunch
in an upscale restaurant or a cafeteria depends on personal preferences and one’s budget.
Most often, one asks: “How much am I willing to pay for the good or service?”

To understand why one is willing to pay more for some goods than for others, we must
take a closer look at the goods themselves. Goods can be divided into private and public
goods.! This distinction is based on the concepts of rivalry and excludability.

Rivalry refers to the idea that if one person uses a good, another person cannot use it at
the same time. For example, if one person orders a plate of pasta in a restaurant, no other
person can eat from it without reducing the portion available to the one who ordered it.
Rivalry also applies to something one buys that no one else can buy in exactly the same
form. To clarify: even a hammer in a household is rivalrous, since only one person can use
it at a time—even if, unlike the pasta, it is not consumed.

Excludability is the concept that others can be actively prevented from using a good. A
common example is putting up a fence around one’s garden to keep others out.

Goods that are both rivalrous and excludable are called private goods. A plate of pasta in
a restaurant is a private good.

Goods that are non-rivalrous and non-excludable are called public goods. An example is
street lighting. Street lighting is non-excludable because individual consumption cannot be
prevented. It is also non-rivalrous because one person’s use of the light does not diminish the
benefit for others. Street lighting is available to everyone, regardless of their contribution.
The good is non-excludable because no one walking down the street can be excluded from
its benefits, and it is (more or less) non-rivalrous because each person benefits from it
without reducing others’ utility. People may nevertheless hold different valuations of the
same good, which leads to differing willingness to pay for its provision, or people may even
underreport their true willingness to pay to avoid bearing the cost (Samuelson, 1954).

!Other commonly discussed types include club goods (excludable but non-rivalrous) and common-pool
resources (non-excludable but rivalrous).

2This foundational classification was first formalized by Samuelson (1954), who demonstrated that
markets cannot efficiently provide public goods because individuals have an incentive to underreport their
true willingness to pay, leading to underprovision.
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As the name “public good” suggests, public goods are typically provided by the public
sector, such as the state as provision occurs when the sum of marginal benefits equals the
marginal rate of transformation, meaning, when each individual contributes to the cost in
accordance with their preferences between public and private goods.? A further attribute
of a public good is that society or the public benefits from its use. The example of street
lighting in a neighborhood may serve as an illustration: everyone wants the light, though
some residents benefit more than others (e.g., those who live closer). In a scenario with
four neighbors, there are four parties who need to agree on how much each contributes
to the cost. Everyone has an incentive to pay as little as possible for something useful,
engaging in free-riding behavior—benefiting without contributing fully. This often leads
to no provision at all, since no agreement can be reached—each person wants to minimize
their own expense and hopes others will pay. As a result, the costs of the street lighting are
not covered. At this point, the state intervenes, provides the lighting, and funds it through
taxes.

This phenomenon is well known in economic theory. Society needs a state to overcome such
market failures in terms of efficiency and fairness in resource allocation and distribution.
Beyond private goods and services, public goods should be provided when their provision
is socially desirable—even though the private sector lacks sufficient incentives.

In recent decades, a broad range of public goods has emerged. There is a general consensus
that national public goods and services are fundamental to human well-being and that the
state and the market must cooperate in their provision (Kaul et al., 1999). This is relatively
straightforward in the national context.

In the international context, however, citizens first decide on their own national budgets,
and only then must governments coordinate with other governments. Additionally, global
public goods involve externalities that affect other countries. An example for an externality
is the invention of an Ebola vaccine that benefits all countries, not just the inventor nation.
In addition to the two well-known characteristics of public goods—non-excludability and
non-rivalry—aglobal public goods feature further attributes like the range of spillovers and
technology aggregation (contribution to supply).

The discovery of a vaccine for Ebola, for instance, has a broader range of spillovers than a
solution to a purely local problem (Arce M. and Sandler, 2002; Kanbur et al., 1999).

The relationship between individual contributions and the total quantity of a public good
available for consumption is called technology aggregation—or more intuitively: contribution
to the available supply. Technology aggregation indicates how the contribution of countries
add up to a good that is then available for all. For example, total greenhouse gas emissions
are the sum of emissions from all countries.® Likewise, the total of peacekeeping efforts
is the sum of troops from all contributing countries. As with the example of funding
street lighting, the dominant strategy for a country is to contribute no peacekeeping troops,

3However, public goods can also be (partially) provided by the private sector, especially when exclusion
is feasible or incentives are aligned.

4The term “good” is used here in a neutral form. Greenhouse gas emissions can be classified as a “bad”
due to their negative externalities.



regardless of what others do, because the individual cost outweighs the individual benefit.
A higher-level actor among countries would be an international institution or a coordination
mechanism, serving a role analogous to the relationship between citizens and the state in
overcoming collective action problems inherent to public goods provision (Buchholz and
Sandler, 2021; Sandler, 2004).

Institutions such as NATO or formal arrangements like the Furopean Sky Shield Initia-
tive (ESSI), emerge to mitigate free-riding, enforce contributions, and coordinate behavior
(Sandler, 2004). Following North (1991), institutions are the “rules of the game’—formal
or informal constraints that shape human behavior—with a normative and constructive
element to design new ones that lead to desirable outcomes. From the perspective of tech-
nology aggregation, centralized or coordinated efforts are more efficient.” It is preferable
that a technologically advanced country deflect an incoming comet from Earth—with the
support of others—rather than having many countries attempt it unsuccessfully on their
own.

To return to the initial question posed at the outset of this introduction:

What is each country or individual willing to pay for the provision of a public good—such
as joint air defense or public parks?

This dissertation addresses this central question in three self-contained but thematically
interconnected chapters, as visualized in Figure 1.1. Each chapter offers distinct theoret-
ical and empirical contributions to understanding the institutional design of public goods
provision, particularly in supranational contexts, international burden sharing, and redis-
tribution mechanisms.

Chapter 2 develops a theoretical model of coalition formation for supranational public
goods. Integrating insights from behavioral economics, the chapter develops the concept of
stable coalition structures shaped by belief-restricted strategies (tacit binding). The model
is then empirically applied to the European Sky Shield Initiative (ESSI), validating when
and with whom stable coalitions can be achieved for joint air defense systems in Europe.
Chapter 3 provides an empirical reassessment of defense burden sharing among European
NATO members over the period 1993-2022. The analysis evaluates whether the contri-
butions of countries align with their benefits employing rank-based statistical methods.
This chapter contributes to the broader understanding of burden-sharing in international
alliances by extending and refining previous empirical assessments.

Chapter 4 shifts the focus to redistribution mechanisms within the provision of public
goods, specifically in the context of crowdfunding environments. This chapter examines how
alternative rebate rules impact fairness and incentive compatibility, offering an axiomatic
approach and a comparative evaluation of various redistribution methods.

Overall, the dissertation advances our understanding of how institutions can effectively
address coordination problems inherent in the provision of public goods, offering insights

5This efficiency advantage of centralization typically holds when transaction costs for coordination are
low.



into policy implications for international cooperation and institutional design.

The remainder of the dissertation is structured as follows. Each chapter is self-contained
and can be read independently, though they are unified by a common focus on the institu-
tional design and the provision of public goods. General context and background on this
overarching theme are provided in Section 1.2, Background. Chapter 2, The Provision of
Supranational Public Goods, develops a behavioral game theoretic model of coalition for-
mation for supranational public goods. Section 1.3 provides an extension to this chapter,
containing additional supporting material. Chapter 3, Furopean NATO Burden Sharing
1993-2022, provides an empirical investigation of defense spending patterns among Euro-
pean NATO members over three decades. Chapter 3 does not require further extension.®
Chapter 4, Designing Rebate Rules in Public Goods Provision, examines mechanisms for
redistributing surplus contributions in public goods provision. Section 1.4 provides an
extension to this chapter, containing additional supporting material. Finally, Chapter 5,
Conclusion, concludes the dissertation by reflecting on the common themes across the three
works. An epilogue titled “A Tale of Neighbors, Cooperation and a Streetlight” follows and
serves as an intuitive reflection on the central themes of this dissertation, inspired by the
idea that the essence of complex problems can often be conveyed through simple stories—
accessible to a broader audience.

5This chapter adopts an analytical framework that has been widely used in the literature, making the
contribution easier to follow.
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Figure 1.1: Structure of the Dissertation: Each chapter addresses a distinct aspect of public
goods provision while maintaining thematic cohesion. The chapters offer contributions to
the following topics: (i) coalition formation for supranational public goods, (ii) empirical
burden-sharing within European NATO, and (iii) redistribution rules in crowdfunding.
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1.2 Background

In the following, we examine the background and historical development that explain why
institutional design matters. We then discuss works that have made important contributions
to the field of institutional design and the provision of public goods.

Historical Context.” In the 1960s, the world was marked by Cold War rivalry. On
one side stood the Soviet Union with its model of centralized planning; on the other, the
Western liberal democracies championed markets and decentralized decision-making, with
economists like Friedrich Hayek leading the intellectual charge. The ideological contest was
also an economic one—about how best to allocate scarce resources and deliver public goods.
Hayek argued that markets were superior because they processed dispersed information
better than any planner ever could. In his view, prices acted as signals, guiding millions of
individual decisions in a way no central authority could replicate (Hayek, 1945).

But not everyone agreed it was so simple. Leonid Hurwicz, a Polish-Jewish immigrant to the
United States who had escaped the rising authoritarianism of pre-Soviet Eastern Europe,
saw a deeper issue: even if all information were available, would people share it truthfully?
And what kinds of institutions would make self-interested behavior lead to good outcomes?
These questions formed the foundations of what would later be called mechanism design
theory (McGuire et al., 1972).

Hurwicz began with public goods, where free markets notoriously fail. The problem wasn’t
just about allocating goods efficiently, but about creating systems in which individuals
would voluntarily contribute to something that benefits everyone (Hurwicz, 1973).
Around the same time, George Akerlof introduced the idea of adverse selection in markets
with asymmetric information, showing that markets could fail even in competitive settings.
Together, these contributions painted a more nuanced picture: markets work only when
certain conditions hold—and when they don’t, institutions matter (Akerlof, 1970).

In 2007, Leonid Hurwicz, Eric Maskin, and Roger Myerson were awarded the Nobel Prize
in Economics “for having laid the foundations of mechanism design theory.” Their work
formalized the idea of institutional design and that public goods require mechanisms (Nobel
Prize Outreach, 2007).8

Institutional Design. Mechanism design theory, as developed by Hurwicz and later ex-
tended by Maskin and Myerson, provides formal analytical tools to structure incentives
systematically within intentionally designed institutional frameworks. Yet, institutional

"This narrative draws in part on material from the graduate course Mechanism Design (Econ 8819,
Boston College), taught by Prof. M. Utku Unver in 2025.

8For example: “Hurwicz’s (1972) notion of incentive-compatibility can now be expressed as follows: the
mechanism is incentive-compatible if it is a dominant strategy for each participant to report his private
information truthfully.”(Nobel Prize Outreach, 2007)
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design extends beyond the scope of mechanism design alone. It must integrate broader
considerations, including legitimacy, adaptation, and political feasibility, especially in in-
ternational contexts where sovereignty and coordination challenges persist (Mendez, 1999;
Goodin, 1996). Thus, institutional design can be viewed as a purposeful, strategic, and
holistic approach to institutional creation or reform, explicitly aimed at overcoming coordi-
nation failures and sustaining cooperation in public goods contexts. At a foundational level,
institutions can be understood in the sense of Douglass North’s widely cited definition: “In-
stitutions are the rules of the game in a society or, more formally, are the humanly devised
constraints that shape human interaction” North (1991). These rules can emerge sponta-
neously, through evolutionary processes, or deliberately through intentional planning. In
contrast, institutional design explicitly emphasizes the deliberate creation or adaptation
of these rules to achieve specific outcomes. While institutions themselves may exist inde-
pendently of intentionality—shaped by history, culture, and norms—institutional design
presupposes agency, intentionality, and strategic reasoning. It involves carefully selecting,
modifying, or crafting institutional arrangements to resolve incentive problems, encourage
desired behaviors, and achieve collective goals, particularly in environments characterized
by complex strategic interdependencies, information asymmetries, or conflicting interests.
Complementing this formal view, Ostrom (1990) emphasized that effective institutions can
also emerge from the bottom up, as self-organized systems rooted in trust, norms, and
repeated interaction. Ostrom’s work on common-pool resource management demonstrated
that local communities can sustainably govern shared resources without relying solely on
market mechanisms or top-down state intervention. Moreover, Goodin (1996) emphasizes
that institutions are not always the result of deliberate, centralized planning by institutional
“engineers.” Many often emerge from overlapping, partial, or evolutionary processes. In this
spirit, Sandler (2004) highlights that institutional design fundamentally alters the strategic
environment of public goods provision. Through cost-sharing arrangements, joint-product
inducements, or preference-revelation mechanisms, institutions can transform Public Goods
Games from Prisoners’ Dilemmas into Coordination Problems. Moreover, different aggre-
gation technologies—such as summation, weakest-link, and best-shot—require distinct in-
stitutional forms. In each case, the goal of institutional design is to make cooperation

rational, sustainable, and incentive-compatible.

These broader considerations are central to this dissertation. Designing institutions for the
provision of public goods first requires an understanding of how individual actors benefit
from the institution. Chapter 3 addresses this by examining the distribution of benefits
across countries in the context of the European NATO, the NATO and the ESSI.

Second, it is essential to understand how strategic decisions are made and under what
conditions stable cooperation arises—or fails to arise. Chapter 2 focuses on these questions
by analyzing the behavior of actors within the ESSI.

Third, at the individual level, surplus redistribution of the jointly provided good becomes
a key concern. Chapter 4 explores this issue by analyzing how rebate mechanisms allocate
surplus among participants.



1.3 Extension to Chapter 2

Chapter 2 develops a behavioral-economics framework for the provision of supranational
public goods. We begin with a concise overview of how behavioral game theory has evolved.
Following Gintis (2005) canonical classification, we map that evolution into five established
stages. We then add a sixth, more recent stage introduced by Capraro (2013b), which,
while not part of the original framework, appears to align conceptually and enrich the
overall classification.

Stage 1: The Paradox Era. The Allais (1953) and Ellsberg (1961) paradoxes revealed
systematic violations of expected-utility theory: decision makers appear to weight proba-
bilities non-linearly. Allais received the 1988 Nobel Prize in Economics Sciences “for his pi-
oneering contributions to the theory of markets and efficient utilization of resources”(Nobel

Prize Outreach, 1988).

Stage 2: Market-Experiment Validation. Beginning in 1956, Vernon Smith ran con-
trolled exchange experiments that reproduced competitive price equilibria with striking
accuracy, thereby validating the rational, self-interested actor model rather than refuting
it. Smith received the 2002 Nobel Memorial Prize in Economic Sciences for establishing
“laboratory experiments as a tool in empirical economic analysis, especially in the study of
alternative market mechanisms” (Nobel Prize Outreach, 2002b).

Stage 3: The Cognitive-Bias Program. Starting in the early 1970s Amos Tversky
and Daniel Kahneman, and collaborators subjected classical decision theory to a battery
of empirical tests. Their findings—prospect-theory (Kahneman and Tversky, 1979), hy-
perbolic discounting (Ainslie, George, 1992; Ahlbrecht and Weber, 1995; Laibson, 1997),
regret theory (Robert, 1993), and more—mapped a landscape of predictable departures
from standard rationality (Neumann and Morgenstern, 1944). Kahneman shared the 2002
Nobel Prize with Smith for “having integrated insights from psychological research into
economic science, especially concerning human judgment and decision-making under un-
certainty”(Nobel Prize Outreach, 2002a).

Stage 4: Strategic-Interaction Anomalies. Ultimatum-game by Guth et al. (1982),
bargaining studies by Roth et al. (1991); Kagel and Roth (1995), trust game Berg et al.
(1995), and public-goods and common-pool experiments shifted the behavioral lens to ex-
plicitly strategic settings (Hayashi et al., 1999). Generous offers, and voluntary cooperation
and other non-self-interested behavior of agents were initially treated as “irrational” devia-

tions and flawed reasoning.

Stage 5: Modeling Social Preferences. In the next stage, fairness and reciprocity were
no longer regarded as errors. Instead, other-regarding motives were embedded directly into
utility functions while retaining the rational choice framework, thereby converting earlier
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“anomalies” into predicted behavior once agents were assumed to care about relative payoffs
and the process of play (Fehr and Géchter, 2000; Bolton and Ockenfels, 2000; Charness and
Rabin, 2002).

Stage 6: Anticipatory Strategic Reasoning. A more recent stream of research—
sparked by Valerio Capraro’s working paper A Solution Concept for Games with Altruism
and Cooperation and further developed A Model of Human Cooperation in Social Dilem-
mas—asks: What if humans forecast “how social dilemmas evolves if they formed coalitions
and then they act according to their most optimistic forecast” (Capraro, 2013a,b). Capraro
observes that in one-shot social dilemmas (Prisoners’ Dilemma, Public Goods, Traveler’s
Dilemma, etc.) players do not act as isolated utility-maximizers; instead, they imagine
“what if we were a team?” and compare the payoffs of that hypothetical coalition with the
temptation and risk of deviations.

Taken together, Capraro’s forecast-based approach can be viewed as a sixth stage in be-
havioral game theory’s evolution—one that blends the empirical focus of stages 1-5 with
a normative aspiration: a formal rule that tells strategic, forward-looking players what it
makes sense to do when they anticipate how the whole group might respond.

Like the five earlier stages, Capraro’s framework is firmly rooted in experimental evidence
on how people actually behave in social dilemmas.? In this view, cooperation arises not
because payoffs are sweetened with altruism or because players make random errors, but
because fully rational agents, mindful of how coalitions could form and how deviations
might be punished.!’ Capraro leaves payoffs unaltered and assumes perfect calculation:
cooperation emerges because players foresee the risks if they deviate and the gains if ev-
eryone cooperates. What changes is that each player anticipates how coalitions might form
and how any defection could trigger retaliation.

This forecast-and-risk calculus allows the model to match several empirical regularities that
puzzled earlier theories: higher cooperation rates in Prisoners’ Dilemma as the benefit-to-
cost ratio rises, lower claims in Traveler’s Dilemma when the bonus/penalty grows, the
hump-shaped contribution pattern in public goods games as groups expand, and the gen-
erous offers observed in ultimatum and dictator games.'' In conclusion, Capraro blends
the empirical orientation of behavioral game theory’s first five stages with a clear norma-
tive proposition: cooperation can emerge from strategic reasoning under social anticipation
alone (Capraro, 2013b).

9Earlier stages were driven by what people do in experiments and real life; Capraro goes further by
proposing a rule that tells you what makes sense once you foresee others’ responses.

The downside risk if others subsequently deviate in response.

"Empirically, contributions trace an inverted-U: in very small groups they begin relatively low; as
membership grows, average contributions rise because individuals see their cost share as reasonable and the
public good as worthwhile; once the group passes a moderate size, additional members dilute each person’s
impact and heighten free-riding incentives, causing contributions to decline.
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1.4 Extension to Chapter 4

Economic theory has long grappled with the problem of free-riding in public goods pro-
vision. Samuelson (1954) established that individuals tend to under-contribute when the
benefits of a public good are non-excludable, leading to inefficient provision. Warr (1983)
introduced the neutrality theorem, positing that the total supply of a public good remains
unchanged under income redistribution, provided the set of contributors remains the same.
Bergstrom et al. (1986) expanded this argument by demonstrating that changes in the set of
contributors could significantly impact public good provision, highlighting the importance
of contribution incentives.

Threshold mechanisms have been proposed as solutions to the free-riding problem. Bag-
noli and Lipman (1989) demonstrated that refund guarantees in voluntary contribution
mechanisms could fully implement the core, ensuring that public goods are provided effi-
ciently. Isaac et al. (1989) provided experimental evidence that refund guarantees increase
contributions, while Bagnoli and Mckee (1991) found that withholding information about
provision costs leads to contributions closer to individuals’ true valuations. Provision Point
Mechanisms (PPMs), such as those studied by Rondeau et al. (1999), reinforce this finding,
showing that contributors are more willing to pledge when they are assured of a refund if
the threshold is not met.'? Zubrickas (2014) extended this concept by introducing refund
bonuses, which serve as an ex-ante incentive to increase contributions in uncertain fund-
ing environments. However, these mechanisms primarily focus on pre-funding incentives
rather than post-funding fairness, leaving open the question of how surplus funds should
be managed once the provision point is reached.

A potential solution lies in rebate mechanisms. Marks and Croson (1998) and Spencer
et al. (2009) distinguish between refunds, which apply when the funding goal is not met,
and rebates, which redistribute excess contributions after the threshold is surpassed. Smith
(1980) originally proposed a proportional rebate rule for public good auctions, and subse-
quent studies (Marks and Croson, 1998; Rondeau et al., 1999) introduced this concept into
PPMs, demonstrating that proportional rebates can improve demand revelation. Spencer
et al. (2009) tested multiple rebate mechanisms, including proportional, winner-take-all, and
random full-rebate rules, concluding that proportional rebates were the most efficient at
achieving funding goals while maintaining fairness. Liu et al. (2016) introduced the uniform
price cap mechanism, which outperformed both no-rebate and proportional rebate models
by increasing contributions and project realization rates. Recent research by Oezcelik et al.
(2025) introduces the Bid-Cap Rule, which limits the highest individual contributions to
prevent overpayment once the threshold is met.

Research on crowdfunding has also examined. Among the two dominant crowdfunding
models, the all-or-nothing (AoN) model ensures that pledges are only collected if the fund-
ing goal is met, while the keep-it-all (KiA) model allows project creators to retain all
contributions, even if the goal is not reached. Studies by Coats et al. (2009), Chemla and

127 real-life example is the Green Choice program run by Niagara Mohawk Power Company of New
York. For details, see Marks and Croson (1998); Rose et al. (2002).
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Tinn (2020), Cumming et al. (2020) find that AoN models generally lead to higher pledge
amounts and greater project realization rates due. Despite the advantages of AoN, a signif-
icant challenge remains: when projects receive pledges that exceed the funding goal, how
should excess contributions be handled? Traditional crowdfunding models do not explicitly
address this issue, potentially leading to inefficient allocations or even deterring higher con-
tributions. Béal et al. (2025) and Miglo (2022) emphasize the role of early backer incentives
in enhancing funding success, with Béal et al. (2025) employing an axiomatic approach to
characterize reward rules through natural fairness principles.
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This part is based on the joint work:

The Provision of Supranational Public Goods: Application to the Eu-
ropean Sky Shield Initiative,
by Resul Zoroglu and Ingrid Ott.

ABSTRACT

This paper examines the provision of supranational public goods, such as air-
space security, whose centralized provision reduces duplication across countries.
We adopt a behavioral approach in which strategy profiles are restricted by
beliefs—defined as the natural human inclination to cooperate by mentally sim-
ulating how coalitions might form if they act collectively and according to their
most optimistic forecast—thereby inducing a form of tacit binding. We derive
formal conditions for stable coalition structures, introduce a novel method for
burden-sharing, and incorporate a threat factor that affects individual payoffs
and, in turn, the formation of coalitions. This approach contrasts with the
traditional view of public goods provision, which predicts non-cooperation in
one-shot games. Our results are consistent with the recent developments of the
European Sky Shield Initiative (ESSI), demonstrate the explanatory and pre-
dictive power, particularly in forecasting partial rather than full cooperation.






CHAPTER | 2

The Provision of Supranational Public Goods

2.1 Introduction

In the wake of geopolitical shifts triggered by Russia’s annexation of Crimea in 2014 and
the subsequent large-scale invasion of Ukraine in 2022, European countries substantially
increased their defense expenditures, reversing a prolonged trend of stagnation (European
Commission, 2022). Notably, Germany emerged as a leader, allocating a special fund of
€100 billion for defense, with €33.4 billion earmarked explicitly for air defense systems
(Deutsche Bundesregierung, 2022).1 To reduce inefficiencies associated with redundant na-
tional air defense systems and to strengthen collective defense capabilities, 14 NATO mem-
ber countries and Finland initiated the European Sky Shield Initiative (ESSI) in October
2022, agreeing to coordinate multinational air defense.

The ESSI presents a significant deviation from traditional public goods theory. Germany
emerged as the initiator of ESSI and demonstrated leadership, even though, based on its
geographical position in Europe, it could free-ride, benefiting from the spillover effects of
air defense systems provided by the easternmost countries that directly face the primary
external threat. Instead, it appears as if the ESSI acts collectively.

To address such phenomena in the provision of supranational public goods? we combine two
established theoretical frameworks: the approximation of the defense benefits of countries
(Sandler and Forbes, 1980) and behavioral insights, demonstrating how individuals, guided
by intrinsic motivations and optimistic expectations about collective action, tend toward
cooperation in social dilemmas (Capraro, 2013a).

Sandler and Forbes (1980) examine various parameters that approximate countries’ benefits
over a period of time. Their analysis is based on the premise that countries will only spend
as much as they benefit from doing so. In this context, the benefit refers to the (relative)
utility, which should correspond to the relative military expenditures. Throughout their
study, the weighted average of relative population, relative GDP, and relative exposed
border length outside the NATO emerged a suitable measure for approximating utility,
which they term the Average Benefit Share (ABS). (Sandler and Forbes, 1980; Khanna and
Sandler, 1996, 1997; Sandler and Murdoch, 2000; Sandler and Shimizu, 2014; Cooper and
Stiles, 2021; Bogers et al., 2022). We have implemented and modified this approximation

'The resources of the special fund are available beyond a single fiscal year and can be utilized according
to demand.

2 Accordingly, joint air defense is considered a supranational public good; however, some perspectives
regard it as a global public good. Due to a Europe-wide air defense system, peace is maintained at least in
the European region, or possibly even beyond, making people everywhere better off (Barrett, 2007).
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by using the relative border length exposed to Russia as a factor in the weighting scheme.
Sandler and Forbes (1980) approach explains the expense expenditure of countries based
on their perceived benefits, it leaves open the question of why countries might cooperate
beyond narrowly defined self-interest.

Insights from behavioral experiments provide a complementary perspective. Capraro (2013a)
demonstrates that in certain social dilemmas, individuals behave as if they were acting
collectively, even in one-shot public goods experiments where rational self-interest would
predict otherwise (Isaac and Walker, 1988; Cooper et al., 1996; Goeree and Holt, 2001;
Horton et al., 2011; Dreber et al., 2013). Classical approaches explain the tendency to
cooperate by dividing people into pro-self and pro-social types (Liebrand, 1984; Liebrand
et al., 1986; Kramer et al., 1986; Kuhlman et al., 1986; McClintock and Liebrand, 1988),
by referring to forms of external control (Olson, 1965; Hardin, 1968; Dawes, 1980; Axelrod
and Hamilton, 1981) or to long-term strategies in repeated social dilemmas (Isaac et al.,
1984). Experimental evidence shows that the rate of cooperation in the same game depends
on the respective payoffs, suggesting that people most likely practice some kind of indirect
reciprocity (Nowak and Sigmund, 1998; Nowak, 2006) and that the same person may be-
have more or less cooperatively depending on the payoffs (Capraro, 2013a). Consequently,
Capraro (2013a) suggests that individuals forecast how the game would be played if they
formed coalitions.

In light of these insights, the question arises: How can cooperation in the provision of
supranational public goods be explained and predicted? Addressing this question becomes
imperative for refining our understanding of cooperative behavior and enhancing the effec-
tiveness of models in capturing real-world scenarios.

Our key contribution is the characterization of conditions of a stable coalition structure,
which we extend by integrating insights from behavioral economics—originally validated at
the individual level—to predict strategic behavior at the level of sovereign countries. By
linking the burden-sharing model (Sandler and Forbes, 1980) with the behavioral model
(Capraro, 2013a), we develop a combined explanatory and predictive framework. This
framework identifies stable coalition structures characterized by partial, rather than full,
cooperation in the provision of supranational public goods, such as the ESSI.

2.2 Related Literature

The foundational economic theory on public goods originates from Samuelson (1954), who
defines them by their non-rivalrous and non-excludable characteristics, inherently creating
free-rider incentives. Lindahl (1919) and Musgrave (1939) further this discussion by ad-
dressing optimal cost allocation and highlighting the inherent difficulties associated with
voluntary contribution mechanisms. Building upon these insights, Olson (1965) extends
the logic to collective action problems, demonstrating how larger groups face amplified
challenges due to intensified free-rider incentives—particularly relevant in the context of
international defense cooperation.

From a game-theoretic perspective, Olson and Zeckhauser (1966) argue that countries tend
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to underinvest in shared security due to prevalent free-riding incentives. Yet, empirical
studies frequently observe deviations from these predictions, revealing cooperative behaviors
within real-world alliances. Hirshleifer (1983) introduces distinct aggregator technologies—
summation, best-shot, and weakest-link—to model collective security provision effectively.
Sandler (1998) adapts these aggregators specifically to military alliances, noting deterrence
aligns best with summation technologies, whereas missile defense resembles a weakest-link
structure, necessitating coordinated contributions.

The theoretical concept of burden-sharing is empirically examined by Sandler and Forbes
(1980), who find that NATO’s defense spending aligns closely with national benefits de-
rived from security contributions. Empirical validation by Sandler (2013), using benefit
approximations such as the weighted average of relative population, relative GDP, and rel-
ative exposed border length, confirms the correspondence between defense contributions
and perceived security benefits. Subsequent refinements by Khanna and Sandler (1996),
Sandler and Murdoch (2000), and Bogers et al. (2022) expand this framework, incorporating
additional dimensions such as overseas military deployments and peacekeeping efforts.

Recent literature indicates a shift away from traditional burden-sharing dynamics within
NATO. Notably, Sandler and Shimizu (2014) and Cooper and Stiles (2021) document de-
clining efficiency in NATO’s burden-sharing mechanisms post-2003, empirically rejecting
the hypothesis of proportional burden sharing—members do not contribute in proportion
to the benefits they receive. These findings raise critical questions regarding the determi-
nants of cooperative behavior in European defense, especially following Russia’s annexation
of Crimea in 2014 and its subsequent invasion of Ukraine in 2022.

Classical game theory, which predicts free-riding in public goods provision due to individual
incentive incompatibility, fails to account for the empirically observed persistence of coop-
erative behavior in such settings (James Andreoni, 1995; Goeree et al., 2002). Alternative
insights from experimental economics demonstrate that individuals often cooperate despite
apparent free-riding incentives (Isaac and Walker, 1988; Dreber et al., 2013). Capraro
(2013a) proposes a behavioral framework where individuals initially consider cooperative
equilibria and subsequently evaluate incentives to defect, consistent with empirical evidence
highlighting the importance of reciprocity and the risk of deviation (Fehr and Schurten-
berger, 2018; Capraro et al., 2019).

Traditional coalition formation theories (Ray and Vohra, 1997) emphasize incentive com-
patibility as central to stable alliances. Although historical NATO burden-sharing has
demonstrated stability (Sandler and Murdoch, 2000), recent geopolitical shifts and initia-
tives such as ESSI highlight limitations in traditional models.

This research contributes to the literature by defining the condition for stable coalitions
within the behavior model and the burden-sharing literature with the novel ABS for the
ESSI. By linking both aspects, we offer an explanatory and predictive framework for the
strategic formation of coalitions in Europe. By applying the framework to real-world data
from the ESSI, we provide policy-relevant insights for European NATO cooperation and
burden sharing.
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The remainder of the paper is as follows. Section 2.3 introduces and formally defines the
concept of a stable coalition structures within the model of Capraro (2013a), applied to the
context of supranational public goods provision and integrates insights from the burden-
sharing approach of Sandler and Forbes (1980). Section 2.4 applies the proposed model to
the ESSI, analyzing whether the current coalition structure is stable. Section 2.5 concludes
and suggests directions for future research.

2.3 A Model of the Provision of Supranational Public Goods

This section develops the formal definition of stable coalition structure based on the behav-
ioral approach by (Capraro, 2013a) using the standard Linear Public Goods Game. We then
briefly discuss the background of the model. Next, we introduce a burden-sharing method
for the ESSI, using a novel approximation approach. Finally, building on these founda-
tions, we develop a model that integrates the behavioral approach with the burden-sharing
method.

2.3.1 Formal Description of the Game

Consider a finite set of players, denoted as P = {1,2,...,n} with individual endowment
y; and individual valuation of the public good, denoted by a; who interact in a game G.
A coalition structure p is defined as a partition of the set of players P, meaning it is a
collection of pairwise disjoint subsets Si,59,...,S, such that their union covers P and
VS,S" € p: SNS" = (. This structure implies that each player belongs to exactly one
coalition and no player remains unassigned. The set of all possible coalition structures is
denoted by P, which contains every valid partition of P.

Each player i € P has two pure strategies. The first strategy, denoted as o, represents
cooperation, where the player contributes x; to the coalition, which equals their entire

S

endowment y; . The second strategy, ¢®, signifies a selfish approach whereby the player
withholds contributions entirely and benefits from the public good only if others contribute.

The complete strategy profile of all players is expressed as:
o= (01,02,...,0p), where o;€ {c° c°}. (2.1)

Given the binary nature of strategies in the game, coalition structures take the following
form:

p= {Cv {il}a{i2}a"'v{ik}}a (2'2)

where the coalition composition is characterized as follows. The set C represents the large
coalition, containing either multiple players who commit to collective action or no players.
Formally, C C P with |C] > 1 or C = (. The remaining players, {1}, {i2},...,{ix},
constitute singleton coalitions, who choose not to participate in cooperative efforts yet,
may still benefit from the public good generated by the large coalition.
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The individual payoff u;(o) is dependent on coalition structure:

fi(C) —xi(0;) ifi e C for C € p (player i contributes),

ui(o) = (2.3)
fi(C) if i ¢ C (player i free-rides),

where f;(C) reflects the benefit from the coalition’s provision of the public good. The
function f;(C) is assumed to be strictly increasing in C, indicating that larger coalitions
yield higher benefits. In particular, when a player is in a singleton coalition—or if no
coalition forms at all—the benefit defaults to zero, i.e.,f;(C) = 0, if C € {0,{i}}. This
reflects the idea that cooperation generates value only when multiple (at least two) players
contribute to the coalition.

Given the uncertainty in coalition formation, each player forms beliefs about their expected
payoff v;(p), which accounts for all possible coalition structures weighted by their probabil-
ity:3

vi(p) = Y 7i(p) - wilp), (2.4)

peP

where 7;(p) represents the probability of coalition structure p occurring, with:
> pepTilp) =1,Vie P.

2.3.1.1 Induced Game and Constraints on Allowed Coalitions

The intuition is that individuals anticipate how the game would unfold if they formed
coalitions, and act according to their most optimistic forecast. These forecasts are shaped
by the individual incentive to deviate from the collective interest (cooperative coalition
structure p©) against the risk of doing so. We formalize this by restricting the set of allowed
strategies through a form of tacit binding (Capraro, 2013a).%

Definition: The induced game Ind(G,p) is a modified version of the original game G.
The main difference is the set of allowed strategy profiles. In the induced game, only those
strategy profiles ¢ = (01,...,0n) are allowed where each player’s payoff u;(o1,...,0n) is
at least as large as the expected payoff v;(p©), where all players act collectively under the
coalition structure p® that maximizes v(p). Formally expressed as:

ui(o1,...,on) > vi(p°) Vi (2.5)

We use the value v;(p®) to define beliefs, implicitly creating a tacit binding among the

3The calculation method for 7;(p) is provided in equation (2.14) and defined as the probability derived
from an incentive-risk ratio.

4The strategy space is non-empty and compact; however, it is not convex due to the binary choice of
strategies. For this reason, the existence of a Nash equilibrium cannot be guaranteed based on Nash (1950).
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players.” In the following, p¢ is defined as the fully cooperative coalition structure.® The
fully cooperative coalition structure leads to higher expected payoff than v(p), given that
the expected payoff v(p) for any other coalition structure p lies between the selfish structure
v(p®) and the fully cooperative structure v(p°®).

2.3.1.2 Definition of a Stable Coalition Structure

To predict and analyze stable coalition structures, we introduce a set of stability conditions
that determine which coalition structures are stable. A stable coalition structure p belongs
to a subset V' C P, representing the set of all coalition structures that satisfy these stability
conditions:

Condition 1 (Incentive Compatibility): Each player in the large coalition must receive
a strictly higher expected payoff in the coalition structure than they would under a selfish
structure”:

vi(p°) > vi(p®), VieC. (2.6)

Condition 2 (Allowed Coalitions):®
No player can deviate from a stable coalition if the resulting coalition structure is not

allowed within the defined induced game:
Vj € P with uj(p™) > uj(p) Ji € P:ui(p™?) < v;(p) (2.7)

where p~7 represents a deviation by player j from the current coalition structure—either
by leaving the large coalition and becoming a singleton, or by joining the large coalition
from a singleton position.

This condition can be reduced in complexity due to the linear public provision function:

Ji€ P: ui(p™?) < v;(p), where j is the player with the smallest contribution z;. (2.8)

Capraro (2013a) uses u;(01,...,0n) > vi(p) V i, where the coalition structure p (independent of 4
maximizes v(p) , which is consequently v(p©).

5Tn the classical Game Theory literature known as the ’Grand Coalition’.

"The expected payoff under the selfish coalition structure is v;(p®) = z;.

8For the sake of theoretical completeness, one could argue that it would be necessary to also examine
whether a deviation by the pivotal country i—which is affected by another country’s deviation leading to
a non-allowed coalition structure—is itself allowed to deviate. In the current case, country j, which is the
smallest and thus has minimal impact, deviates in such a way that it moves country 7 into a coalition
structure that is not allowed. From this, it follows that any deviation affecting country 7 is to result in a
non-allowed coalition structure. However, this does not mean that a deviation by i has itself been tested to
determine whether it would lead another player into a non-allowed coalition structure. For simplicity, and
because this is a very rare case, due to the linearity of the public provision function and the large impact
(by GDP) of the pivotal country, this case is not explicitly stated in the condition but should be kept in
mind.
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Condition 3 (Existence of a Partial Cooperative Coalition):’

This condition is optional and serves to determine the upper bound of the interval for stable
partial coalition structures. It is not required for the full cooperative coalition, since it is
always part of the induced game.

If a coalition structure p # p© is stable and belongs to the set of allowed strategies, then at
least one allowed partial cooperative coalition must exist:

u;i(p) > vi(p°), Vie P (2.9)

2.3.1.3 Fictitious Example of a Stable Coalition Structure

To illustrate the definition of a stable coalition structure in a simple setting, we analyze a
fictitious example in Table 2.1. A more detailed example with real-world data is provided in
the Appendix A.1. We begin with the most optimistic scenario, where all players form a fully
cooperative coalition: p® = {{1,2,3}}; see the caption of Table 2.1 for the corresponding
expected payoffs.

Stage 1 Check allowed coalition structure of the induced game. We have to determine
whether this coalition structure is allowed according to the criterion u;(p) > v;(p©).
Since each player in p© receives a strictly higher payoff compared to their expected
payoff, this condition is satisfied.

Stage 2 (Incentive Compatibility). We check this condition for the coalition structure. In
this example, Condition 1 holds for each player: u;(p) > v;(p®),Vi € C.

Stage 3 (Allowed Coalitions). We examine whether players can deviate to a allowed coali-
tion structure from the coalition structure. In this case, Condition 2 is not satisfied,
as deviations to the coalition structures {{2,3},{1}} and {{1,2}, {3}} are possible.'

Stage 4 (Existence of a Partial Cooperative Coalition). If this condition holds, there must

be at least one allowed coalition structure that is not the full cooperative coalition.
11

All four steps have to be repeated for each coalition structure under consideration to identify
stable coalitions. Appendix A.1 illustrates this in detail for other coalition structures using
real-world data. Based on the above analysis, the stable coalition structures emerging in

equilibrium are:

{{2,3}5, {13} and {{1,2},{3}}.

These are the outcomes where no player has an incentive to deviate, and all stability
conditions are fulfilled.

9This condition checks up to which values of ag the coalition structure remains part of the allowed
strategy profiles—that is, within the induced game defined in Equation (2.5).

10The idea behind Condition 2 is that no deviations to alternative coalition structures should be allowed.
If such deviations are possible, the condition is not satisfied.

"The condition applies to coalition structure p # p°, while here we are evaluating p° itself.
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Table 2.1: Fiction Example: Stable coalition structure with three players. Player 1 has an
expected payoff of v1(p¢) = 1.05 and contribution z; = 1.00, player 2 has va(p®) = 1.25 and
x9 = 1.20, and player 3 has v3(p°) = 0.95 and z3 = 0.90.

Coalition
iti Payoff vs.
Coalition aver v Structure Conditions for SC
Structure Expected Payoff
Allowed
ui(p) 2 vi(p) (1) (2)  (3)
up = 1.0 < v1(p°)
{{1}, {2}, {3}} ug = 1.2 < va(p°) no X X
uz = 0.9 < v3(p°)
up = 1.1 > v1(p©)
{{17 2}7 {3}} uz = 1.5 > UQ(pc) yes 4 4 4
uz = 1.5 > v3(p°)
up = 0.8 < v1(p°)
{{1, 3}, {2}} ug = 1.7 > va(p©) no v X X
uz = 0.6 < v3(p®)
u; = 1.3 > v1(p©)
{{2, 3}, {1}} ug = 1.4 > va(p©) yes v v v
uz = 1.1 > v3(p°)
up = 1.2 > vy (p°)
{{1, 2, 3}} ug = 1.6 > va(p©) yes v X
uz = 1.4 > v3(p°)

(Notes. This table presents the evaluation of coalition structures among three players under a stable
coalition framework. Each coalition is assessed based on whether it meets the stability conditions. The
column “Payoff vs. Expected Payoff” compares each player’s actual payoff u;(p) with their expected payoff
under the fully cooperative coalition structure v;(p°). The column “Coalition Structure Allowed” indicates
whether the coalition is allowed based on the condition u;(p) > vi(p°). The final column verifies if the
stability conditions for a Stable Coalition (SC) are satisfied. A checkmark (v') indicates that the condition
is met, while a cross (X) indicates it is not. The expected payoff v;(p°) is calculated as a weighted sum over
all possible coalition structures, as defined in equation (2.4), where the weights 7;(p) reflect the probability
of coalition formation. The contribution x; represents the full endowment each player commits to the
cooperative coalition, as described in equation (2.3), and is relevant for Condition 2.3.1.2 since v;(p®) = ;.
The results highlight which coalitions form a stable coalition structure, ensuring no player has an incentive
to deviate. Condition 2.3.1.2 does not need to be checked for the singleton coalition structure, as it does
not represent a cooperative equilibrium. Similarly, Condition 2.3.1.2 does not need to be checked for the
fully cooperative coalition, as it does not constitute a partial cooperative coalition.)
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2.3.2 Underlying Framework of the Model

After introducing the induced game and defining the conditions for a stable coalition struc-
ture, we review the theoretical foundations underlying our model. Specifically, we discuss
insights from Sandler and Forbes (1980), introducing a novel approach to burden-sharing
explicitly tailored to the ESSI, as well as the behavioral cooperation framework proposed
by Capraro (2013a).

2.3.2.1 Burden-Sharing

Sandler and Forbes (1980) argue that in the provision of collective defense, aligning allied
contributions with received benefits is not merely an aspiration but an emergent expecta-
tion in cooperative settings. The study suggests that, over time, the differences between
actual defense burdens and those predicted on the basis of benefits should diminish. This
convergence is attributed to increased awareness of common interests and an increase in the
ratio of excludable benefits to the sum of excludable and non-excludable benefits. With an
aggregate measure of allied benefits in hand, it is possible to compare actual defense shares
with those derived from the three benefit proxies. There are numerous potential weighting
methods for aggregating the various benefit measures (called ABS). Sandler and Forbes
(1980) used three equally weighted determinants—a country’s share of NATO’s total pop-
ulation, its share of NATQO’s total GDP, and its share of NATO’s total exposed border—to
determine relative defense burdens and benefits among NATO allies.

Burden Sharing in the ESSI

Building upon the methodology from Sandler and Shimizu (2014), we applied the Wilcoxon
signed-rank test approach for the years 1993 to 2022.'?> The null hypothesis—that NATO
allies” defense burdens match average derived benefit shares—was consistently rejected at
the 0.05 significance level, confirming the earlier findings of Sandler and Shimizu (2014)
and further demonstrating that defense expenditures no longer align with derived benefit
measures. We used the same weighting as in previous literature to allow for comparability of
results. In addition to replicating previous analyses, we implemented a change in the setup
of the countries analyzed. Specifically, we used the Wilcoxon signed-rank test approach
for European NATO countries.!®> By excluding the United States and Canada from our
analysis, we concentrate on the European context where the dynamics of burden-sharing
and defense cooperation are distinct from those in the broader NATO alliance. Thus,
we tested the alternative hypothesis: “The distributions of defense burdens and average
benefit share are the same.” An interesting observation we made is that, for all countries
within Europe, the different burden-sharing methodologies yields similar results. While the

12YWe use the Wilcoxon signed-rank test, a non-parametric method for paired data, to evaluate whether
the observed burden shares systematically differ from the derived benefit shares. The test was applied both
to single benefit and to the ABS. More details can be found in Chapter 3.3 and Table A.7.

13We excluded Iceland from this analysis as well, consistent with prior studies, because it has no military
expenditures (Sandler and Forbes, 1980; Khanna and Sandler, 1996, 1997; Sandler and Murdoch, 2000;
Sandler and Shimizu, 2014).
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alternative hypothesis has been rejected for NATO as a whole since 2003, it is not rejected
for NATO countries within Europe, at least from 1993 to 2022. Furthermore, we did not
only test for the classic burden-sharing method among European NATO countries but also
included the determinant variables “Exposed Border (EB),” “Exposed Border with Russia
(EBR),” and “Distance Category (DC)”.* The alternative hypothesis was not rejected
in these cases either. The best alternative determinant for “EB” in the ESSI context,
according to the Wilcoxon test, is “EBR.” The test is presented in Appendix A.2 (Table
A.6) and alternative weightings in Appendix A.4.

Zy =

_;( Population, GDP; EBR; ) (2.10)

>_; Population; * >_; GDP; + >_;EBR;

The empirical results outlined above highlight the complexities of burden-sharing. Next, we
incorporate insights from behavioral economics. Specifically, we utilize the model proposed
by Capraro (2013a), which accounts for intrinsic motivations and cooperative tendencies
among individuals facing social dilemmas.

2.3.2.2 A Model of Human Cooperation in Social Dilemmas

The model introduced by Capraro (2013a) is based on the intrinsic tendency of individuals,
particularly focusing on her inclination toward cooperative behavior. The premise is that
a player does not act a priori as a single agent and makes accurate predictions about how
the game would play if she were to form coalitions. Then, she acts according to her most
optimistic forecast.

Consider a game similar to the one described in Section 2.3.1, with the key distinction
that Capraro (2013a) represents a symmetric game with homogeneous endowment as in the
model.'® By applying the Model of Human Cooperation in Social Dilemmas, we obtain the
following.'® The function v;(p) represents the expected payoff of player i when she plays
according to the coalition structure p. In fact, this value is defined as an average

vilp) = > wig(p)7is(p), (2.11)

JEP\{i}

where 7; 7(p) represents the prior probability that player ¢ assigns to the event ’players in
J abandon the coalition structure p’ and u; j(p) is the infimum of payoffs of player i when

' As an alternative to adjusting the weighting in (2.10) a new method involves considering the direct,
indirect, or no border with Russia, called the DC. In this method, countries with a direct border receive 3
points, those with an indirect border receive 2 points, and those with no border receive 1 points. The score
for each country is then normalized by dividing it by the sum of all the scores. This assumption is based on
the perceived threat from proximity to Russia alone, regardless of the length of the border. More details
can be found in Chapter 3.3.

15Tn contrast, the model in Section 4.3 is asymmetric, with heterogeneous endowments.

16 A more detailed explanation of the “Model of Human Cooperation in Social Dilemmas” can be found
in Capraro (2013b).
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she plays according to the coalition structure p and players in J abandon the coalition.!”

To build intuition, we present the definitions of incentive and risk in the two-player case in
a linear public goods game.'® The incentive D;(p°) of a player j to deviate from the full
cooperative coalition structure p® is defined as the maximal additional payoff it can attain:

D; () = sup (w05, 73) = wj (0, %) ) (2.12)

The risk R; of a player j to deviate from the full cooperative coalition structure p° is
defined as the maximal loss they might encounter, if other players also decide to leave the
coalition structure. This situation occurs when player ¢ deviates from the coalition structure
p¢, either to pursue self-interests or in anticipation of another player’s deviation from the

coalition structure p*:
R;(p°) = sup (0%, 05) = wilers, 03)). (2.13)

This incentive arises from the possibility of “free-riding” in the absence of exclusivity. The
risk R;(p®) of deviating from the full cooperative coalition structure o lies in the fact that
other players might also follow their self-interested motives, rejecting the full cooperative
coalition structure p© and ultimately resulting in singleton coalitions.

There are several approaches to define the probability 7; ;(p®) of player j leaving coali-
tion structure p¢. Among these methods, one involves comparing the incentive and risk
associated with deviating from a coalition. This approach is used due to its intuitive and
seemingly natural way:

D;(p°)
Dj(p°) + R;(p°)

7.5 (p°) = (2.14)

The probabilities of deviations are independent, i.e. the probability of a group J deviating
is the product of the individual players in this group deviating;

7)) = [[7509 - ] (=750, (2.15)

ieJ JETONi}

where J¢ denotes the complement of the set J.

2.3.3 The Model

The starting point is a simple Linear Public Goods Game. We use the terminology intro-
duced in Section 2.3.1 and Section 2.3.2. The payoff u; of country ¢ depends on its initial
endowment y;, its contribution z;, and the collective contributions of all countries scaled

"We adopt the notation and terminology from Section 2.3.1 to analyze stable coalition structures. In
Capraro (2013a), e is used in place of u, respectively, where 7; 7(p) denotes the probability of deviation by
players in J and e; j(p) the corresponding payoff for player 4.

8The generalization is presented in Capraro (2013a); however, it is not required for the purposes of this
analysis.
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by the external threat factor ag and the Average Benefit Share z;:

N

ui(al,...,JN):yi—xi—i—ziaonj, (2.16)
j=1

where y; is the individual endowment of country ¢, which is defined as the share of
Military Expenditure; (ME;)'? in relation to the total ME of the country set 2°

ME;
Y= 1,10
' ZjeP ME;

x; is the contribution to the public good, while complete strategy profile of all countries

€ (0,1). (2.17)

is expressed as 0 = (01,...,0,), with 0; € {0°,0¢} represent a binary choice of either
contributing nothing (0) or contributing their full endowment y;. With z; as defined in
equation (2.10), app > 1 representing an exogenously given threat factor; and du,;/9z; > 0,
Ou; /0oy > 0 and Ou;/Ox; > 0 for all j # i (except when contribution is a dominant
strategy for 7). The latter derivative highlights the influx of strategic interaction between the
countries in country ¢’s payoffs. The level of the threat factor ayp might increase as conflicts
escalate. Given the uncertainty in coalition formation, each player forms beliefs about
possible coalition structures, weighted by their respective probabilities. The probability
73,5 (p©) of player j leaving a full cooperative coalition structure p® is as in (2.14):

_ yil—a)

Tij pc - )
]( ) aj Z\{ } n
teP\{J

(2.18)

where the incentive D;(p®) of a player j to deviate from the coalition structure p® is D;(p¢) =
y;j(1 — o) and the risk R;(p®) of a player j to deviate from the coalition structure p° is

N
R;(p°) = a; > y+ — yj. The probabilities of deviation are assumed to be independent,
i=1

to simplify the analysis and facilitate tractable calculations of coalition stability. Finally,
v;(p©) represents the expected payoff of country ¢ when acting according to the coalition
structure p as in (2.11). This value is composed of the average of u; ;(p°), the infimum of
payoffs when countries in J abandon the coalition, and 7; ;(p°) as in (2.15), representing
the prior probability of country ¢ assign to the event of countries in J leaving the coalition
structure p:

19As the endowment of a country military expenditure (ME) is utilized. However, because the ME is
not entirely allocated to joint air defense, the model considers the relative share of each country’s ME; in
relation to the total ME. Since z; is also a fraction less than 1, representing it as a percentage of ME for
the endowment makes sense here. If the objection arises that defense spending varies over the years across
countries and that GDP might be a better fit, we have already examined this and found very similar results
in Appendix A.5.

20 Actual and potential members of the ESSI.
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vi(P°) =i | yi + Z (1—-m7;)y; |, where «o; = zp. (2.19)
JEP\{i}

2.4 Application to European Sky Shield Initiative

To analyze the strategic stability of the ESSI, we apply the stable coalition conditions de-
rived from our model of supranational public goods provision to real-world data. Our anal-
ysis includes 35-countries set, comprising both ESSI participants and neighboring countries
that benefit from the initiative without contributing—effectively functioning as free-riders.
We classify these free-riders systematically using a spatial criterion: any country located
west of the easternmost ESSI participant is treated as a beneficiary and is not a member
of the ESSI. A map illustrating this classification is provided in Figure 2.1.

The empirical findings presented in this paper are valid up to the end of December 2024.
New developments beyond this point are not included in the main analysis. However, one
event from February 2025, where Portugal and Albania join the ESSI, is documented in
the Appendix Section A.7, confirming that the conclusions of this chapter remain robust
(Bundesministerium der Verteidigung, 2025).

In addition to the ABS calculation method introduced in equation (2.10), we present alter-
native scenarios in Appendix Sections A.4, A.5 (with relative GDP instead of relative ME
as endowment), A.6 (with relative ME as endowment), and A.6.3 (with data for the “DC”).
These scenarios incorporate different weighting schemes for determinants such as EB and
DC.

,27,



70°N -
65°N -
60°N -
55°N

50°N |
. Members of ESSI

45°N 4 Free rider
7
4 Member of NATO

40°N -

30°W 20°W 10°W

Figure 2.1: Sources: Bundesministerium der Verteidigung (2024); Country classifications
as ESSI members, NATO members; and free riders are based on own categorization. Made
with Natural Earth.

2.4.1 A Short History of the ESSI

Due to years of austerity, Germany has made little progress in building a better air defense
system. International collaborations such as the development of the Medium Extended
Air Defense System (MEADS) and its successor, the Tactical Air Defense System (TLVS),
were terminated without procurement agreements. Exorbitant costs are cited as the main
reason (Arnold and Arnold, 2023). The trigger for the German initiative was Russia’s war
of aggression against Ukraine. Russia frequently uses unmanned systems, ballistic missiles,
cruise missiles and hypersonic missiles in Ukraine. This demonstrates the importance of a
strong air defense to counter future threats. With the ESSI, the European NATO member
states want to better protect themselves against attacks by missiles, rockets or aircraft. The
goal of the initiative is to strengthen the European pillar of NATO’s common air defense.
Until October 13, 2022, 15 states ratified the “Furopean Sky Shield Initiative” (ESSI).
Among them are the 14 NATO member states: Belgium, Bulgaria, Germany, Estonia,
Latvia, Lithuania, the Netherlands, Norway, Romania, Slovakia, Slovenia, Czech Republic,
Hungary, and the United Kingdom. Additionally, Finland, which was a NATO accession
candidate at the time of the ESSI ratification but is currently a NATO member, also signed
the agreement North Atlantic Treaty Organization (2022). On February 15, 2023, Denmark,
a NATO member state, and Sweden, a NATO accession candidate, signed the membership
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agreement for the ESSI. On July 11, 2023, Austria and Switzerland, both non-NATO states,
joined the ESSI. On February 15, 2024, Greece and Turkey became the newest members
of the initiative. Most recently, Prime Minister Tusk announced in April 2024 that Poland
will join the ESSI (Reuters, 2024). As of today, a total of 22 states have joined forces to
enhance their defenses against attacks from projectiles, missiles, or aerial vehicles. Their
objective is to collectively procure, utilize, and maintain the necessary systems for this
purpose (Bundesministerium der Verteidigung, 2024).

2.4.2 No Stable Coalition

The development of the ESSI, as shown in Chapter 2.4.1, demonstrates that neither 15, 17,
19, nor 21 countries have formed a stable coalition. Similarly, in our model, none of the
mentioned coalition structures achieve a stable coalition within a 35-country set.?! Due to
that we will show with an example of the model why these coalition structures failed.

Table 2.2: Conditions for stable coalition structure with 15 countries out of a 35-country
set

Values of «y

Configuration Condition 1 Condition 2 Condition 3

2eb ap > 3.356 ap > 2.185 ap < 2.193

(2

(Notes. The table summarizes the values of ag for which each condition is satisfied. The index “eb” on z;
refers to the equal weighting border, where the Average Benefit Share is calculated as in equation (2.10),
using equally weighted determinants: a country’s share of total population, share of total GDP, and share
of total exposed border with Russia.)

Table 2.2 shows that Condition 1 is only satisfied when g > 3.356. This can be interpreted
as follows: as qq increases, the expected payoff from the full cooperative coalition structure
becomes higher than the payoff from the selfish coalition structure. Condition 2, on the
other hand, ensures that any deviation from the 15-player coalition leads to a non-allowed
coalition structure. Thus, when «qg > 2.185, the coalition structure becomes one from which
no player can deviate.?? Condition 3, by contrast, acts more like a upper limit. As the
threat o increases, the expected payoff from the full cooperative coalition structure not
only exceeds that of the selfish coalition structure but also surpasses that of the partial

2n fully cooperative coalitions within 15-, 17-, 19-, 21-, and similarly sized country sets— rather than
the broader 35-country set with partial cooperative coalitions—stable coalitions are achieved. However,
when the full cooperative coalition coincides with the set of all possible countries, such coalitions emerge
only at relatively high values of ap. In these cases, the coalition fails to capture the spillover effects on
neighboring countries outside the set, thereby limiting the broader cooperative impact.

22 At this point, one might pause and wonder: if the coalition structure is stable and every deviation is
non-allowed, why is Condition 1 still necessary? The answer is that even if deviations are non-allowed, it
would be contradictory to assume that players would aim for a full cooperative coalition unless the expected
payoff from it exceeds that of the selfish coalition structure.
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(possible) stable coalition structure. For this reason, ap must remain below a certain
threshold; otherwise, the expected payoff from the full cooperative coalition becomes too
large, turning the partial coalition structure into a non-allowed coalition.

A similar observation is with the 17-, 19-, 21-, and 22-country coalitions within the 35-
country set (see in Appendix A.6 Table A.13 for details). Consequently, in the next section,
we will explore the possible stable coalition structures.

2.4.3 Stable Coalition

Under this framework, the current ESSI with 22 members does not constitute a stable
coalition structure, as several countries fail to satisfy Condition 1. However, stability can
be achieved by extending the coalition to include Italy, France, or both (see Table 2.3).
The latter scenario is examined in detail, as it appears feasible both politically and within
the model’s stability conditions.

Table 2.3: Scenarios for a stable coalition for different configurations with 35 countries

Scenario g

1. The current ESSI with 22 countries —

2. The current ESSI with 22 countries + Italy ap € (4.016, 4.043]
3. The current ESSI with 22 countries + France ap € (4.903,4.943]
4. The current ESSI with 22 countries + Italy and + France ap € (7.749,7.849]

(Notes. The table summarizes the possible stable coalitions and the associated values of «g,presented as
an interval. Scenario 1 represents the current ESSI configuration with 22 countries, which is not a stable
coalition structure because several countries (Denmark, Netherlands, UK, and Greece) violate Condition
1. Scenarios 2, 3, and 4 explore the possibility of extending the coalition to include Italy, France, or both,
which results in stable coalition structure at higher values of ap. Based on data from the World Bank
(2024) and the US Central Intelligence Agency (2024).)

The ESSI framework expanded to include Italy and France is analyzed in Table 2.4, which
details the stability conditions as a function of the threat parameter «y.

Table 2.4: Conditions for stable coalition of the ESSI with Italy and France within 35
countries

Values of «g

Configuration Condition 1 Condition 2 Condition 3

Zis oo > 3.893 o > 7.749 oo < 7.849

(Notes. The table summarizes the values of o for which each condition is satisfied.)
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Condition 1 is satisfied for ap > 3.893, ensuring that every country in the coalition C' has
a higher expected payoff by contributing than by playing the selfish strategy. Conversely,
Condition 2 holds when g > 7.749. To illustrate this, there are g values where the payoff
from deviating for Estonia—the smallest country—exceeds the payoff from remaining in
the stable coalition structure (ESSI with Italy and France). In this case, Estonia has an
incentive to leave the coalition. To verify whether the stable coalition structure remains
stable, we check Condition 2, shifting the focus to other countries when Estonia leaves.
Here, UK becomes the pivotal country. According to Condition 2, this strategy profile
is not-allowed because after Estonia leaves the coalition, UK’s payoff under the resulting
coalition structure u;(p~7) is lower than its expected payoff in the full cooperative coalition
structure v;(p®). While Condition 3 is satisfied for all g < 7.849, meaning that the payoff
from the stable coalition structure is still higher than or equal to the expected payoff of the
full cooperative coalition structure. Therefore, all conditions for a stable coalition structure
are fulfilled for oy € (7.749, 7.849]. This interval represents the range in which the coalition
remains stable and no country has an incentive to leave the coalition. For a more detailed
analysis, see Appendix Section A.6.1, where Table A.12 presents all data points used in the
calculation at ag = 7.75.

2.4.4 Data Input for the Stable Coalition: ESSI Framework Expanded
to Include Italy and France

To better illustrate the underlying asymmetries in economic capacity and defense effort,
Figure 2.2a and Figure 2.2b present a visual comparison of each country’s share of total
GDP and ME for 35 countries in 2022, relative to each other. These distributions inform the
endowment parameters used in our model, and illustrate why countries such as Germany,
France, Italy and the United Kingdom play a central role in burden sharing.

By examining the details in Table 2.5, Finland’s high ABS, driven by its extensive EBR,
underscores the salience of geographic vulnerability in shaping cooperative behavior.?? This
aligns with the idea that higher perceived risks and benefits from participation amplify
the incentive to remain within the coalition. Contrary to initial expectations based on
Germany’s geographical situation, Germany and the United Kingdom emerge as primary
beneficiaries of the ESSI, driven by their large population sizes and GDP values relative
to other countries. This substantial economic and demographic weight results in a higher
ABS for these nations.

In contrast, smaller states like Estonia and Latvia present a different dynamic. Despite
smaller population and GDP shares, their high exposed border values significantly elevate
their ABS. This suggests that for smaller countries, geographic risk outweighs other factors,
increasing their incentive to cooperate. Interestingly, the absence of exposed borders for
several members, including Austria, Belgium, Czechia, and the Netherlands, creates am-
biguous incentives in coalitions. These countries rely more on economic and demographic
contributions to justify their participation, reflecting a scenario where collective interest is

Z3The underlying absolute data used to calculate the ABS is provided in Section A.3, Table A.8
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Total GDP (2022): $22,258B Total ME (2022): $353.7B

Spain
(6.37%) France

German
(18.34%); (15.16%)

United Kingdom
(19.36%)

Turkey Switzerland
(4.08%) (3.68%)
. Turkey Norway | Greece
Spain (3.01%) | (2.37%) | (2.29%)
(5.74%)
United Kingdom Belgium Ireland
(2.62%) (2.4%)

(13.88%) Poland
(3.1%)

Sweden | Belgium
Austria Czechia [Finland (2.18%) | (1.94%)
(2.12%) (1.31%) | (1.27%) aoéagllz)
A 8
(20gv;;)) Portugal | Greece Germa‘;\y 5
: Denmark %) | (0.98%) (@at52)
France
(12.49%) (1.8%) H
Sweden -
=

Romania
(2.65%) Romama s

(1 34%)

(a) Treemap of each country’s share of the (b) Treemap of each country’s share of the
total GDP (2022). total ME (2022).

Figure 2.2: The treemaps illustrate the proportional distribution of Gross Domestic Product
(GDP) and Military Expenditure (ME) for 35 countries in 2022, relative to each other. Each
rectangle represents a country, with the size of the rectangle indicating its relative share of
total GDP or ME. The first graph highlights the total GDP distribution across countries
($22,258B), while the second graph focuses on ME distribution ($353.7B). Countries are
color-coded consistently across both graphs to facilitate comparison. Data sources include
the World Bank (2024).

less driven by immediate external threat factors.

The final row, labeled ‘ESSI + Italy 4+ France,” aggregates the values for all participants,
providing a reference against normalized totals of population, ME, and exposed border. It is
particularly noteworthy that the 24 members of the ESSI framework account for 88% of total
GDP within the 35-country set. The model’s validity is underscored by the close alignment
between the share of ME, at 91.75%, and the total ABS, at 91.78%. A visualization of the
ABS is provided in Figure A.5 in the Appendix.
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Table 2.5: Key indicators of countries in the European Sky Shield Initiative (ESSI), with
22 members plus Italy and France, in a 35-country set

ESSI ME ABS

Country Mermber (%) ABS Components (%)
POP GDP EBR
(%) (%) (%)

Albania FALSE 0.08 0.44 0.08 0.00 0.18
Austria TRUE 1.02 1.44 2.12 0.00 1.18
Belgium TRUE 1.94 1.86 2.62 0.00 1.49
Bosnia & Herz. FALSE 0.05 0.51 0.11 0.00 0.21
Bulgaria TRUE 0.38 1.03 0.41 0.00 0.48
Croatia FALSE 0.37 0.61 0.32 0.00 0.31
Czechia TRUE 1.13 1.70 1.31 0.00 1.00
Denmark TRUE 1.55 0.94 1.80 0.00 0.91
Estonia TRUE 0.23 0.21 0.17 12.34 4.24
Finland TRUE 1.36 0.88 1.27  49.85 17.33
France TRUE 15.16 10.80 12.49 0.00 7.76
Germany TRUE 15.76 13.31 18.34 0.00 10.55
Greece TRUE 2.29 1.66 0.98 0.00 0.88
Hungary TRUE 0.73 1.53 0.80 0.00 0.78
Ireland FALSE 0.33 0.81 2.40 0.00 1.07
Italy TRUE 9.47 9.36 9.29 0.00 6.22
Kosovo FALSE 0.03 0.28 0.04 0.00 0.11
Latvia TRUE 0.24 0.30 0.18 12.64 4.37
Lithuania TRUE 0.49 0.45 0.32 9.94 3.57
Luxembourg FALSE 0.16 0.10 0.37 0.00 0.16
Montenegro FALSE 0.03 0.10 0.03 0.00 0.04
Netherlands TRUE 4.41 2.81 4.53 0.00 2.45
N. Macedonia FALSE 0.06 0.29 0.06 0.00 0.12
Norway TRUE 2.37 0.87 2.67 7.27 3.60
Poland TRUE 4.69 5.85 3.10 7.96 5.64
Portugal FALSE 0.99 1.65 1.15 0.00 0.93
Romania TRUE 1.47 3.03 1.34 0.00 1.46
Serbia FALSE 0.40 1.06 0.29 0.00 0.45
Slovakia TRUE 0.56 0.86 0.52 0.00 0.46
Slovenia TRUE 0.21 0.34 0.27 0.00 0.20
Spain FALSE 5.74 7.59 6.37 0.00 4.65
Sweden TRUE 2.18 1.67 2.65 0.00 1.44
Switzerland TRUE 1.74 1.39 3.68 0.00 1.69
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ESSI ME ABS

Count ABS C t
ountry Member (%) omponents (%)
POP GDP EBR
(%) (%) (%)
Turkey TRUE 3.01 13.50 4.08 0.00 5.86
UK TRUE 19.36 10.77 13.88 0.00 8.22
Total - 100.00 100.00 100.00 100.00 100.00
ESSI + Italy + - 91.75 86.54 88.79 100.00 91.78
France

(Notes. This table presents the participation of countries in the European Sky Shield Initiative (ESSI),
with 22 members plus Italy and France, in a 35-country set based on data from World Bank (2024) and US
Central Intelligence Agency (2024). For each country, Military Expenditure (ME) as a percentage of total
ME across countries is displayed. Additional columns include each country’s share of the total population
(POP), gross domestic product (GDP) share, and exposed border with Russia (EBR) share. The Average
Benefit Share (ABS) represents each country’s benefit within the ESSI framework. The final row, “ESSI +
Italy + France,” provides aggregated values for all ESSI members plus Italy and France, with total column
sums normalized to 1 for reference.)

2.4.5 Analysis of the Stable Coalition: ESSI Framework Expanded to
Include Italy and France

At first glance, one might assume that increasing the threat factor oy would be sufficient
to incentivize broad cooperation within the ESSI. However, as shown in Table 2.6, the
marginal benefits remain modest for most countries. Since the individual multiplier «; is
determined by the product z;aq, it typically stays below 0.8177—even when the threat is
high. The only clear exception is Finland, where a; exceeds 1, creating a dominant strategy
to participate in the coalition. A total of 91.75% of ME is generated by 24 countries out
of a set of 35 countries. Finland contributes 1.36% with its ME to this total. This total
contribution of 91.75 is then multiplied by the multiplier a;, resulting in a payoff of 1.2325.
This can be interpreted as follows: Finland contributes 0.0136 to the total provided ME of
0.9175, and in return, receives valued at 1.2325 of the entire provided amount.

In contrast, the United Kingdom contributes 19.36% to the 91.75% and has a multiplier
a; of 0.6367, meaning that only 63.67% of the entire provided sum benefits the United
Kingdom directly. Nevertheless, due to its substantial contribution, the United Kingdom
achieves a payoff of 0.5842 of the entire provided amount.

These outcomes reflect a clear pattern: countries with higher multipliers—like Finland,
Estonia, and Poland—tend to be geographically on the “front line” to the perceived threat
and therefore benefit most from participation. Their willingness to invest in the ESSI stems
not from economic might, but from the direct security advantage cooperation provides.
Meanwhile, major contributors such as Germany, the UK, and Turkey also benefit mean-
ingfully, though their relative gains are lower due to less direct exposure. On the other end
of the spectrum, countries like Austria, Belgium, and Switzerland, which are geographically
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more distant and face lower immediate risks, have lower multipliers. With smaller popu-
lations and less strategic vulnerability (GDP), their incentives to participate are naturally
weaker.

Table 2.6: Determinants of the 24 participants, the computed average benefit share, mul-

tiplier o, and payoff for the threat factor g = 7.75 in the stable coalition with a country
set of 35.

ME ABS —
Country ABS Determinants Multiplier  Payoff
(%) %) s
POP GDP EBR

(%) () (%)

Austria 1.02 1.44 2.12 0.00 1.18 0.0918 0.0842
Belgium 1.94 1.86 2.62 0.00 1.49 0.1157 0.1062
Bulgaria 0.38 1.03 0.41 0.00 0.48 0.0370 0.0340
Czechia 1.13 1.70 1.31 0.00 1.00 0.0775 0.0711
Denmark 1.55 0.94 1.80 0.00 0.91 0.0707 0.0648
Estonia 0.23 0.21 0.17 12.34 4.24 0.3287 0.3016
Finland 1.36 0.88 1.27 49.85 17.33 1.3432 1.2325
France 15.16 10.80 12.49 0.00 7.76 0.6015 0.5519
Germany 15.76 13.31 18.34 0.00 10.55 0.8177 0.7503
Greece 2.29 1.66 0.98 0.00 0.88 0.0680 0.0624
Hungary 0.73 1.53 0.80 0.00 0.78 0.0601 0.0552
Italy 9.47 9.36 9.29 0.00 6.22 0.4818 0.4420
Latvia 0.24 0.30 0.18 12.64 4.37 0.3390 0.3110
Lithuania 0.49 0.45 0.32 9.94 3.57 0.2766 0.2538
Netherlands 4.41 2.81 4.53 0.00 2.45 0.1898 0.1741
Norway 2.37 0.87 2.67 7.27 3.60 0.2792 0.2562
Poland 4.69 5.85 3.10 7.96 5.64 0.4368 0.4007
Romania 1.47 3.03 1.34 0.00 1.46 0.1129 0.1035
Slovakia 0.56 0.86 0.52 0.00 0.46 0.0357 0.0328
Slovenia 0.21 0.34 0.27 0.00 0.20 0.0156 0.0143
Sweden 2.18 1.67 2.65 0.00 1.44 0.1116 0.1024
Switzerland 1.74 1.39 3.68 0.00 1.69 0.1310 0.1202
Turkey 3.01 13.50 4.08 0.00 5.86 0.4540 0.4166
UK 19.36 10.77 13.88 0.00 8.22 0.6367 0.5842
Total 91.75 86.54 88.82  100.00 91.78 7.1126 6.526

(Notes. We examine the Stable Coalition. The last column represents the relative payoff of the coalition,
indicating the payoff each country receives within the ESSI. The sums of the Multiplier «; and payoff
columns should be understood as cumulative in absolute terms, due to the non-excludability of the provided
Supranational Public Good, whereas the other columns sum up to 100% for the 35-country set. Based on
data from the World Bank (2024) and the US Central Intelligence Agency (2024).)
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To complement the analytical results, we now turn to a visual representation of country-
specific outcomes within the ESSI with Figure 2.3. While the previous discussion focused
on individual multiplier values and their implications for strategic incentives, the following
figure provides a more intuitive understanding of how these dynamics translate into realized
payoffs.

Countries positioned at the geopolitical frontier, such as Finland and Poland, exhibit higher
relative payoffs due to their elevated security stakes, while economically dominant countries
like Germany and the United Kingdom maintain substantial absolute benefits despite their
lower multiplier values «;. This observation is consistent with the model’s premise, which
asserts that countries with higher stakes in regional security—attributable to geographic
proximity or economic leverage—are incentivized to engage actively and invest in ESSI,
thereby securing elevated relative payoff values.
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Figure 2.3: The figure plots the 24 participant countries on the horizontal axis, with their
contribution and received payoff on the vertical axis given a threat factor ag = 7.75. Each
country’s payoff derived from its economic, demographic, and geopolitical factors. Higher
payoff values correspond to countries with larger exposed borders with Russia or with
greater economic and demographic weights, indicating their higher relative benefits from
ESSI participation.

2.5 Conclusion and Outlook

Concluding Remarks. In this paper, we define the stability conditions for the behavioral
model of human cooperation for the provision of public goods, incorporating the idea that
players do not act a priori as single agents in the decision-making Capraro (2013a). This
allows agents to mentally simulate how coalitions might form if they act collectively and
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then act according to their most optimistic forecasts. We propose a novel method for
computing ABSs, specifically applied to supranational goods such as the ESSI. For the
provision of supranational public goods, we are incorporating heterogeneous ABSs and an
exogenous threat factor to determine countries’ incentives to contribute. We argue that this
approach delivers a more nuanced understanding of the provision of supranational public
goods and allows us to predict stable coalitions.

While traditional public goods games require a large multiplier to ensure contributing be-
comes a dominant strategy, this approach allows for contributions without being a dominant
strategy. When applied to real-world data from the ESSI, the model explains why certain
coalitions fail and identifies the conditions under which stable cooperation can emerge.
These findings offer concrete insights for the institutional design of collective action with-
out centralized enforcement.

Critical Reflection. Despite its strengths, the model has several limitations. Free-riding
behavior is treated in an idealized manner, assuming no direct spillover effects or reputa-
tional consequences for non-contributing countries. In practice, countries that withdraw
from coalitions may face diminished diplomatic standing and reduced access to shared se-
curity infrastructure. Moreover, the threat parameter g lacks direct measurability. Real-
world threat levels are shaped by a complex interplay of intelligence, diplomatic relations,
and evolving military provocations. Another important limitation is the exclusion of polit-
ical factors. For example, the hesitation of France to join the ESSI reflects its leadership
role in the PESCO Twister project and concerns about involving non-EU countries in Eu-
ropean defense procurement. These political considerations, which have a profound impact
on coalition stability and formation, are not addressed in the current framework. Simi-
larly, even though the analysis employs a one-shot game approach, this does not render
it unrealistic. Political considerations frequently influence coalition formation in practice;
for instance, it has been reported that more countries were initially intended to be invited
to join ESSI, yet were excluded due to political issues, such as Turkey’s purchase of the
Russian S-400 air defense system (Arnold and Arnold, 2023).

Nevertheless, the economic, demographic, and geographic focus provides valuable insights
into how cooperative structures emerge and under what conditions they remain stable.

Policy Implication. The model presented in this paper is a simplified representation of
complex real-world situations. Its predictions align with the recent developments of the
ESSI. The ESSI was initially launched with 15 founding members and has since expanded
to include first 17, then 19, then 21, and finally 22 members. According to the model,
none of these possible coalitions are stable.?* For example, for a stable coalition, Italy
or France, or both, are needed (depending on the threat level). The model also includes

248pecifically, no coalition achieves stability at any threat level.
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the provision that countries protect European airspace from external threats in accordance
with the regulations. What happens in the hypothetical case of a missile attack by the
threat country targeting Berlin? The model implicitly assumes that countries along the
missile’s flight path would take defensive action to uphold collective air defense. In reality,
however, it is uncertain whether these countries would intervene—especially if they are not
directly targeted and therefore do not perceive an immediate threat. If such a country were
to refrain from defensive measures for this reason, it would create a critical security gap
along the missile’s trajectory. To close this significant security gap, it would be advisable
to operate the air defense system independently of the decision-making structures of indi-
vidual countries. Specifically, a European defense system modeled on Israel’s “Iron Dome”
would operate autonomously at a supranational level. Implementing such a system could
substantially enhance the efficiency and responsiveness of Europe’s air defense capabilities.
Furthermore, centralized management of air defense operations could eliminate numerous
redundancies, optimizing resource allocation and significantly streamlining defense-related
processes.

Future Research. The findings open several avenues for further exploration. Future
research could refine the models to better capture heterogeneity among member states,
accounting for economic disparities and divergent geopolitical interests. Incorporating el-
ements such as individual perceived threat levels, technological innovation, and shifting
political landscapes, would improve the model’s accuracy and relevance. The key contribu-
tion of this model is to identify stable coalitions. It would therefore be valuable to test the
robustness of these findings in other settings. One example is the system of border controls
against irregular migration to the Schengen Area. The main burden falls on countries with
external borders, which bear most of the enforcement costs. Internal borders are generally
not controlled. In addition, some Balkan countries, though not part of Schengen, benefit
from its control efforts. Notably, while these countries aspire to Schengen membership, they
have not yet been integrated. This contrasts with the ESSI, where countries benefit from
collective defense efforts without even aspiring to ESSI membership.
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APPENDIX | A

The Provision of Supranational Public Goods

Appendix

The appendix is structured as follows. Section A.l presents a step-by-step illustration of
how the stable coalition is determined, using an example with three selected neighboring
countries and four different threat scenarios. Section A.2 follows with a statistical analysis
using the Wilcoxon signed-rank test to assess the concordance between defense burdens
and average benefit shares. Section A.3 lists the input variables—ME and GDP—for the
35-country set with 22 ESSI member plus Italy and France. Section A.4 examines the
robustness of the model. Section A.5 replicates the main analysis from Section B.6, but
uses GDP instead of ME as the endowment input. Section A.6 provides a more detailed
presentation of the main analysis, showcasing different cases and additional results. In
Section A.6.3, the geographical threat factor is re-specified using the DC instead of the
EBR. Finally, Section A.7 provides a brief analysis with the most recent ESSI members,
Albania and Portugal. This section also applies the model first with ME as the endowment,
then with GDP, and finally replacing EBR with the DC.

Al INlustrative Example for a Stable Coalition for Selected Threat Fac-
tors with Belgium, Germany and the Netherlands

This example examines three neighboring countries that aim to jointly provide air de-
fense. While the scenario is stylized, the underlying data is real. The illustration serves
to build intuition for how a stable coalition is identified. The three countries in this ex-
ample are Belgium, Germany, and the Netherlands. Therefore, the player set is given by
P = {Belgium, Germany, Netherlands}. In the following, subscript 1 refers to Belgium, 2
to Germany and 3 to the Netherlands. p¢ denotes the fully cooperative coalition structure
and the p® selfish coalition structure. p~ refers to the coalition structure, where country j
deviates from coalition structure p, but the other countries still play according to it. No-
tably, the coalition structure p® is the only Nash equilibrium of the original game, where
countries do not anticipate how the game would unfold if they formed coalitions, and act
according to their most optimistic forecast. In contrast, the induced game incorporates
strategic forecasting and a stable coalition can emerge only if the conditions outlined in
Section 2.3.1.2 are satisfied.
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Table A.1: Absolute and relative values of indicators for countries in the coalition with
Belgium, Germany, and the Netherlands.

Absolute Values

Country (BI\I/IJ];}D) ABS Components
POP G(];P EBR
(millions) USD) (km)
Belgium 6.87 11.69 583.61 0
Germany 55.76 83.80 4082.47 0
Netherlands 15.61 17.70 1009.40 0
Total 78.24 113.19 5675.48 0
Relative Values
ME ABS
(%) (%)
POP GDP EBR
(%) (%) (%)
Belgium 8.78 10.32 10.28 0 10.30
Germany 71.27 74.04 71.93 0 72.98
Netherlands 19.95 15.64 17.79 0 16.71
Total 100.00 100.00 100.00 0 99.99

(Notes. This table presents the participation of countries in the coalition, with 3 members, in a 3-country
set, based on data from World Bank (2024) and US Central Intelligence Agency (2024). For each country,
Military Expenditure (ME), population (POP), gross domestic product (GDP), and exposed border with
Russia (EBR) are presented in both absolute values and relative percentages. The Average Benefit Share
(ABS) represents each country’s benefit within the coalition framework. The final row provides aggregated
values, with total column sums normalized to 1 for reference.)
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The possible coalition structures:
25 {3, ({523, {3}, {13}, {2}}, {{2,3},{1}}, {{1,2,3}}
We focus on all coalition structures as described in Section 2.3.11.

Al Case: ap =1

In this example, cg = 1, and it is assumed that no threat exists.
Belgium:

y1 = 0.0878
21 = 0.1030
D1 (p°) = u(p®™) — u(p®) = 0.0787
Ri1(p°) = u(p®) — u(p®) = 0.0153
% lfD(c)>0R(c)>O
D1(p®)+R1(p°) 1P , v (p
Tia(p) =\ 1 if Dy(p°) > 0,R1(p°) <0
0 if Di(p¢) <0
— 0.8376

"We exclude the ones where only one country is contributing to the public good. It does not seem
reasonable for a country to contribute to its own air defense while sharing the payoff with others. Therefore,
in the case where only one country contributes while others free-ride, the payoff is treated as if the country
did not contribute to the joint air defense but instead to its own air defense, which remains exclusively its
own.
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v1(p°) = aoz [ 71,42,31(P) (y1) + 71,33 (P) (y1 + v2)
+ 71,423(P) (1 + y3) + T (y1 +y2 + y3)(p) ]
= apz { T12(p) 11 3() (y1) + (1 —712(p))71,3(P) (y1 + y2)
T ra()(1 = 7u3(0)) (11 + v5) (1= a1 — s @) + v + ) ]
v (p) = 0.1031 { 0.9184 (0.0878) +  0.0816 (0.0878 + 0.7127)
1-0.1031 0.9184-1 (1—0.9184)~1
L0 (0.0878 + 0.1995) + 0 (0.0878 + 0.7127 + 0.1995)}
0.9184-(1—1) (1-0.9184)-(1—1)

v1(p°) = 0.0150



Germany:

yo = 0.7127 Dy = 0.1926 Ti2(p®) = 0.9184

z9 = 0.7298 Ry =0.0171 va(p©) = 0.5356
Netherlands:

Y2 = 0.1995 D2 = 0.1661 7’1'72(]96) =

z9 = 0.1671 Ry = —0.0324 va(p©) = 0.0454

The captions for the following tables—A.2, A.3, A.4, and A.5—are presented here.

(Notes. This table presents the evaluation of coalition structures among three players. Each
coalition is assessed based on whether it meets the stability conditions. The column “Payoff
vs. Expected Payoff” compares each player’s actual payoff u;(p) with their expected payoff
under the fully cooperative coalition structure v;(p¢). The column “Coalition Structure
Allowed” indicates whether the coalition is allowed based on the condition u;(p) > v;(p°).
The final column verifies if the stability conditions for a Stable Coalition (SC) are satisfied.
A checkmark (v) indicates that the condition is met, while a cross (X) indicates it is
not. The expected payoff v;(p€) is calculated as a weighted sum over all possible coalition
structures, as defined in equation (2.4), where the weights 7;(p) reflect the probability of
coalition formation. The contribution x; represents the full endowment each player commits
to the cooperative coalition, as described in equation (2.3). Condition 1 does not need to
be checked for the singleton coalition structure, as it does not represent a cooperative
equilibrium. Similarly, Condition 3 does not need to be checked for the fully cooperative
coalition, as it does not constitute a partial cooperative coalition.)
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Table A.2: Conditions for a stable coalition (op = 1.000).
payoff of v1(p®) = 0.0150 and contribution xz; = 0.0878, Player 2 has vy(p®) = 0.5356 and

x9 = 0.7127, and Player 3 has v3(p®) = 0.0454 and x3 = 0.1995.

Player 1 has an expected

Coalition
Coalition Payoff vs.
Conditi for SC
Structure Expected Payoff Structure onditions for
Allowed
u;i(p) = vi(p°) n @ G
up =y = 0.0878 > v1(p°)
{{1}, {2}, {3}} ug = y2 = 0.7127 > vy(p°) yes v o/
uz = y3 = 0.1995 > v3(p°)
U1 = p21 (y1 + yz) = 0.0825 > v (pc)
UL, 2}, {33} uz = apz2(y1 + y2) = 0.5842 > vy (p°) yes X X 4
us = y3 + apz2(y1 + y2) = 0.3333 > v3(p°)
up = apz1(y1 + y3) = 0.0296 > vy (p©)
{{1, 3}, {2}} u2 = Y2 + apz2(y1 + y3) = 0.9224 > vy(p°) yes X X v
us = apz2(y1 + y3) = 0.0480 > v3(p°)
up = y1 + apz1(y2 +y3) = 0.1818 > v1(p©)
{{2, 3}, {1}} ug = apz2(y2 + y3) = 0.6658 > vy (p°) yes X X v
ug = apz2(y2 +y3) = 0.1525 > v3(p°)
up = apz1(y1 + y2 + y3) = 0.1030 > vy (p°)
{{1, 2, 3}} uz2 = apza(y1 + y2 + y3) = 0.7298 > vy (p°) yes X X
(

uz = apz2(y1 + y2 +y3) = 0.1671 > v3(p°)




= Condition 1 v;(p®) > y; is not satisfied by all countries. It is not reasonable to assume
that the countries will form a coalition.
Since all coalition structures are allowed, and all countries have a positive incentive to
abandon the coalition in every coalition structure, the only stable coalition equilibrium is
the non-cooperative coalition structure.

Normal Form

Netherlands

Germany Germany
(15,2) NC (1—-m,2) C (15,2) NC (1—-m,2) C

0.09, 0.16, 0.11, 0.18,

E  (m1) NC 0.71, 0.52, 0.86, 0.67,
k2, 0.20 0.32 0.03 0.15
M 0.01, 0.08, 0.03, 0.09,
(1—7i1) C 0.78, 0.58, 0.92, 0.67,
0.21 0.33 0.05 0.15

Figure A.1: The normal-form representation depicts a simultaneous game involving three
countries: Belgium, Germany, and the Netherlands. Each country can choose between
contributing (C) or not contributing (NC) to the coalition. The dominant actions are
underlined. Black numbers indicate coalition structures that belong to the set of allowed
strategies.
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A.l.2 Case: ap = 1.282

Belgium
y1 = 0.0878 Dy =0.0762 7i1(p°) = 0.6322
z1 = 0.1030 Ry =0.0443 v1(p°) = 0.0919
Germany:
yo = 0.7127 Dy = 0.0459 Ti2(p®) = 0.1706
29 = (0.7298 Ry = 0.2229 va(p©) = 0.7131
Netherlands:
ys = 0.1995 D3 = 0.1567 7 3(p°) = 0.9139
z3 = 0.1671 Rs =0.0148 v3(p©) = 0.1763
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Table A.3: Player 1 has an expected payoff of v; (p®) = 0.0919 and contribution z; = 0.0878,
Player 2 has ve(p®) = 0.7131 and zo = 0.7127 , and Player 3 has v3(p®) = 0.1763 and
x3 = 0.1995.

Coalition
Coalition Payoff vs.
Conditions for SC
Structure Expected Payoff Structure onditions for
Allowed

ui(p) = vi(p°) w2 6

up = 0.0878 < v (p°)
{{1}7 {2}7 {3}} us = 0.7127 < ’Ug(pc) no v X

uz = 0.1995 > v3(p°)

up = 0.1057 > vy (p°)
{1, 2}, {3}} ug = 0.7490 > vy(p°) yes v v v

uz = 0.3710 > Ug(pc)

uy = 0.0379 < v1(p°)
{{17 3}7 {2}} uo = 0.9815 > vg(pc) no X v X

us = 0.0615 < v3(p°)

u; = 0.2082 > Ul(pc)
{{2, 3}, {1}} Uy = 0.8535 > vy(p°) yes X v

uz = 0.1954 > v3(p°)

up = 0.1321 > vy (p°)
{1, 2, 3}} ug = 0.9357 > vy(p°) yes X X

uz = 0.2142 > 'Ug(pc)

= Condition 1, v;(p®) > y; , is not satisfied for Player 3 (Netherlands). Given this, it is
unreasonable to expect Player 3 to join any coalition.

= As a result, the coalition structure {{Belgium, Germany}, {Netherlands}} emerges as
the unique stable coalition structure in this game.
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Normal Form

Netherlands

Germany Germany
(1i,2) NC (1—m,2) C (15,2) NC (1—m,2) C
0.09, 0.18, 0.11, ,
£ (ma1) NC 0.71, 0.68, 0.90,
= 0.20 0.35 0.04
M 0.01, 0.11, 0.04, 0.13,
(1-71)C 0.79, 0.75, 0.98, 0.94,
0.22 0.37 0.06 0.21

Figure A.2: The normal-form representation depicts a simultaneous game involving three
countries: Belgium, Germany, and the Netherlands. Each country can choose between
contributing (C) or not contributing (NC) to the coalition. The dominant actions are
underlined. Black numbers indicate coalition structures that belong to the set of allowed
strategies, while red numbers represent those that do not. The orange number corresponds
to a coalition structure where Condition 1 is not satisfied, preventing it from being stable
despite being part of the allowed strategy set.
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A.13 Case: ap = 1.332

Belgium
y1 = 0.0878 Dy =0.0757 71(p°) = 0.6049
z1 = 0.1030 Ry = 0.0495 v1(p°) = 0.1065
Germany:
yo = 0.7127 Dy =0.0199 Ti2(p°) = 0.0711
29 = (0.7298 Ry = 0.2594 va(p©) = 0.7518
Netherlands:
ys = 0.1995 D3 =0.1551 7 3(p°) = 0.8703
z3 = 0.1671 Rs = 0.2594 v3(p©) = 0.1995
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Table A.4: Player 1 has an expected payoff of v; (p®) = 0.1065 and contributionz; = 0.0878,
Player 2 has ve(p®) = 0.7518 and zo = 0.7127 , and Player 3 has v3(p®) = 0.1995 and

x3 = 0.1995.

., Pavoff vs. .-
Coalition avolt vs Coalition Conditions for SC
Structure Expected Payoff structure allowed

u;i(p) > vi(p©) 1 2 G

{1}, {2}, 81}

uy = 0.0878 < vy (p°)
ug = 0.7127 < va(p©)

uz = 0.1995 = v3(p°)

{1, 2}, {3}}

up = 0.1099 > v;(p°)
ug = 0.7782 > v (p°)

us = 0.3777 > v3(p°)

{1 35, {23}

up = 0.0394 < v1(p°)
uz = 0.9920 > vy(p°)

us = 0.0639 < v3(p°)

({2, 3}, {1}}

uy = 0.2130 > vy (p©)
ug = 0.8868 > va(p°)

uz = 0.2031 > wv3(p°)

{1, 2,3}}

uy = 0.1372 > vy (p°)
ug = 0.9721 > vy(p°)

uz = 0.2226 > v3(p°)

no v 4
yes v v v
no v v X
yes v v v
yes v X

= The coalition structures {{Belgium, Germany}, {Netherlands}} and {{Germany, Nether-
lands}, {Belgium}} emerges as the stable coalition structure in this game.
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Normal Form

Netherlands

Germany Germany
(1i,2) NC (1—m,2) C (15,2) NC (1—m,2) C

0.09, 0.18, 0.12, 0.21,

£ (ma1) NC 0.71, 0.69, 0.91, 0.89,
i 0.20 0.36 0.04 0.20
A 0.01, 0.11, 0.04, 0.14,
(1-71)C 0.80, 0.78, 0.99, 0.97,
0.22 0.38 0.06 0.22

Figure A.3: The normal-form representation depicts a simultaneous game involving three
countries: Belgium, Germany, and the Netherlands. Each country can choose between
contributing (C) or not contributing (NC) to the coalition. The dominant actions are
underlined. Black numbers indicate coalition structures that belong to the set of allowed
strategies, while red numbers represent those that do not.
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Al4 Case: ap = 1.349

Belgium
y1 = 0.0878 Dy =0.0756 7i,1(p°) = 0.596
z1 = 0.1030 Ry =0.0512 v1(p®) = 0.1114
Germany:
yo = 0.7127 Dy =0.0110 7i2(p®) = 0.0389
29 = (0.7298 Ry =0.2718 va(p©) = 0.7649
Netherlands:
ys = 0.1995 D3 =0.1545 7;3(p°) = 0.8562
z3 = 0.1671 R3s = 0.0260 v3(p©) = 0.2074
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Table A.5: Player 1 has an expected payoff of v; (p®) = 0.1114 and contribution z; = 0.0878,
Player 2 has ve(p®) = 0.7649 and zo = 0.7127 , and Player 3 has v3(p®) = 0.2074 and
x3 = 0.1995.

Coalition
Coalition Payoff vs.
Conditions for SC
Structure Expected Payoff Structure onditions for
Allowed

ui(p) = vi(p°) w2 6

up = 0.0878 < v (p°)
{{1}7 {2}7 {3}} us = 0.7127 < ’Ug(pc) no v X X

uz = 0.1995 < v3(p°)

up = 0.1113 < Ul(pc)
{{17 2}) {3}} us = 0.7881 < ’Ug(pc) no v X X

uz = 0.3800 > v3(p°)

u1 = 0.0399 < vy (p°)
{{1, 35, {21} ug = 0.9957 > vy (p°) 10 XX

us = 0.0648 < v3(p°)

up = 0.2146 > vy (p°)
{{2, 3}, {1}} uy = 0.8981 > vy (p°) 1o XX

uz = 0.2057 < v3(p°)

up = 0.1390 > vy (p°)
{1, 2, 3}} ug = 0.9846 > vy(p°) yes v v

uz = 0.2254 > v3(p°)
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Normal Form

Netherlands

Germany Germany
(ri2) NC (1—mi2) C (ri2) NC (1—mi2) C

0.09, 0.19, 0.12, 0.21,

£ (m1) NC 0.71, 0.70, 0.91, 0.90,
& 0.20 0.36 0.04 0.21
m 0.01, 0.11, 0.04, 0.14,
(1-71)C 0.80, 0.79, 1.00, 0.98,
0.22 0.38 0.06 0.23

Figure A.4: The normal-form representation depicts a simultaneous game involving three
countries: Belgium, Germany, and the Netherlands. Each country can choose between
contributing (C) or not contributing (NC) to the coalition. The dominant actions are
underlined. Black numbers indicate coalition structures that belong to the set of allowed
strategies, while red numbers represent those that do not.

= The coalition structure {{Belgium, Germany, Netherlands}} emerges as the stable coali-
tion structure in this game.
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A.2 Wilcoxon Signed-Rank Test

Table A.6: Wilcoxon signed-rank correlation of ME/European NATO ME and alternative
Average Benefit Shares

ABS ABS ABS
Exposed Border Exposed Border Distance Category
with Russia
Year Size R (p) R (p) R (p)
1993 13 39 (0.68) 23 (0.13) 29 (0.27)
1994 13 40 (0.74) 25 (0.17) 28 (0.24)
1995 13 39 (0.68) 25 (0.17) 31 (0.34)
1996 13 40 (0.74) 24 (0.15) 30 (0.31)
1997 13 41 (0.79) 22 (0.11) 29 (0.27)
1998 13 39 (0.68) 22 (0.11) 29 (0.27)
1999 16 55 (0.53) 44 (0.23) 48 (0.32)
2000 16 55 (0.53) 42 (0.19) 47 (0.30)
2001 16 56 (0.56) 49 (0.35) 47 (0.30)
2002 16 54 (0.50) 47 (0.30) 44 (0.23)
2003 16 56 (0.56) 48 (0.32) 44 (0.23)
2004 23 92 (0.17) 134 (0.92) 80* (0.08)
2005 23 80* (0.08) 137 (0.99) 74* (0.05)
2006 23 86 (0.12) 136 (0.96) 78% (0.07)
2007 23 88 (0.13) 135 (0.94) 74* (0.05)
2008 23 96 (0.21) 137 (0.99) 86 (0.12)
2009 25 103 (0.11) 160 (0.96) 100* (0.10)
2010 25 103 (0.11) 160 (0.96) 95* (0.07)
2011 25 102 (0.11) 158 (0.92) 94* (0.07)
2012 25 102 (0.11) 158 (0.92) 90* (0.05)
2013 25 102 (0.11) 162 (1.00) 94* (0.07)
2014 25 90* (0.05) 153 (0.81) 88** (0.05)
2015 25 95* (0.07) 156 (0.87) 84** (0.03)
2016 25 95* (0.07) 159 (0.94) 92* (0.06)
2017 26 108* (0.09) 174 (0.98) 101* (0.06)
2018 26 116 (0.14) 172 (0.94) 101* (0.06)
2019 26 108* (0.09) 149 (0.52) 97** (0.05)
2020 27 133 (0.19) 175 (0.75) 108* (0.05)
2021 27 139 (0.24) 173 (0.71) 116* (0.08)
2022 27 147 (0.32) 162 (0.53) 119* (0.10)

(Notes. This table reports Wilcoxon signed-rank test statistics (R) and associated p-values. Each test
evaluates whether countries’ defense burden shares match their respective Average Benefit Share (ABS).
The hypotheses are specified in 3.5.1. In parentheses are prob-values, indicating the probability of a type I
error. ***significant at .01 level; **significant at .05 level; and *significant at .10 level. The critical values
for rejecting the null hypothesis of match between the average benefit share and single benefit share are 17
at .05 level and 9 at .01 level for 1993-1998; are 29 at .05 level and 19 at .01 level for 1999-2003; are 73 at
.05 level and 54 at .01 level for 2004-2008; are 89 at .05 level and 68 at .01 level for 2009-2016; are 98 at
.05 level and 75 at .01 level for 2017-2019; are 107 at .05 level and 83 at .01 level for 2020-2022. Iceland is
excluded for all years.)
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Table A.7: Wilcoxon signed-rank correlation of ME /European NATO ME and single benefit
shares

GDP POP EB EBR DC

Year Size R (p) R (p) R (p) R (p) R (p)

1993 13 39 (0.68) 43 (0.89) 40 (0.74)  13** (0.02) 42 (0.84)
1994 13 40 (0.74) 44 (0.95) 40 (0.74)  13*%* (0.02) 42 (0.84)
1995 13 43 (0.89) 43 (0.89) 41 (0.79) 13 (0.02) 41 (0.79)
1996 13 42 (0.84) 45 (1.00) 40 (0.74)  13*%* (0.02) 42 (0.84)
1997 13 41 (0.79) 40 (0.74) 40 (0.74)  13** (0.02) 43 (0.89)
1998 13 43 (0.89) 42 (0.84) 40 (0.74)  13%* (0.02) 42 (0.84)
1999 16 56 (0.56) 62 (0.78) 63 (0.82) 31* (0.06) 60 (0.71)
2000 16 54 (0.50) 57 (0.60) 60 (0.71) 31* (0.06) 59 (0.67)
2001 16 56 (0.56) 58 (0.63) 58 (0.63) 31* (0.06) 58 (0.63)
2002 16 59 (0.67) 57 (0.60) 60 (0.71) 31* (0.06) 57 (0.60)
2003 16 58 (0.63) 58 (0.63) 61 (0.74) 31* (0.06) 59 (0.67)
2004 23 107 (0.36) 103 (0.30) 128 (0.78) 96 (0.21) 102 (0.29)
2005 23 111 (0.43) 04 (0.31) 138 (1.00) 97 (0.22) 105 (0.33)
2006 23 102 (0.29) 99 (0.25) 134 (0.92) 96 (0.21) 106 (0.34)
2007 23 98 (0.23) 96 (0.21) 135 (0.94) 96 (0.21) 107 (0.36)
2008 23 95 (0.20) 108 (0.38) 136 (0.96) 98 (0.23) 109 (0.39)
2009 25 98* (0.09) 127 (0.35) 149 (0.73) 108 (0.15) 121 (0.28)
2010 25 98* (0.09) 122 (0.29) 159 (0.94) 108 (0.15) 121 (0.28)
2011 25 104 (0.12) 126 (0.34) 157 (0.89) 108 (0.15) 118 (0.24)
2012 25 105 (0.13) 112 (0.18) 155 (0.85) 108 (0.15) 119 (0.25)
2013 25 108 (0.15) 111 (0.17) 156 (0.87) 108 (0.15) 115 (0.21)
2014 25 107 (0.14) 108 (0.15) 152 (0.79) 108 (0.15) 115 (0.21)
2015 25 111 (0.17) 103 (0.11) 153 (0.81) 108 (0.15) 113 (0.19)
2016 25 126 (0.34) 112 (0.18) 157 (0.89) 108 (0.15) 119 (0.25)
2017 26 149 (0.52) 119 (0.16) 166 (0.82) 113 (0.12) 127 (0.23)
2018 26 150 (0.53) 127 (0.23) 172 (0.94) 113 (0.12) 128 (0.24)
2019 26 170 (0.90) 126 (0.22) 169 (0.88) 113 (0.12) 130 (0.26)
2020 27 186 (0.95) 147 (0.32) 186 (0.95)  119% (0.10) 128 (0.15)
2021 27 179 (0.82) 159 (0.48) 188 (0.99)  118% (0.09) 130 (0.16)
2022 27 170 (0.66) 173 (0.71) 186 (0.95)  118% (0.09) 130 (0.16)

(Notes. Numbers in parentheses are prob-values, indicating the probability of a type I error when testing
the null hypothesis. ***significant at .01 level; **significant at .05 level; and *significant at .10 level. The
critical values for rejecting the null hypothesis of match between the average benefit share and single benefit
share are 17 at .05 level and 9 at .01 level for 1993-1998; are 29 at .05 level and 19 at .01 level for 1999-2003;
are 73 at .05 level and 54 at .01 level for 2004-2008; are 89 at .05 level and 68 at .01 level for 2009-2016;
are 98 at .05 level and 75 at .01 level for 2017-2019; are 107 at .05 level and 83 at .01 level for 2020-2022.
Iceland is excluded for all years.)
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A.3 Data: ME and GDP (2022)

Table A.8: Military Expenditure (ME) and Gross Domestic Product (GDP) for European
Sky Shield Initiative (ESSI) members and non-members.

ME GDP ME/GDP
Country ESSI (B USD) (B USD) (%)
Albania FALSE 0.29 18.92 1.53
Austria TRUE 3.63 470.94 0.77
Belgium TRUE 6.87 583.61 1.18
Bosnia & Herz. FALSE 0.18 24.53 0.75
Bulgaria TRUE 1.34 90.35 1.48
Croatia FALSE 1.31 72.00 1.82
Czechia TRUE 4.01 290.57 1.38
Denmark TRUE 5.47 400.17 1.37
Estonia TRUE 0.81 37.92 2.14
Finland TRUE 4.82 281.89 1.71
France TRUE 53.64 2779.09 1.93
Germany TRUE 55.76 4082.47 1.37
Greece TRUE 8.10 217.58 3.72
Hungary TRUE 2.57 177.01 1.45
Ireland FALSE 1.16 533.14 0.22
Italy TRUE 33.49 2066.97 1.62
Kosovo FALSE 0.11 9.35 1.15
Latvia TRUE 0.85 40.42 2.10
Lithuania TRUE 1.73 71.01 2.44
Luxembourg FALSE 0.56 81.64 0.69
Montenegro FALSE 0.10 6.23 1.57
Netherlands TRUE 15.61 1009.40 1.55
North Macedonia FALSE 0.22 13.71 1.64
Norway TRUE 8.39 593.73 1.41
Poland TRUE 16.57 689.76 2.40
Portugal FALSE 3.50 255.20 1.37
Romania TRUE 5.19 298.89 1.74
Serbia FALSE 1.43 63.56 2.24
Slovakia TRUE 1.99 115.58 1.73
Slovenia TRUE 0.74 60.06 1.22
Spain FALSE 20.31 1417.80 1.43
Sweden TRUE 7.72 590.41 1.31
Switzerland TRUE 6.15 818.43 0.75

Continued on next page

,57,



ME GDP ME/GDP

Count ESSI

Oy (B USD) (B USD) (%)
Turkey TRUE 10.64 907.12 1.17
UK TRUE 68.46 3088.84 2.22
Total - 353.72 22,258.39 1.59
ESSI + Italy + - 324.55 19,762.22 1.67
France

(Notes. The table summarizes Military Expenditure (ME) and Gross Domestic Product (GDP) for ESSI
members and non-members in a 35-country set. The ESSI framework accounts for a total of 91.75% of
ME and 88.79% of GDP in the 35-country set. Based on data from World Bank (2024) and US Central

Intelligence Agency (2024).
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A4 Alternative Burden-Sharing and Sensitivity Analysis

In the following, the proxy’s taken from Sandler and Forbes (1980) are slightly varied
and modified. The goal is to understand the sensitivity of the model to changes in certain
assumptions and to assess the robustness of its reliability in different scenarios. In addition,
a new method called DC is implemented and investigated. Both proxy’s have already been
analyzed using the Wilcoxon test approach and can be found in A.2. Additionally, the
relevance of the Wilcoxon test can be reviewed in Chapter 2.3.2.1.

The factor z; is part of a country’s payoff function u;, where z; follows the approximate
weighting from Sandler and Forbes (1980).

POP; GDP; Border;

Zf =VPop—=(F5~5 +VGDP—= =5 + VBorderm
g J

Al
>, POP; >, GDP; (A1)

We explore two distinct weighting schemes, each offering a unique perspective on the balance
of factors:

e Equal Weighting:
The equal weighting scheme assigns equal importance to all three factors:

1
YPop = YGDP = 7YBorder = g
This scheme reflects a balanced perspective, ensuring that Population (Pop), GDP,
and Border considerations are treated with equal weight. While our primary analysis

uses this approach, alternative weightings are discussed in the appendix.

¢ Unequal Weighting:
The unequal weighting scheme emphasizes the Border factor more heavily:

1 1
YPop = YGDP = 17 YBorder = 5

This approach reflects a shift in focus towards geopolitical importance, assigning a
smaller influence to economic factors such as Population and GDP. It allows coun-
tries to adjust their priorities and strategies, reflecting their own interests and cir-

cumstances.

As an alternative to adjusting the weighting in (A.2) a new method involves considering
the direct, indirect, or no border with Russia, called the DC. In this method, countries
with a direct border receive 3 points, those with an indirect border receive 2 points, and
those with no border receive 1 points. The score for each country is then normalized by
dividing it by the sum of all the scores. This assumption is based on the perceived threat
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from proximity to Russia alone, regardless of the length of the border.

POP; GDP; DG,

d )
Z; = YPop~=~ b5~ + YTGDP= ~—~ng + YBorder <= 1~ <A2
Py POP; >, GDP, >, DC; )

eb 2

In complete there are four different z;, 2 ub 3, zfd 4 the z;-‘d 5,

y %

It is important to emphasize that the choice of weighting factors and methods is a subjective
one, depending on the goals and perspectives of the country under consideration. This
approach allows for a nuanced consideration of different geopolitical aspects and serves
as a sensitivity analysis. The use of different weightings makes it possible to assess the
sensitivity of the results to changes in the weighting factors and thus the robustness of the
model results.

A5 Application to ESSI (GDP)

In this section, the individual endowment y; is redefined as country ¢’s share of total GDP
within the country set, replacing the earlier specification based on military expenditure
shares in Equation 2.17. We apply the same framework as in Section 2.4.

We now derive the conditions for a stable coalition structure for each coalition size that
has emerged since the founding of the ESSI. As shown in Table A.9, none of the observed
(partial) coalition structure satisfy the criteria for stable coalitions.

The illustrated Figure A.5, provides a clearer understanding of each country’s position
relative to others. As mentioned earlier, Finland has a significant impact on the weighting
due to its exposed border with Russia, while Germany and the United Kingdom stand out
due to their Population and GDP.

2The index “eb” stands for “equal weighting border”

3The index “ub” stands for “unequal weighting border”

4The index “ed” stands for “equal weighting distance category”
5The index “ud” stands for “unequal weighting distance category.”
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Table A.9: Conditions for stable coalition structures of different sizes in a 35-country set

Values of ag

Configuration Condition 1 Condition 2 Condition 3
z, 15/35 ap > 3.135 ap > 2.251 ap < 2.257
280 17/35 ag > 3.287 ap > 2.438 ag < 2.446
2%, 19/35 ap > 3.430 ap > 2.734 ap < 2.743
2eb, 21/35 o > 3.430 g > 3.057 o < 3.069
2eb, 22/35 o > 3.430 oy > 3.296 ap < 3.110

(Notes. The table summarizes the values of ag for which each condition is satisfied. The index “eb” on z;
refers to the equal weighting border, where the Average Benefit Share is calculated as in equation (2.10),
using equally weighted determinants: a country’s share of total population, share of total GDP, and share
of total exposed border with Russia. The configuration 15/35 refers to the founding members of the ESSI.
The configuration 15/35 corresponds to the founding members of the ESSI. The larger sets extend this core:
17/35 adds Denmark and Sweden; 19/35 adds Austria and Switzerland; 21/35 includes Turkey and Greece
in addition; and 22/35 further includes Poland.)

Table A.10: Scenarios for stable coalition for different configurations with 2%, 20, z¢d »ud
for 35 countries

Scenario ap(26°) ap(21) ap(259) ap(24)

1. Current ESSI* - - [2.712,2.723] [3.119,3.131]
2. ESSI + Italy [4.306,4.329] [5.678,5.709] [3.542,3.561] [4.073,4.095]
3. ESSI + France [4.813,4.843] [6.348,6.387] [3.959,3.983] [4.553,4.581]
4. ESSI + Italy + France [7.218,7.280] [9.529,9.611] [5.933,5.984] [6.802,6.861]

(Notes. The table presents the possible stable coalitions and the corresponding values of ag, presented as
an interval, under different configurations of the European Sky Shield Initiative (ESSI). The four different
weighting methods considered are: zf° (equal weighting border), z** (unequal weighting border), 2§ (equal
weighting distant category), and 2 (unequal weighting distant category). For simplicity, square brackets
are used here to denote the interval. For further details on the stability conditions, refer to Chapter
2.3.1.*The empirical findings presented are valid up to the end of December 2024; at that point, the

coalition consists of 22 members.)
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Table A.11: Key indicators of countries in the European Sky Shield Initiative (ESSI), with
22 members plus Italy and France, in a 35-country set

ESSI ABS

Country Member ABS Components (%)
POP GDP EBR
(%) (%) (%)

Albania FALSE 0.44 0.08 0.00 0.18
Austria TRUE 1.44 2.12 0.00 1.18
Belgium TRUE 1.86 2.62 0.00 1.49
Bosnia & Herz. FALSE 0.51 0.11 0.00 0.21
Bulgaria TRUE 1.03 0.41 0.00 0.48
Croatia FALSE 0.61 0.32 0.00 0.31
Czechia TRUE 1.70 1.31 0.00 1.00
Denmark TRUE 0.94 1.80 0.00 0.91
Estonia TRUE 0.21 0.17 12.34 4.24
Finland TRUE 0.88 1.27 49.85 17.33
France TRUE 10.80 12.49 0.00 7.76
Germany TRUE 13.31 18.34 0.00 10.55
Greece TRUE 1.66 0.98 0.00 0.88
Hungary TRUE 1.53 0.80 0.00 0.78
Ireland FALSE 0.81 2.40 0.00 1.07
Italy TRUE 9.36 9.29 0.00 6.22
Kosovo FALSE 0.28 0.04 0.00 0.11
Latvia TRUE 0.30 0.18 12.64 4.37
Lithuania TRUE 0.45 0.32 9.94 3.57
Luxembourg FALSE 0.10 0.37 0.00 0.16
Montenegro FALSE 0.10 0.03 0.00 0.04
Netherlands TRUE 2.81 4.53 0.00 2.45
North Macedonia FALSE 0.29 0.06 0.00 0.12
Norway TRUE 0.87 2.67 7.27 3.60
Poland TRUE 5.85 3.10 7.96 5.64
Portugal FALSE 1.65 1.15 0.00 0.93
Romania TRUE 3.03 1.34 0.00 1.46
Serbia FALSE 1.06 0.29 0.00 0.45
Slovakia TRUE 0.86 0.52 0.00 0.46
Slovenia TRUE 0.34 0.27 0.00 0.20
Spain FALSE 7.59 6.37 0.00 4.65
Sweden TRUE 1.67 2.65 0.00 1.44
Switzerland TRUE 1.39 3.68 0.00 1.69

Continued on next page
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ABS
ESSI ABS Components

Count
LY Member (%)
POP GDP EBR
(%) (%) (%)
Turkey TRUE 13.50 4.08 0.00 5.86
UK TRUE 10.77 13.88 0.00 8.22
Total - 100.00 100.00 100.00 100.00
ESSI + Italy + - 86.54 88.79 100.00 91.78
France

(Notes. This table presents the participation of countries in the European Sky Shield Initiative (ESSI),
with 22 members plus Italy and France, in a 35-country set, based on data from World Bank (2024) and US
Central Intelligence Agency (2024).. The contributions here are the share of GDP instead of ME. For each
country, Military Expenditure (ME) as a percentage of total ME across countries is displayed. Additional
columns include each country’s share of the total population (POP), gross domestic product (GDP) share,
and exposed border with Russia (EBR) share. The Average Benefit Share (ABS) represents each country’s
benefit within the ESSI framework. The final row, “ESSI + Italy + France,” provides aggregated values for
all ESST members plus Italy and France, with total column sums normalized to 1 for reference.)
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Figure A.5: The figure shows 35 countries on the horizontal axis, ordered by descending
values of the Average Benefit Share on the vertical axis. In addition, the determinants such
as Population, Gross Domestic Product (GDP), and Exposed Border are also displayed,
from which the Average Benefit Share is derived. The calculated Average Benefit Share
contributes to each country’s payoff function, providing insight into how different input
factors are integrated into the payoff function and the subsequent impact on the coalition
structure. In this figure, the individual endowment y; is redefined as country i’s share
of total GDP within the country set, replacing the earlier specification based on military
expenditure shares in Equation 2.17.



A.6 Application to ESSI (ME)

In this section, the individual endowment y; is redefined as country 4’s share of total ME
within the country set, as the earlier specification based on military expenditure shares in
Equation 2.17. We apply the same framework as in Section 2.4 for different configurations.
Before doing that we will have the detailed analysis section that is a part of Section 2.4.3.

A.6.1 Detailed Analyses

To assess whether the coalition structure is stable, we follow the procedure outlined in
Section 2.3.1.1. Having established that the coalition structure under consideration is al-
lowed®, we first verify Condition 1. This condition requires that each country’s expected
payoff from participating in the coalition exceeds its selfish payoff—defined as the share of
ME. In the present case, we check the columns "Military Expenditure Share’ and "Expected
Payoft’; this inequality holds for all countries.

Next, we turn to Condition 2, which checks whether any country’s deviation would place
another country in a coalition structure that is not allowed. This condition must hold for
all countries and it is sufficient to examine the smallest member of the coalition, Estonia
(due to the linear payoff function). If Estonia deviates, the resulting coalition structure
positions the United Kingdom as the pivotal country. We examine the column ’Payoff
without Estonia’ and check whether the payoff for any country is smaller than in the column
"Expected Payoft’. In this case, the structure is not allowed for the UK. Thus, Estonia’s
deviation would induce a disallowed coalition structure—therefore satisfying Condition 2,
as no deviation leads to a stable outcome.

While Condition 3 is satisfied for all, meaning that the payoff from the stable coalition
structure is still higher than or equal to the expected payoff of the full cooperative coalition
structure. Here, we compare the column "Payoff in ESSI” with 'Expected Payoft’.
Therefore, all conditions for a stable coalition structure are fulfilled for oy € (7.750, 7.849].
This interval represents the range where the coalition remains stable and no country has
an incentive to deviate.

In the induced game, only those strategy profiles ¢ = (o1,...,0n) are allowed where each player’s
payoff u;(o1,...,0n) is at least as large as the expected payoff v;(p©), where all players act collectively
under the coalition structure p® that maximizes v(p).
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Table A.12: Detailed conditions for stable coalition of the ESSI with Italy and France
within 35 countries

Military  Average Expected  payoff Payoff

Expend.  Benefit Multiplier Incentive Risk Prob. Payoff in without
Country Share Share o D R T v; (p©) ESSI Estonia Cond. 1 Cond. 2 Cond. 3
Austria 0.010250 0.011841  0.091765 0.009309 0.081515 0.102498 0.081670 0.084196 0.084005
Belgium 0.019414 0.014928  0.115692  0.017168 0.096278 0.151331 0.103184 0.106150 0.105910
Bulgaria 0.003777 0.004776  0.037018  0.003637 0.033241 0.098626 0.032920 0.033965 0.033888
Czechia 0.011324 0.010003  0.077521  0.010446 0.066197 0.136295 0.069031 0.071127 0.070966
Denmark 0.015459 0.009119  0.070669  0.014366 0.055211 0.206479 0.063047 0.064841 0.064694
Estonia 0.002293 0.042409  0.328672  0.001539 0.326380 0.004693 0.292175 0.301564 0.300880
Finland 0.013635 0.173323  1.343250 -0.004680 1.329615 0.000000 1.194073 1.232458 1.229666
France 0.151644 0.077612  0.601492  0.060431 0.449849 0.118428 0.545495 0.551881 0.550631
Germany 0.157640 0.105512  0.817715 0.028735 0.660075 0.041717 0.732280 0.750270 0.748570
Greece 0.022913 0.008780  0.068044  0.021354 0.045130 0.321193 0.060988 0.062431 0.062290
Hungary 0.007272  0.007757  0.060118  0.006835 0.052846 0.114525 0.053491 0.055159 0.055034
Italy 0.094680 0.062165  0.481781  0.049065 0.387101 0.112491  0.433407 0.442043 0.441042
Latvia 0.002400 0.043743  0.339010  0.001586 0.336610 0.004690  0.301365 0.311048 0.310344

Lithuania 0.004897 0.035693  0.276622  0.003543 0.271725 0.012870 0.245919 0.253806 0.253231
Netherlands 0.044122 0.024490  0.189795  0.035748 0.145673 0.197043  0.170367 0.174141 0.173746
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Norway 0.023715 0.036026  0.279201  0.017094 0.255486 0.062711  0.248609 0.256172 0.255592
Poland 0.046854 0.056358  0.436772  0.026390 0.389917 0.063390 0.389563 0.400747 0.399839
Romania 0.014663 0.014562  0.112857 0.013009 0.098193 0.116982  0.100517 0.103548 0.103314
Slovakia 0.005638 0.004607  0.035706  0.005436 0.030068 0.153118  0.031772 0.032761 0.032687
Slovenia 0.002078 0.002018  0.015638  0.002046 0.013560 0.131102 0.013906 0.014349 0.014316
Sweden 0.021832 0.014395  0.111561  0.019397 0.089729 0.177748  0.099604 0.102359 0.102128
Switzerland  0.017373 0.016904  0.131003  0.015097 0.113629 0.117282 0.116721 0.120197 0.119925
Turkey 0.030094 0.058584  0.454030 0.016430 0.423936 0.037310 0.404117 0.416581 0.415637
UK 0.193553 0.082155  0.636702  0.070317 0.443149 0.136946 0.582869 0.584187 0.582863

(Notes. This table verifies whether the ESSI coalition structure that includes Italy and France satisfies the
three formal stability conditions discussed in Section 2.3.1.1. 'Military Expenditure Share’ and "Expected
Payoff’ are used to check Condition 1, requiring each country’s expected payoff to exceed its individ-
ual contribution. Condition 2 is assessed by testing whether a deviation—here by the smallest member
Estonia—would induce a non-allowed coalition structure for any other member. The checkmark for the UK
is marked with an asterisk to indicate that it becomes the pivotal country in the event of Estonia’s deviation.
Condition 3 ensures that the payoff from participating in ESSI is at least as high as the expected payoff
in a fully cooperative structure. The ESSI coalition remains stable in the parameter ap € (7.750,7.849].
Based on data from World Bank (2024) and US Central Intelligence Agency (2024).)



A.6.2 Additional Analyses

The illustrated Figure A.6 provides a clearer understanding of each country’s position rel-
ative to others. As mentioned earlier, Finland has a significant impact on the weighting
due to its exposed border, while Germany and the United Kingdom stand out due to their
Population and ME.

Table A.13: Conditions for stable coalition structures of different sizes in a 35-country set

Values of «g

Configuration Condition 1 Condition 2 Condition 3
z, 15/35 ap > 3.356 ap > 2.185 ap < 2.193
zb 17/35 o > 3.356 ap > 2.344 o < 2.353
20 19/35 oy > 3.356 ag > 2.477 ap < 2.487
20, 21/35 ap > 3.893 ap > 2.771 ap < 2.784
2eb, 22/35 o > 3.893 ap > 3.088 o < 3.104

(Notes. The table summarizes the values of ag for which each condition is satisfied. The index “eb” on z;
refers to the equal weighting border, where the Average Benefit Share is calculated as in equation (2.10),
using equally weighted determinants: a country’s share of total population, share of total GDP, and share
of total exposed border with Russia. The configuration 15/35 refers to the founding members of the ESSI.
The configuration 15/35 corresponds to the founding members of the ESSI. The larger sets extend this core:
17/35 adds Denmark and Sweden; 19/35 adds Austria and Switzerland; 21/35 includes Turkey and Greece
in addition; and 22/35 further includes Poland.)

Table A.14: Scenarios for stable coalition for different configurations with sz, z;‘b , zfd, z;‘d
for 35 Countries

Scenario ap(2£%) ap(21) ap(259) ap(214)

1. Current ESST* - - — —

2. ESSI + Italy [4.017,4.043] [5.271, 5.305] [4.017,4.043] [3.421, 3.443]
3. ESST + France [4.904,4.943]  [6.435,6.486]  [4.904,4.943] [4.177,4.210]
4. ESSI + Ttaly + France [7.750,7.849] [10.170,10.300] [7.750,7.849] [6.598,6.682]

(Notes. The table presents the possible stable coalitions and the corresponding values of ag, presented as
an interval, under different configurations of the European Sky Shield Initiative (ESSI). The four different
weighting methods considered are: zf® (equal weighting border), 22 (unequal weighting border), z¢% (equal
weighting distant category), and z#? (unequal weighting distant category). For further details on the
stability conditions, refer to Chapter 2.3.1.*The empirical findings presented are valid up to the end of

December 2024; at that point, the coalition consists of 22 members.)
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Figure A.6: The figure shows 35 countries on the horizontal axis, ordered by descending
payoffs of the Average Benefit Share on the vertical axis. In addition, the determinants such
as Population, Military Expenditure (ME), and Exposed Border are also displayed. The
calculated Average Benefit Share contributes to each country’s payoff function, providing
insight into how different input factors are integrated into the payoff function and the
subsequent impact on the coalition structure.
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Figure A.7: The figure plots the threat factor ag on the horizontal axis, with countries
listed on the vertical axis. The horizontal line represents the exogenous threat payoff g of
a country at which the expected value v;(p°) exceeds the contribution x;.

Figure A.7 clearly shows that some countries benefit more from participating in the coalition
than others. In particular, countries with a common border with Russia benefit from the
coalition at a threat factor between 1 and 2. Countries without a common border with
Russia, on the other hand, require a higher threat factor for the benefit from the coalition
to exceed the initial endowment.

These differences can be explained by the geopolitical situation and the threat factor.
Countries with a common border with Russia can benefit more from security advantages
due to their direct proximity. In such cases, the expected payoff v;(p®) outweighs the
contribution z;, which is the endowment y;, at an early stage.

On the other hand, countries without a border with Russia require a higher threat factor
to achieve a comparable benefit. This may be due to a more nuanced threat assessment
and lower immediate security relevance.

The results presented provide insights into the different dynamics that can occur when
participating in a coalition and highlight the role of geopolitical circumstances in influencing
coalition payoff.
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A.6.3 Scenario: ’Distance Category’

In this section, the 'TEBR’ determinant is replaced with the 'DC’, and we replicate the A.7

and 2.5.

Table A.15: Key indicators of countries in the European Sky Shield Initiative (ESSI), with
22 members plus Italy and France, in a 35-country set

ESSI ME ABS

Country Memmber (%) ABS Components (%)
POP GDP DC
(%) (%) (%)

Albania FALSE 0.08 0.44 0.08 1.82 0.78
Austria TRUE 1.02 1.44 2.12 1.82 1.79
Belgium TRUE 1.94 1.86 2.62 1.82 2.10
Bosnia & Herz. FALSE 0.05 0.51 0.11 1.82 0.81
Bulgaria TRUE 0.38 1.03 0.41 1.82 1.08
Croatia FALSE 0.37 0.61 0.32 1.82 0.92
Czechia TRUE 1.13 1.70 1.31 3.64 2.21
Denmark TRUE 1.55 0.94 1.80 3.64 2.12
Estonia TRUE 0.23 0.21 0.17 5.45 1.95
Finland TRUE 1.36 0.88 1.27 5.45 2.53
France TRUE 15.16 10.80 12.49 1.82 8.37
Germany TRUE 15.76 13.31 18.34 3.64 11.76
Greece TRUE 2.29 1.66 0.98 1.82 1.48
Hungary TRUE 0.73 1.53 0.80 3.64 1.99
Ireland FALSE 0.33 0.81 2.40 1.82 1.68
Italy TRUE 9.47 9.36 9.29 1.82 6.82
Kosovo FALSE 0.03 0.28 0.04 1.82 0.71
Latvia TRUE 0.24 0.30 0.18 5.45 1.98
Lithuania TRUE 0.49 0.45 0.32 5.45 2.07
Luxembourg FALSE 0.16 0.10 0.37 1.82 0.76
Montenegro FALSE 0.03 0.10 0.03 1.82 0.65
Netherlands TRUE 4.41 2.81 4.53 1.82 3.06
North Macedonia  FALSE 0.06 0.29 0.06 1.82 0.72
Norway TRUE 2.37 0.87 2.67 5.45 3.00
Poland TRUE 4.69 5.85 3.10 5.45 4.80
Portugal FALSE 0.99 1.65 1.15 1.82 1.54
Romania TRUE 1.47 3.03 1.34 3.64 2.67
Serbia FALSE 0.40 1.06 0.29 1.82 1.05
Slovakia TRUE 0.56 0.86 0.52 3.64 1.67
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ESSI ME ABS

C t ABS Components
oumy Member (%) P (%)
POP GDP DC
(%) (%) (%)
Slovenia TRUE 0.21 0.34 0.27 1.82 0.81
Spain FALSE 5.74 7.59 6.37 1.82 5.26
Sweden TRUE 2.18 1.67 2.65 3.64 2.65
Switzerland TRUE 1.74 1.39 3.68 1.82 2.30
Turkey TRUE 3.01 13.50 4.08 3.64 7.07
UK TRUE 19.36 10.77 13.88 1.82 8.82
Total - 100.00 100.00 100.00 100.00 100.00
ESSI + Italy + - 91.75 86.54 88.79 100.00 85.10
France

(Notes. This table presents the participation of countries in the European Sky Shield Initiative (ESSI),
with 22 members plus Italy and France, in a 35-country set, based on data from World Bank (2024) and US
Central Intelligence Agency (2024). For each country, Military Expenditure (ME) as a percentage of total
ME across countries is displayed. Additional columns include each country’s share of the total population
(POP), gross domestic product (GDP) share, and Distance Category (DC). The Average Benefit Share
(ABS) represents each country’s benefit within the ESSI framework. The final row, “ESSI + Italy +
France,” provides aggregated values for all ESSI members plus Italy and France, with total column sums
normalized to 1 for reference.)
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Figure A.8: The figure shows 35 countries on the horizontal axis, ordered by descending
payoffs of the Average Benefit Share on the vertical axis. In addition, the determinants
such as Population, Military Expenditure (ME), and Distance Category are also displayed,
from which the Average Benefit Share is derived. The calculated Average Benefit Share
contributes to each country’s payoff function, providing insight into how different input
factors are integrated into the payoff function and the subsequent impact on the coalition
structure.
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Figure A.9: The figure plots the threat factor ag on the horizontal axis, with countries
listed on the vertical axis. The horizontal line represents the exogenous threat value ag of
a country at which the expected payoff v;(p©) exceeds the contribution z;.

— 73 —



A.7 Albania and Portugal Join ESSI as of February 2025

Over the course of this research, the ESSI coalition has evolved, prompting us to periodically
revisit and validate the findings in light of theoretical expectations. This appendix presents
a country configuration not included in the main analysis. According to sources, the ESSI
consisted of 22 members as of December 2024. Notably, Poland was already counted as a
member, consistent with statements by Prime Minister Tusk. However, Poland is still not
officially a member and no formal changes occurred over the following year. In contrast,
Albania and Portugal officially joined the initiative in early 2025.

To ensure that our conclusions remain robust, we extended the analysis to incorporate this
new composition. The results presented here are consistent with the theoretical framework
established earlier. Since the methodology and interpretation have already been discussed
in detail, the following tables are provided primarily for interested readers and are not
elaborated further. For completeness, we also replicated the analysis using the alternative
specification of ’DC’ instead of 'EBR’, and substituted GDP for ME as the contribution.

A.7.1 Application to ESSI (ME) as of February 2025

Table A.16: Scenarios for stable coalition for different configurations with sz, Z;Lb, zfd, z}‘d

for 35 countries

Scenario ao(zi ) Oéo(Zi ) (2§ ) 040(%’ )

1. Current ESST* — - — —

2. ESSI + Italy [4.176,4.187]  [5.479,5.493]  [3.557,3.565] [4.123,4.133]
3. ESSI + France [5.143,5.159]  [6.748,6.770]  [4.380,4.394] [5.077,4.093]
4. ESSI + Italy + France [8.364,8.408] [10.976,11.034] [7.120,7.158] [8.254,8.297]

(Notes. The table presents the possible stable coalitions and the corresponding values of oy, presented as
an interval, under different configurations of the European Sky Shield Initiative (ESSI). The four different
weighting methods considered are: z{® (equal weighting border), z!** (unequal weighting border), z¢% (equal
weighting distant category), and z? (unequal weighting distant category). For further details on the
stability conditions, refer to Chapter 2.3.1.*The empirical findings presented are valid up to the end of
February 2025; at that point, the coalition consists of 23 members.)
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Table A.17: Determinants of the 25 participants, the computed average benefit share,
multiplier «, and payoff for the threat factor oy = 6.385 in the stable coalition with a
country set of 35

ME ABS  Multipli Payoff
Country ABS Determinants HHPHEE e
(%) (%) @; u;
POP GDP EBR

(%) (%) (%)

Albania 0.08 0.44 0.08 0.00 0.18 0.0112 0.0099
Austria 1.02 1.44 2.12 0.00 1.18 0.0756 0.0666
Belgium 1.94 1.86 2.62 0.00 1.49 0.0953 0.0840
Bulgaria 0.38 1.03 0.41 0.00 0.48 0.0305 0.0269
Czechia 1.13 1.70 1.31 0.00 1.00 0.0639 0.0563
Denmark 1.55 0.94 1.80 0.00 0.91 0.0582 0.0513
Estonia 0.23 0.21 0.17 12.34 4.24 0.2708 0.2387
Finland 1.36 0.88 1.27 49.85 17.33 1.1067 0.9754
France 15.16 10.80 12.49 0.00 7.76 0.4956 0.4368
Germany 15.76 13.31 18.34 0.00 10.55 0.6737 0.5938
Greece 2.29 1.66 0.98 0.00 0.88 0.0561 0.0494
Hungary 0.73 1.53 0.80 0.00 0.78 0.0495 0.0437
Italy 9.47 9.36 9.29 0.00 6.22 0.3969 0.3498
Latvia 0.24 0.30 0.18 12.64 4.37 0.2793 0.2462
Lithuania 0.49 0.45 0.32 9.94 3.57 0.2279 0.2009
Netherlands 4.41 2.81 4.53 0.00 2.45 0.1564 0.1378
Norway 2.37 0.87 2.67 7.27 3.60 0.2300 0.2027
Portugal 0.99 1.65 1.15 0.00 0.93 0.0596 0.0525
Romania 1.47 3.03 1.34 0.00 1.46 0.0930 0.0819
Slovakia 0.56 0.86 0.52 0.00 0.46 0.0294 0.0259
Slovenia 0.21 0.34 0.27 0.00 0.20 0.0129 0.0114
Sweden 2.18 1.67 2.65 0.00 1.44 0.0919 0.0810
Switzerland 1.74 1.39 3.68 0.00 1.69 0.1079 0.0951
Turkey 3.01 13.50 4.08 0.00 5.86 0.3741 0.3297
UK 19.36 10.77 13.88 0.00 8.22 0.5246 0.4623
Total 88.14 82.79 86.92 92.04 87.25 5.5708 4.9100

(Notes. We examine the Stable Coalition . The last column represents the relative payoff of the coalition,
indicating the payoff each country receives within the ESSI. The sums of the Multiplier a; and payoff
columns should be understood as cumulative in absolute terms, due to the non-excludability of the provided
Supranational Public Good, whereas the other columns sum up to 100% for the 35-country set. Based on
data from the World Bank (2024) and the US Central Intelligence Agency (2024).)
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Table A.18: Key indicators of countries in the European Sky Shield Initiative (ESSI), with
23 members plus Italy and France, in a 35-country set

ESSI ME ABS

Country Memmber (%) ABS Components (%)
POP GDP EBR
(%) (%) (%)

Albania TRUE 0.08 0.44 0.08 0.00 0.18
Austria TRUE 1.02 1.44 2.12 0.00 1.18
Belgium TRUE 1.94 1.86 2.62 0.00 1.49
Bosnia & Herz. FALSE 0.05 0.51 0.11 0.00 0.21
Bulgaria TRUE 0.38 1.03 0.41 0.00 0.48
Croatia FALSE 0.37 0.61 0.32 0.00 0.31
Czechia TRUE 1.13 1.70 1.31 0.00 1.00
Denmark TRUE 1.55 0.94 1.80 0.00 0.91
Estonia TRUE 0.23 0.21 0.17 12.34 4.24
Finland TRUE 1.36 0.88 1.27  49.85 17.33
France TRUE 15.16 10.80 12.49 0.00 7.76
Germany TRUE 15.76 13.31 18.34 0.00 10.55
Greece TRUE 2.29 1.66 0.98 0.00 0.88
Hungary TRUE 0.73 1.53 0.80 0.00 0.78
Ireland FALSE 0.33 0.81 2.40 0.00 1.07
Italy TRUE 9.47 9.36 9.29 0.00 6.22
Kosovo FALSE 0.03 0.28 0.04 0.00 0.11
Latvia TRUE 0.24 0.30 0.18 12.64 4.37
Lithuania TRUE 0.49 0.45 0.32 9.94 3.57
Luxembourg FALSE 0.16 0.10 0.37 0.00 0.16
Montenegro FALSE 0.03 0.10 0.03 0.00 0.04
Netherlands TRUE 4.41 2.81 4.53 0.00 2.45
North Macedonia FALSE 0.06 0.29 0.06 0.00 0.12
Norway TRUE 2.37 0.87 2.67 7.27 3.60
Poland FALSE 4.69 5.85 3.10 7.96 5.64
Portugal TRUE 0.99 1.65 1.15 0.00 0.93
Romania TRUE 1.47 3.03 1.34 0.00 1.46
Serbia FALSE 0.40 1.06 0.29 0.00 0.45
Slovakia TRUE 0.56 0.86 0.52 0.00 0.46
Slovenia TRUE 0.21 0.34 0.27 0.00 0.20
Spain FALSE 5.74 7.59 6.37 0.00 4.65
Sweden TRUE 2.18 1.67 2.65 0.00 1.44
Switzerland TRUE 1.74 1.39 3.68 0.00 1.69
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ESSI ME ABS

C t ABS Components
oumy Member (%) P (%)
POP GDP EBR
(%) (%) (%)
Turkey TRUE 3.01 13.50 4.08 0.00 5.86
UK TRUE 19.36 10.77 13.88 0.00 8.22
Total - 100.00 100.00 100.00 100.00 100.00
ESSI + Italy + - 88.14 82.79 86.92 92.04 87.25
France

(Notes. This table presents the participation of countries in the European Sky Shield Initiative (ESSI),
with 23 members plus Italy and France, in a 35-country set, based on data from World Bank (2024) and US
Central Intelligence Agency (2024). For each country, Military Expenditure (ME) as a percentage of total
ME across countries is displayed. Additional columns include each country’s share of the total population
(POP), gross domestic product (GDP) share, and exposed border with Russia (EBR) share. The Average
Benefit Share (ABS) represents each country’s benefit within the ESSI framework. The final row, “ESSI +
Italy + France,” provides aggregated values for all ESSI members plus Italy and France, with total column
sums normalized to 1 for reference.)
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Figure A.10: The figure plots the 25 participant countries on the horizontal axis, with
their contribution and received payoff on the vertical axis given a threat factor ag = 6.385.
Each country’s payoff derived from its economic, demographic, and geopolitical factors.
Higher payoff values correspond to countries with larger exposed borders with Russia or
with greater economic and demographic weights, indicating their higher relative benefits
from ESSI participation.
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A.7.2 Application to ESSI (GDP) as of February 2025

This is the replication of A.5 with Albania and Portugal as members. In this section, the
individual endowment y; is redefined as country i’s share of total GDP within the country
set, replacing the earlier specification based on military expenditure shares in Equation 2.17.

eb ub ,ed ud

Table A.19: Scenarios for stable coalition for different configurations with z{”, 21", 2£¢, 2

for 35 countries

Scenario ap(2£%) ap(21) ap(259) ap(z44)

1. Current ESST* - - - -

2. ESSI + Italy [4.067,4.077]  [5.363,5.376] [3.345,3.353] [3.847, 3.856]
3. ESSI + France [4.517,4.529] [5.957,5.973] [3.715,3.725] [4.273,4.284]

4. ESSI + Italy + France  [6.620,6.645] [8.740,8.773] [5.442,5.463] [6.239,6.263]

(Notes. The table presents the possible stable coalitions and the corresponding values of o, presented as
an interval, under different configurations of the European Sky Shield Initiative (ESSI). The four different
weighting methods considered are: z{® (equal weighting border), z!** (unequal weighting border), z¢* (equal
weighting distant category), and z? (unequal weighting distant category). For further details on the
stability conditions, refer to Chapter 2.3.1.*The empirical findings presented are valid up to the end of

February 2025; at that point, the coalition consists of 23 members.)

Table A.20: Key indicators of countries in the European Sky Shield Initiative (ESSI), with
22 members plus Italy and France, in a 35-country set

ESSI ABS
Country Member ABS Components (%)
POP GDP EBR
(%) () (70)
Albania TRUE 0.44 0.08 0.00 0.18
Austria TRUE 1.44 2.12 0.00 1.18
Belgium TRUE 1.86 2.62 0.00 1.49
Bosnia & Herz. FALSE 0.51 0.11 0.00 0.21
Bulgaria TRUE 1.03 0.41 0.00 0.48
Croatia FALSE 0.61 0.32 0.00 0.31
Czechia TRUE 1.70 1.31 0.00 1.00
Denmark TRUE 0.94 1.80 0.00 0.91
Estonia TRUE 0.21 0.17 12.34 4.24
Finland TRUE 0.88 1.27 49.85 17.33
France TRUE 10.80 12.49 0.00 7.76

Continued on next page
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ESSI ABS

Country Member ABS Components (%)

POP GDP EBR
(%) (%) (%)
Germany TRUE 13.31 18.34 0.00 10.55
Greece TRUE 1.66 0.98 0.00 0.88
Hungary TRUE 1.53 0.80 0.00 0.78
Ireland FALSE 0.81 2.40 0.00 1.07
Italy TRUE 9.36 9.29 0.00 6.22
Kosovo FALSE 0.28 0.04 0.00 0.11
Latvia TRUE 0.30 0.18 12.64 4.37
Lithuania TRUE 0.45 0.32 9.94 3.57
Luxembourg FALSE 0.10 0.37 0.00 0.16
Montenegro FALSE 0.10 0.03 0.00 0.04
Netherlands TRUE 2.81 4.53 0.00 2.45
North Macedonia FALSE 0.29 0.06 0.00 0.12
Norway TRUE 0.87 2.67 7.27 3.60
Poland FALSE 5.85 3.10 7.96 5.64
Portugal TRUE 1.65 1.15 0.00 0.93
Romania TRUE 3.03 1.34 0.00 1.46
Serbia FALSE 1.06 0.29 0.00 0.45
Slovakia TRUE 0.86 0.52 0.00 0.46
Slovenia TRUE 0.34 0.27 0.00 0.20
Spain FALSE 7.59 6.37 0.00 4.65
Sweden TRUE 1.67 2.65 0.00 1.44
Switzerland TRUE 1.39 3.68 0.00 1.69
Turkey TRUE 13.50 4.08 0.00 5.86
UK TRUE 10.77 13.88 0.00 8.22
Total - 100.00 100.00 100.00 100.00
ESSI + Italy + - 82.79 86.92 92.04 87.25
France

(Notes. This table presents the participation of countries in the European Sky Shield Initiative (ESSI),
with 23 members plus Italy and France, in a 35-country set, based on data from World Bank (2024) and US
Central Intelligence Agency (2024). The contributions here are the share of GDP instead of ME. For each
country, Military Expenditure (ME) as a percentage of total ME across countries is displayed. Additional
columns include each country’s share of the total population (POP), gross domestic product (GDP) share,
and exposed border with Russia (EBR) share. The Average Benefit Share (ABS) represents each country’s
benefit within the ESSI framework. The final row, “ESSI + Italy + France,” provides aggregated values for
all ESST members plus Italy and France, with total column sums normalized to 1 for reference.)
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A.7.3 Scenario: ’Distance Category’ as of February 2025

This is the replication of A.6.3 with Albania and Portugal as members. In this section, the
"EBR’ determinant is replaced with the 'DC’.

Table A.21: Key Indicators of countries in the European Sky Shield Initiative (ESSI), with
23 members plus Italy and France, in a 35-country set

ESSI ME ABS

Country Member (%) ABS Components (%)
POP GDP DC
(70) (%) (%)

Albania TRUE 0.08 0.44 0.08 1.82 0.78
Austria TRUE 1.02 1.44 2.12 1.82 1.79
Belgium TRUE 1.94 1.86 2.62 1.82 2.10
Bosnia & Herz. FALSE 0.05 0.51 0.11 1.82 0.81
Bulgaria TRUE 0.38 1.03 0.41 1.82 1.08
Croatia FALSE 0.37 0.61 0.32 1.82 0.92
Czechia TRUE 1.13 1.70 1.31 3.64 2.21
Denmark TRUE 1.55 0.94 1.80 3.64 2.12
Estonia TRUE 0.23 0.21 0.17 5.45 1.95
Finland TRUE 1.36 0.88 1.27 5.45 2.53
France TRUE 15.16 10.80 12.49 1.82 8.37
Germany TRUE 15.76 13.31 18.34 3.64 11.76
Greece TRUE 2.29 1.66 0.98 1.82 1.48
Hungary TRUE 0.73 1.53 0.80 3.64 1.99
Ireland FALSE 0.33 0.81 2.40 1.82 1.68
Italy TRUE 9.47 9.36 9.29 1.82 6.82
Kosovo FALSE 0.03 0.28 0.04 1.82 0.71
Latvia TRUE 0.24 0.30 0.18 5.45 1.98
Lithuania TRUE 0.49 0.45 0.32 5.45 2.07
Luxembourg FALSE 0.16 0.10 0.37 1.82 0.76
Montenegro FALSE 0.03 0.10 0.03 1.82 0.65
Netherlands TRUE 4.41 2.81 4.53 1.82 3.06
North Macedonia FALSE 0.06 0.29 0.06 1.82 0.72
Norway TRUE 2.37 0.87 2.67 5.45 3.00
Poland FALSE 4.69 5.85 3.10 5.45 4.80
Portugal TRUE 0.99 1.65 1.15 1.82 1.54
Romania TRUE 1.47 3.03 1.34 3.64 2.67
Serbia FALSE 0.40 1.06 0.29 1.82 1.05
Slovakia TRUE 0.56 0.86 0.52 3.64 1.67
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ESSI ME ABS

C t ABS Components
oumy Member (%) P (%)
POP GDP DC
(%) (%) (%)
Slovenia TRUE 0.21 0.34 0.27 1.82 0.81
Spain FALSE 5.74 7.59 6.37 1.82 5.26
Sweden TRUE 2.18 1.67 2.65 3.64 2.65
Switzerland TRUE 1.74 1.39 3.68 1.82 2.30
Turkey TRUE 3.01 13.50 4.08 3.64 7.07
UK TRUE 19.36 10.77 13.88 1.82 8.82
Total - 100.00 100.00 100.00 100.00 100.00
ESSI + Italy + - 88.14 82.79 86.92  78.18 82.63
France

(Notes. This table presents the participation of countries in the European Sky Shield Initiative (ESSI),
with 23 members plus Italy and France, in a 35-country set, based on data from World Bank (2024) and US
Central Intelligence Agency (2024).. For each country, Military Expenditure (ME) as a percentage of total
ME across countries is displayed. Additional columns include each country’s share of the total population
(POP), gross domestic product (GDP) share, and Distance Category (DC). The Average Benefit Share
(ABS) represents each country’s benefit within the ESSI framework. The final row, “ESSI + Italy +
France,” provides aggregated values for all ESSI members plus Italy and France, with total column sums
normalized to 1 for reference.)
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CHAPTER | 3

This part is based on the joint work:

FEuropean NATO Burden Sharing 1993-2022: New Perspectives,
by Resul Zoroglu and Noah Oerther.

ABSTRACT

This paper investigates how defense burdens are shared among European NATO
members from 1993 to 2022. Motivated by repeated US concerns over unequal
contributions within the alliance, we ask whether European NATO members
have persistently free-ridden on the efforts of others. To address this, we in-
troduce three novel measurement methods that capture burden-sharing. Using
Spearman rank correlations and Wilcoxon signed-rank tests, we find no evidence
of persistent exploitation over the 1993-2022 period within European NATO
members. Building on these results, we propose new burden-sharing methods
specifically designed for European NATO members to improve concordance be-
tween defense burdens and benefits.






CHAPTER | 3

European NATO Burden Sharing 1993-2022

3.1 Introduction

In contrast to earlier assessments by Sandler and Shimizu (2014), which described a de-
clining threat from Russia in the post—Cold War period, recent developments have fun-
damentally altered the European security landscape. The annexation of Crimea in 2014
and Russia’s full-scale invasion of Ukraine in 2022 have triggered a sharp reversal in de-
fense policy across Europe. Many European countries substantially increased their defense
expenditures after decades of underinvestment (European Commission, 2022). To address
longstanding inefficiencies resulting from fragmented national air defense systems and to
enhance collective deterrence, 14 NATO member states and Finland launched the European
Sky Shield Initiative (ESSI) in October 2022. This initiative aims to coordinate multina-
tional procurement and deployment of air defense systems, representing a new form of
burden-sharing within European NATO.!

The emergence of such initiatives must be understood in light of the broader historical
struggle of NATO with defense burden-sharing. Since its inception in 1949, NATO has
grappled with the persistent challenge of equitable burden-sharing among its members.
The original twelve-member alliance was primarily a response to Soviet expansion, but the
mission and composition of NATO have evolved significantly, particularly since the end of
the Cold War. Enlargement episodes between 1999 and 2020 increased membership from 16
to 30 countries, amplifying alliance heterogeneity in terms of economic capacity, military
capability, geographic proximity to threats, and security priorities. Such heterogeneity
complicates collective decision-making and underscores longstanding concerns regarding
free-riding and uneven burden distribution.

This study systematically explores burden-sharing dynamics, specifically within European
NATO members from 1993 to 2022. This period was marked by NATO enlargement,
changing US security commitments in Europe, and the resurgence of Russian aggression
exemplified by the annexation of Crimea and the war in Ukraine. We utilize an empirical
framework based on the Olson and Zeckhauser (1966) exploitation hypothesis and extend

INATO was founded in 1949 by 12 countries, including Belgium, Canada, Denmark, France, Iceland,
Italy, Luxembourg, the Netherlands, Norway, Portugal, the United Kingdom, and the United States. The
following countries joined later: Greece and Turkey (1952); Germany (1955); Spain (1982); Czech Republic,
Hungary, and Poland (1999); Bulgaria, Estonia, Latvia, Lithuania, Romania, Slovakia, and Slovenia (2004);
Albania and Croatia (2009); Montenegro (2017); North Macedonia (2020); Finland (2023); and Sweden
(2024). The United States and Canada, although founding members, are excluded from the list of European
NATO countries (North Atlantic Treaty Organization, 2025)
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analyses by Sandler and Shimizu (2014) by incorporating updated panel data on GDP,
military expenditures, population size, and proximity-based threat assessments. Through
the application of Spearman rank correlation tests and Wilcoxon signed-rank tests, we
assess whether European allies’ defense contributions align with their respective ability to
pay and perceived security benefits.

When focusing on European NATO members, our analysis indicates limited evidence of
persistent exploitation of wealthier allies by poorer ones in early years. However, significant
deviations from burden-sharing emerge post-2004 and intensify after 2014, aligning with
periods of heightened Russian threats and changing US policies. Notably, countries such
as Germany, France, and the United Kingdom consistently appear as overcontributors,
whereas poorer and newer NATO members often undercontribute relative to their benefit
shares. These imbalances are less severe than compared to NATO as a whole due to the
exclusion of disproportionately high US spending. However, they reveal intra-European
disparities and increasing free-riding tendencies.

The findings underscore important policy challenges facing European defense cooperation,
particularly given recent US signals toward reducing its security commitments in Furope.
Addressing these disparities will be crucial for sustaining NATO’s cohesion and effective-
ness. By focusing on European NATO members and updating the empirical record through
2022, this paper provides a more nuanced understanding of alliance sustainability as Fu-
rope faces growing expectations for autonomous security provision.? This study contributes
to the ongoing debate on European responsibility within NATO and offers policy-relevant
insights into the dynamics of burden-sharing in contemporary collective defense arrange-
ments. Implications for future intra-European initiatives—such as the ESSI—are discussed
in view of the observed burden-sharing patterns.

Our key contributions are threefold. First, we examine various weighted Average Ben-
efit Share measure for European NATO that incorporates GDP, population, and novel
proximity-based threat exposure, offering a more nuanced approximation of benefits.® Sec-
ond, we introduce two novel proximity-based threat measures capturing spatial vulnera-
bility to Russian aggression, allowing for a dynamic reassessment of threat exposure over
time. Third, we update and extend the empirical analysis of European NATO and NATO
burden-sharing from 1993 to 2022 using refined panel data. These innovations enable a
reassessment of intra-European burden-sharing patterns, with particular relevance for Eu-
ropean NATO and recent initiatives such as the ESSI. In doing so, we compare NATO
and European NATO purely as different subsets of the same alliance, not to evaluate how
Europe might compensate for the absence of US and Canadian contributions.

2These expectations are driven in part by repeated US signals to reduce its defense commitments to
Europe and urging European allies to assume greater responsibility for their own security.

3Despite the use of unequal weights, we refer to this measure as the Average Benefit Share in line with
prior literature. It is constructed as a weighted average of GDP share, population share, and proximity-
based threat exposure to better reflect countries’ heterogeneous benefit from collective defense.
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3.2 Related Literature

The issue of burden-sharing within military alliances has been extensively explored in
economic literature, notably beginning with the seminal work by Olson and Zeckhauser
(1966). By establishing the exploitation hypothesis, positing that alliances providing col-
lective defense—which is assumed to be a public good—would suffer from underprovision by
smaller or economically weaker members who free-ride on the efforts of wealthier or larger
allies. In the NATO context, this hypothesis predicted that the US and other economically
strong countries would disproportionately bear defense burdens.

Subsequent research refined this perspective, introducing the joint-product model, where
defense expenditures produce both purely public benefits (such as deterrence) and impurely
public or country-specific benefits (Sandler, 1977; Sandler and Forbes, 1980; Murdoch and
Sandler, 1982). This shift allowed for a more nuanced analysis of NATO’s evolving strate-
gies, particularly the doctrine of flexible response adopted in 1967, which necessitated
greater complementarity among allies’ military capabilities (Sandler and Forbes, 1980).
Sandler and Forbes argue that in the provision of collective defense, aligning allied con-
tributions with received benefits is not merely an aspiration but an emergent expectation
in cooperative settings. The study suggests that, over time the differences between actual
defense burdens and those predicted on the basis of benefits should diminish. This con-
vergence is attributed to increased awareness of common interests and an increase in the
ratio of excludable benefits to the sum of excludable and non-excludable benefits. With an
aggregate measure of allied benefits in hand, it is possible to compare actual defense shares
with those derived from the three benefit proxies. There are numerous potential weighting
methods for aggregating the various benefit measures, collectively referred to as the Aver-
age Benefit Share. Sandler and Forbes (1980) used three equally weighted determinants—a
country’s share of NATO’s total population, its share of NATO’s total GDP, and its share
of NATO’s total exposed border—to approximate benefit shares that align with relative
defense burdens among NATO allies.

In later years, Khanna and Sandler (1996, 1997) proposed the hypothesis that NATO’s
defense expenditures are in concordance with the derived benefits and were unable to reject
this hypothesis using a nonparametric Wilcoxon test for the following sample years: 1965,
1970, 1975, 1980, and 1990.* For the 1990s, this concordance is further corroborated by
Sandler and Murdoch (2000), and from 1999 to 2002, this finding is additionally confirmed
by Sandler and Shimizu (2014). However, the same study shows for the beginning of
2003 and extending through 2010, this concordance no longer holds; they reject the null
hypothesis at the 0.05 level and conclude that defense burdens no longer match derived
defense benefits.

The end of the Cold War significantly transformed NATO’s strategic context, prompting
scholars to reassess burden-sharing dynamics. The collapse of the Soviet Union eliminated
NATQ'’s primary threat, leading to new missions such as peacekeeping, humanitarian in-

4With one exception in 1985, at the height of the defense buildup under Reagan, NATO defense burdens
were statistically inconsistent with the derived benefits.
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terventions, and out-of-area operations (Shimizu and Sandler, 2003). These changes in-
troduced greater heterogeneity in members’ capabilities and priorities, complicating the
burden-sharing calculus. In the following years, new dimensions of determinants have been
added, such as those related to peacekeeping missions, for example, the number of soldiers
stationed abroad. This has made burden sharing more precise and statistically robust in
relation to defense expenditures (Bogers et al., 2022; Cooper and Stiles, 2021).

In their detailed examination of NATO from 1999 to 2010, Sandler and Shimizu (2014)
highlighted a departure from previous concordance between defense burdens and derived
benefits. They attributed this shift to several factors, including NATQO’s significant enlarge-
ment, increasing disparities in military technology investments (especially evident in R&D
spending), and the growing importance of combating global terrorism post-9/11. Their
empirical evidence, employing spearman rank correlation and Wilcoxon signed-rank tests,
illustrated emerging patterns of exploitation, notably post-2004, and a weakening cohesion
within NATO as a result of diverging security priorities and capacities. George and Sandler
(2022) apply spatial econometric models to assess how defense spending by NATO allies in
personnel, infrastructure, equipment, and maintenance categories exhibits strategic interde-
pendence. They find the strongest free-riding in equipment investment—a capital-intensive
domain prone to substitution—while infrastructure spending remains largely independent.®
In a similar vein, Feldman and Shipton (2024) focus on naval capabilities post-2014 and
document a shift in spending patterns. They argue that US dominance in maritime secu-
rity created a credible ’security umbrella’, inducing other members to reallocate budgets
away from naval forces. This finding supports burden-shifting hypotheses, whereby allies
anticipate US coverage in strategic domains and underinvest accordingly.

While prior literature emphasized economic and strategic determinants of burden-sharing,
Becker et al. (2024) introduce the role of political rhetoric—specifically, US presidential
“naming and shaming.”® Using a novel dataset of critical presidential statements, they
assess the effect of public criticism on allied spending. Contrary to expectations, their
panel regression analysis finds that rhetorical pressure is largely ineffective and may even
backfire, correlating with decreased defense spending. This suggests that alliance cohesion
may be undermined by aggressive political signaling, and that traditional variables like
threat level and fiscal capacity remain better predictors of burden shifts.

Recognizing that defense spending alone provides an incomplete metric, recent studies have
developed composite burden-sharing indices. Kim and Sandler (2024) propose a broad-
ened measure that integrates foreign aid and peacekeeping expenditures, capturing a fuller
spectrum of security contributions. Using spatial-lag panel models, they confirm classic

5 According to George and Sandler (2022), equipment refers to movable, capital-intensive military assets
(e.g. tanks, ships, aircraft), while infrastructure covers fixed installations (e.g. bases, airfields, logistics
hubs), which are less prone to substitution or shared use. Notably, after the 2014 Wales Summit followed
Russia’s annexation of Crimea, allies collectively increased equipment spending, signaling responsiveness to
geopolitical events (shocks).

5“Naming and shaming” refers to a rhetorical strategy in which political leaders publicly criticize or
single out other actors, in this case, NATO allies, for not meeting expected defense contributions, with the
intent of pressuring them into compliance.
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free-rider patterns.

Kimball (2024) extend this logic further by analyzing NATO’s Centers of Excellence (COEs)-
shared institutional platforms for training and innovation—as club goods.” Their findings
reveal that COE contributions do not align strictly with military budgets.

Unlike the Sandler and Shimizu (2014) approach, which compares defense burdens to de-
rived benefit shares, the RAND report focuses on inputs and operational outputs, rather
than measuring alliance benefits (Dreyer et al., 2024). The RAND report is the most
comprehensive attempt to systematize NATO burden sharing, which introduces a multi-
dimensional “Burdensharing Index”. This index aggregates dozens of variables—including
spending, personnel, and military output—into a composite score and burden-sharing ra-
tio adjusted for economic capacity. The analysis finds that the commonly cited 2% GDP
threshold obscures more than it reveals: some allies meeting this target contribute rel-
atively little in operational output, while others below the threshold provide substantial
non-financial capabilities.® RAND’s findings support calls for a more nuanced, capability-
focused assessment of allied contributions and offer policymakers a framework for differen-
tiated burden-sharing.

Together, these recent studies represent a methodological and conceptual broadening of
the burden-sharing literature, incorporating new metrics, refined econometric tools, and
attention to institutional forms of alliance contribution. Building upon these insights,
the current study further investigates burden-sharing among European NATO members
from 1993 through 2022, a period marked by heightened geopolitical tensions, renewed
threats from Russia, and shifting US commitments. By extending the empirical approach
of Sandler and Shimizu (2014) with updated and refined datasets, this paper aims to clarify
contemporary European NATO dynamics, offering critical insights into the alliance’s ability
to sustain and more balanced concordance between defense burdens and benefits.

The remainder of the paper is as follows. Section 3.3 describes the data sources, variable
construction, and the methodology used to assess burden-sharing patterns. Section 3.4 tests
the exploitation hypothesis using Spearman rank correlations and partial rank correlations.
Section 3.5 examines the concordance between defense burdens and derived benefit shares
using Wilcoxon signed-rank tests. Section 3.6 concludes and suggests directions for future
research.

3.3 Data and Methods

Data on GDP (in current U.S. dollars), population (in number of inhabitants) and military
expenditure are obtained from the World Bank (2024) Information on ’Exposed borders
(EB)’ and ’Exposed borders with Russia (EBR)’ is drawn from the US Central Intelligence

"“Club goods”, meaning they are institutional platforms where member countries share training, inno-
vation, and expertise without full by every participant.

8Non-financial capabilities refer to contributions such as deployed personnel, logistics support, intelli-
gence sharing, training efforts, and operational readiness—factors that enhance alliance capacity without
necessarily increasing military spending.
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Agency (2024). EB include only borders with non-NATO countries and coastlines; internal
NATO borders are excluded. For instance, the Germany—France border is not considered,
whereas the Poland—Belarus border is included, since Poland is a NATO member but Be-
larus is not.

EBR include only direct land borders that NATO countries share with the Russia (including
the Kaliningrad exclave). For example, Estonia, Latvia, Lithuania, Norway, and Poland
are considered to have exposed borders with Russia. Coastlines and borders with other
non-NATO countries are excluded.

Because all rank correlations are calculated separately for each year, it is not necessary to
adjust GDP or military expenditures (ME) for inflation. Relative measures, such as ME
per GDP (ME/GDP), are constructed directly from these data (see Appendix Table B.2).
Distance categories (DC) are assigned based on geographic proximity to Russia. Countries
sharing a direct land border with Russia receive a rank of 3; those separated from Russia
by only one country receive a rank of 2; and all others receive a rank of 1. For example,
Finland is assigned rank 3 as it shares a border with Russia; Sweden is assigned rank 2, with
Finland in between; and France is assigned rank 1, given the multiple countries separating
it from Russia. The Russian enclave of Kaliningrad is included in this measure, assigning
Poland a rank of 3 as well. A full list of countries and their assigned categories can be
found in Appendix Table B.3.

Methods

To evaluate burden-sharing within NATO and European NATO, we employ three comple-
mentary non-parametric statistical tests. First, we apply the Spearman rank correlation,
which assesses whether countries with higher GDPs tend to allocate a greater share of GDP
to defense. This test ranks all countries by GDP and by their ME burden (ME/GDP), and
then calculates the correlation between these ranks. A positive correlation supports the
exploitation hypothesis, indicating that wealthier members bear disproportionately high
defense burdens.’

Second, we conduct partial Spearman rank correlation tests to control for confounding
variables by excluding their effect on defense spending. These tests adjust the ranked
relationship between GDP and ME/GDP by holding constant either GDP per capita (to
account for levels of development) or both GDP per capita and the length of exposed borders
(to capture geostrategic exposure). Formally, these are computed by first regressing the
ranks of the variables of interest on the ranks of the control variables and then calculating
the Spearman correlation between the resulting residual ranks.

Third, we apply two-sided Wilcoxon signed-rank tests to examine whether the distribu-

tion of defense burden shares aligns with the distribution of estimated benefit shares.'®

In this context, “disproportionately” means that a country’s defense burden (measured as the share
of ME in GDP) increases more than proportionally with its GDP. That is, wealthier countries allocate a
relatively larger share of their GDP to defense than poorer allies.

10The Wilcoxon signed-rank test evaluates whether the distribution of paired differences is symmetrically
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Specifically, we compare each country’s share of total alliance defense expenditures with
four Average Benefit Shares (ABS), which combine GDP, population, and a threat-related
proxy, and five Single Benefit Shares (SBS), which isolate each component individually.
The SBSs are based on GDP, population, EB, EBR, and DC. These tests aim to determine
whether significant asymmetries exist between a country’s contributions to defense and its
estimated benefits within the alliance. Specifically, we compare each country’s share of total
alliance defense expenditures with four ABSs and five SBSs. These tests aim to determine
whether significant asymmetries exist between a country’s contributions to defense and its
estimated benefits within the alliance. For each country-year observation, we compute the
difference between the country’s defense burden (its share of European NATO total ME)
and its benefit share (proxied by GDP, population, and three alternative threat measures).
The Wilcoxon test ranks the absolute values of these differences, assigns signs according to
the direction of deviation, and sums the signed ranks. The resulting test statistic indicates
whether the median difference between burden and benefit shares is significantly different
from zero. A rejection of the null hypothesis implies lost concordance between defense
burdens and benefits, pointing to potential free-riding behavior (see illustrative example in
Appendix Table B.1).

3.4 Ability to Pay and Burden Sharing

This section introduces the empirical tests used to assess whether defense burdens are dis-
tributed in proportion to members’ economic capacity. We test the exploitation hypothesis,
first for the NATO members and then for European NATO members.

3.4.1 NATO

Originally invented by Olson and Zeckhauser (1966), the ratio of ME to GDP (ME/GDP)
has become the standard measure of ability to pay and burden sharing. Building on the
approach of Sandler and Shimizu (2014), who examined data from 1999-2010, we extend
the test of the exploitation hypothesis for the period 1993-2022—namely, whether wealthier

allies bear disproportionate defense burdens—by employing a Spearman rank correlation
between ME/GDP and GDP.

Hy : Within the NATO alliance, there is a positive association between allies’ GDP
and their share of GDP devoted to MEs.

Hy : There is no association between these two variables.

centered around zero. Unlike a mean-based test (e.g., paired t-test), which focuses on average deviation,
the Wilcoxon signed-rank tests captures distributional asymmetries around the median. In the context
of burden-sharing, it reveals whether countries systematically over- or under-contribute relative to their
estimated benefit share. A significant result indicates a shift in the median of the distribution, suggesting
collective imbalance—such as widespread free-riding or overcontribution—rather than random fluctuation
around the median.
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A statistically significant positive rank correlation, leading to rejection of the null hypothe-
sis, indicates that higher-income allies contribute a greater share of their GDP to defense.!!
The second and third tests are partial rank correlation tests that control for factors that
may influence countries’ defense spending. The second test examines the correlation be-
tween GDP and ME/GDP while holding GDP per capita (GDP/POP) constant. This is
particularly important because countries with greater economic prosperity have more to
protect and are thus more likely to allocate more for defense. The third test examines
correlation between GDP and ME/GDP while holding GDP per capita (GDP/POP) and
exposed borders constant.

For the first test, we confirmed the results of Sandler and Shimizu (2014) that the null
hypothesis cannot be rejected in the period from 1999 to 2010, and therefore found no
evidence of exploitation of the rich by the poor (see Table 3.1). However, the null hypothesis
was rejected in 2011, 2012, 2014, and 2015 at the 0.1 significance level, and in 2012 at the
0.05 level, indicating exploitation during the period 2011-2015—especially as the correlation
coefficient steadily increased between 2007 and 2012. We did not find strong evidence of
continued exploitation after 2015, as the correlation coefficients were no longer statistically
significant in the following years.

In the second test, with GDP /POP held constant, we cannot reject the null hypothesis from
1999 to 2003, but we found evidence of exploitation at the 0.1 significance level or better
in 2004-2017 (except for 2007), and again in 2020. This confirms the findings of Sandler
and Shimizu (2014) for 2004, 2005, 2006, and 2010, but additionally allows rejection of the
null hypothesis in 2008 and 2009.

In the third test, with GDP/POP and EBs held constant, the null hypothesis cannot be
rejected in any year, consistent with the results of Sandler and Shimizu (2014).

Overall, we confirmed the conclusion of Sandler and Shimizu (2014) by showing that NATO
increasingly relied on fewer rich allies during the period 1999-2010. We extended this finding
to the years 2011-2015 and 2017. After 2017, however, we find only limited evidence for
the exploitation hypothesis, notably in 2020 by holding GDP/POP constant.

These results suggest that defense expenditures and GDP must be shared more propor-
tionally. This is particularly relevant given that countries with low GDP—such as Albania,
Bulgaria, North Macedonia, and Poland—increased their defense contributions over this
period more than higher-income countries such as the US, Canada, or the UK (see in Ap-
pendix Table B.2. This shift is especially noteworthy in light of Donald Trump’s rise to
power in 2017 and the pressure he exerted on European allies to increase their defense
spending.

"The Spearman test is particularly suited to this context, as it is non-parametric, robust to outliers,
and appropriate for samples combining very large and small allies. This makes the test less sensitive to
outliers or small errors because ranks, instead of values, are used. That is particularly appropriate when
comparing countries of different sizes—such as the US and Albania.
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Table 3.1: Spearman rank correlation between defense burden (ME/GDP) and GDP in
NATO

P2 Plfz,s P(fz,34
1993 0.23 (0.40) 0.25 (0.38) 0.13 (0.68)
1994 0.22 (0.43) 0.26 (0.38) 0.12 (0.68)
1995 0.11 (0.70) 0.15 (0.61) 0.05 (0.86)
1996 0.15 (0.58) 0.19 (0.51) 0.10 (0.74)
1997 0.21 (0.44) 0.25 (0.40) 0.13 (0.67)
1998 0.22 (0.42) 0.24 (0.42) 0.09 (0.77)
1999 0.20 (0.43) 0.27 (0.29) 0.05 (0.86)
2000 0.22 (0.37) 0.35 (0.17) 0.13 (0.64)
2001 0.18 (0.47) 0.30 (0.24) 0.07 (0.81)
2002 0.15 (0.56) 0.22 (0.39) — 0.05 (0.86)
2003 0.20 (0.42) 0.27 (0.29) 0.03 (0.90)
2004 0.19 (0.37) 0.42*%* (0.04) 0.17 (0.44)
2005 0.14 (0.51) 0.41** (0.04) 0.20 (0.36)
2006 0.17 (0.43) 0.39* (0.06) 0.19 (0.40)
2007 0.13 (0.54) 0.32 (0.12) 0.06 (0.80)
2008 0.18 (0.39) 0.35* (0.09) 0.10 (0.66)
2009 0.23 (0.25) 0.34* (0.09) 0.06 (0.77)
2010 0.28 (0.16) 0.39* (0.05) 0.13 (0.55)
2011 0.35* (0.07) 0.47*%*% (0.02) 0.19 (0.36)
2012 0.39** (0.05) 0.49** (0.01) 0.22 (0.30)
2013 0.32 (0.10) 0.48%* (0.01) 0.21 (0.31)
2014 0.33* (0.10) 0.46** (0.02) 0.16 (0.44)
2015 0.34* (0.09) 0.47** (0.01) 0.17 (0.41)
2016 0.22 (0.26) 0.35* (0.08) — 0.06 (0.79)
2017 0.17 (0.38) 0.34* (0.07) — 0.02 (0.92)
2018 0.11 (0.59) 0.31 (0.12) — 0.08 (0.69)
2019 — 0.02 (0.94) 0.22 (0.27) — 0.09 (0.65)
2020 0.16 (0.42) 0.32* (0.09) 0.00 (0.98)
2021 0.06 (0.75) 0.28 (0.16) 0.00 (0.98)
2022 — 0.09 (0.65) 0.07 (0.72) — 0.15 (0.46)

(Notes. This table reports Spearman rank correlations testing the association between countries’ GDP and
their relative defense burden, measured as ME/GDP, within NATO from 1993 to 2022. The test evaluates:
whether wealthier allies contribute a greater share of their GDP to defense. A statistically significant
positive rank correlation between ME/GDP and GDP suggests that wealthier countries contribute a larger
share of their GDP to defense, consistent with the exploitation hypothesis and the free-riding behavior of
lower-income allies. Numbers in parentheses are prob-values, indicating the probability of a type I error
when testing the null hypothesis of no association between ME/GDP and GDP ranks.

*** significant at .01 level; ** significant at .05 level; and * significant at .10 level.

Variables: 1 = ME/GDP; 2 = GDP; 3 = GDP/POP; 4 = exposed borders.

“Simple rank correlation coefficient.

bPartial rank correlation coefficient with GDP/POP held constant.

°Partial rank correlation with GDP/POP and exposed borders held constant.)
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3.4.2 European NATO

We replicate the same testing in Section 3.4.1 to the European NATO to see if the exploita-
tion hypothesis holds in Europe, especially in the context of the US announcement that
it will withdraw from Europe, leaving the European allies to bear a larger share of their
defense burden.'?

For the first simple Spearman rank correlation test between ME/GDP and GDP, we can
only reject the null hypothesis in 2012 at the 0.1 significance level (see Table 3.2). However,
in general, we find rather low values for the correlation coefficient over the whole period
from 1993 to 2022. Therefore, we do not find any evidence of persistent exploitation.

In the second test, holding GDP/POP constant, we identify two phases of exploitation,
the first from 2004 to 2006 and the second from 2010 to 2015, where we can reject the
null hypothesis at the 0.1 significance level or better. This is in line with the findings of
Section 3.4.1, although the second exploitation phase is shorter as we find no evidence of
exploitation in 2008, 2009 and 2016, 2017.

Consistent with Section 3.4.1, we cannot reject the null hypothesis at any point in the third
test with GDP/POP and exposed borders held constant. Indeed, the correlation coefficients
are low throughout the period.

Combining these results, we can observe some disproportionality in defense burden-sharing
among European allies, particularly during the period from 2004 to 2015, when GDP/POP
is held constant. However, these imbalances appear to be less severe and less persistent
than for NATO as a whole. This is because the US, with its disproportionately defense
spending, and Canada, with its disproportionately low defense spending, are not included.

12 Although the Spearman rank correlation is robust to outliers in the magnitude of values, the removal of
large members such as the United States and Canada affects the relative ranking of the remaining countries.
Since Spearman’s p is based on the correlation between ranks, excluding high-GDP countries like the US
alters the rank structure and can meaningfully change the correlation results. Therefore, differences between
the NATO and European NATO tests are not only expected but also informative.
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Table 3.2: Spearman Rank correlation between defense burden (ME/GDP) and GDP in
European NATO

P2 Plfz,s P(fz,34
1993 0.08 (0.79) 0.07 (0.83) 0.05 (0.87)
1994 0.06 (0.85) 0.08 (0.79) 0.06 (0.87)
1995 — 0.01 (0.99) 0.01 (0.98) — 0.04 (0.90)
1996 0.02 (0.96) 0.03 (0.94) — 0.03 (0.94)
1997 0.13 (0.67) 0.15 (0.64) 0.14 (0.69)
1998 0.16 (0.60) 0.15 (0.65) 0.08 (0.82)
1999 0.18 (0.51) 0.26 (0.34) 0.02 (0.95)
2000 0.21 (0.44) 0.32 (0.24) 0.08 (0.78)
2001 0.15 (0.59) 0.26 (0.35) — 0.01 (0.97)
2002 0.06 (0.81) 0.14 (0.61) — 0.28 (0.34)
2003 0.11 (0.70) 0.20 (0.47) — 0.15 (0.60)
2004 0.15 (0.50) 0.45%* (0.04) 0.16 (0.49)
2005 0.10 (0.66) 0.42%* (0.05) 0.21 (0.37)
2006 0.13 (0.56) 0.38% (0.08) 0.16 (0.49)
2007 0.06 (0.78) 0.28 (0.20) — 0.01 (0.97)
2008 0.10 (0.63) 0.30 (0.17) 0.03 (0.88)
2009 0.17 (0.42) 0.30 (0.16) 0.02 (0.93)
2010 0.23 (0.27) 0.35* (0.10) 0.07 (0.75)
2011 0.31 (0.13) 0.44** (0.03) 0.16 (0.47)
2012 0.35* (0.08) 0.46** (0.02) 0.16 (0.46)
2013 0.29 (0.17) 0.46** (0.02) 0.17 (0.45)
2014 0.27 (0.20) 0.43** (0.04) 0.12 (0.57)
2015 0.28 (0.18) 0.45%* (0.03) 0.16 (0.47)
2016 0.15 (0.48) 0.30 (0.16) — 0.11 (0.61)
2017 0.08 (0.68) 0.30 (0.14) — 0.05 (0.82)
2018 0.02 (0.94) 0.25 (0.23) — 0.13 (0.54)
2019 — 0.11 (0.60) 0.16 (0.43) — 0.15 (0.48)
2020 0.09 (0.65) 0.28 (0.16) — 0.04 (0.86)
2021 0.00 (0.98) 0.23 (0.25) — 0.07 (0.75)
2022 — 0.17 (0.41) 0.00 (1.00) — 0.22 (0.28)

(Notes. This table reports Spearman rank correlations testing the association between countries’ GDP and
their relative defense burden, measured as ME/GDP, within European NATO from 1993 to 2022. The test
evaluates: whether wealthier allies contribute a greater share of their GDP to defense. A statistically sig-
nificant positive rank correlation between ME/GDP and GDP suggests that wealthier countries contribute
a larger share of their GDP to defense, consistent with the exploitation hypothesis and the free-riding be-
havior of lower-income allies. Numbers in parentheses are prob-values, indicating the probability of a type
I error when testing the null hypothesis of no association between ME/GDP and GDP ranks.

*** significant at .01 level; ** significant at .05 level; and * significant at .10 level.

Variables: 1 = ME/GDP; 2 = GDP; 3 = GDP/POP; 4 = exposed borders.

“Simple rank correlation coefficient.

bPartial rank correlation coefficient with GDP/POP held constant.

°Partial rank correlation with GDP/POP and exposed borders held constant.)
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3.5 The Concordance between Defense Burdens and Benefit Shares

This section examines whether the defense burden aligns with the benefits for European
NATO members. To support this analysis, Appendix Section B.5 provides detailed input
data and results for European NATO members. For comparison, the corresponding analysis
for all NATO members is included in Appendix Section B.6. We compare each country’s
defense burden with a series of average benefit share measures. The analysis is based on the
assumption that, in the long term, the defense burden will align with the benefits; signifi-
cant and persistent deviations may indicate free-riding behavior. To test for distributional
concordance between burdens and benefits, we employ non-parametric Wilcoxon signed-
rank tests across average benefit share measures. Each benefit share integrates economic
capacity, demographic weight, and threat exposure, with four variations capturing differ-
ent proxies for geopolitical vulnerability. We apply these tests first to European NATO
members and then, for comparison, to the whole NATO alliance.

3.5.1 European NATO

Following Sandler and Shimizu (2014), we investigate the relationship between an ally’s
defense burden and its average benefit share, focusing on European NATO. The defense
burden is measured by a country’s share of the total defense expenditures of all European
NATO members (excluding Iceland).!?

Since countries’ preferences are unknown, including how they weigh the benefits of protect-
ing the economy, the population, or countering an external threat, we construct four ABS
measures. Each ABS is based on an equal weighting of three proxies: GDP share, popula-
tion share, and a threat-related factor. The third proxy captures threat (e.g., representing
the threat posed by Russia to the allies due to its military aggression against Ukraine) and
various across the different ABSs.!* These measures are central to the analysis and are
defined as follows:

e ABS 1: Includes GDP share, population share, and an ally’s share of total EB (include
only borders with non-NATO countries and coastlines; internal NATO borders are
excluded) following Sandler and Forbes (1980).

e ABS 2: Replaces the exposed border proxy with the share of EBR, reflecting the idea
that these borders are the most vulnerable and therefore require greater protection.

e ABS 3: Replaces the EB measure with a proximity-based threat in which countries
are assigned DC that represent the relative threat posed to a country based on its
proximity to Russia. In this case, a country’s assigned rank is divided by the sum of
the ranks across all allies.

13Note that Iceland is not included since it does not have defense expenditures. This follows standard
practice in the existing literature.

14 ABSs denotes the plural form Average Benefit Shares, extending the acronym ABS (Average Benefit
Share) with an additional “s”.
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e ABS 4: Combines the three threat components from ABS 1-3 by averaging them
equally alongside GDP and population shares.

Alternative weightings are examined as part of the robustness checks in Appendix Sec-
tion B.7

To investigate the correspondence between defense burdens and the average benefit share,
we follow Sandler and Shimizu (2014) and use a two-sided Wilcoxon signed-rank test. This
non-parametric test compares two dependent samples by ranking the absolute differences
between paired observations and summing the ranks separately for positive and negative
differences. The test statistic R corresponds to the smaller of the two rank sums and is
used to evaluate whether the median difference is significantly different from zero.'> When
we use the term concordance, we mean that no statistically significant loss of concordance
has been detected.

H; : The distributions of defense burdens and average benefit shares are different.

Hy : The distributions of defense burdens and average benefit share are the same.

A small Wilcoxon test statistic suggests that the null hypothesis can be rejected, implying
a lost concordance between the country’s defense burdens and average benefit share.
Table 3.3 displays the test statistic for the Hy “The distributions of defense burdens and
average benefit share are the same.”, for the four average benefit share alternatives for the
period 1993-2022. Note that the sample size increases with NATO expansions. For the
ABS 1 (exposed borders), the null hypothesis is rejected at the significance level of 0.1
or better in 2005, from 2014 to 2017, and in 2019. These results indicate intermittent
divergence between defense burden and benefit shares in certain years, particularly in the
last decade. While this does not imply a persistent mismatch, it suggests that alignment has
been increasingly strained in recent years. This may also indicate that free-riding behavior
has occurred occasionally, especially in the last decade. Although these patterns point to a
possible trend toward greater free-riding, there is still no evidence of sustained or systematic
free-riding behavior over the whole period.

No rejection of the null hypothesis is found when ABS 2 (borders with Russia) is used,
implying that this proxy maintains distributional concordance between defense burdens
and benefit shares across the entire period.

In contrast, for ABS 3 (distance categories), the null hypothesis is rejected at conventional
levels in almost every year from 2004 to 2021, except for 2008. This consistent rejection
points to a prolonged period during which defense burdens and derived benefits no longer
align, particularly after NATO’s eastern enlargement and amid heightened geopolitical

15 Although the Wilcoxon signed-rank test formally tests whether the median difference between paired
observations is zero, it is often interpreted in practice—especially in the burden-sharing literature—as a test of
distributional concordance between matched samples. Statistically, the null hypothesis states: The median
difference between the defense burdens and the average benefit share is zero.
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tensions. Such sustained mismatch may signal that defense burdens no longer match with
this average benefit share, or increased incentives for free-riding within the alliance. The
single benefit share analysis will later will provide greater clarity on this issue.

The three alternatives for the average benefits share, therefore, lead to different conclusions.
Looking at the three alternatives, it becomes clear that they favor or disfavor different
countries. The exposed borders alternative poses a high threat to countries bordering the
allied territory. Countries with a fragmented border or coastline are particularly favored.
For example, countries like Greece, which have many islands, receive a high average share of
benefits, even though the islands are in waters shared with other NATO members. Countries
that are not on the border of allied territory or those that are large tend to be disadvantaged.
This average benefit share alternative also does not take into account a country’s location
and therefore does not take into account the threat posed by Russia’s invasion of Ukraine.
The exposed border with Russia alternative favors countries with direct borders with Russia,
regardless of their location, and does not take coastlines into account. Thus, it assigns the
same threat level of zero to Spain and Romania, even though Romania is much closer to
Russia and was part of the Warsaw Pact. However, the Baltic states receive a relatively
high average benefit share because they all share a border with Russia. The alternative
with distance categories takes into account the relative location to Russia and assigns a
basic threat to all countries, as there is no rank zero. This favors small countries and those
close to Russia. For example, Poland and the Baltic states receive the same benefit from
the threat factor because they all share a border with Russia, even though Poland is much
larger than the Baltic states. There might be time-dependent relevance differences between
the proxies as the threat posed by Russia was less severe in the post-Cold War era after
1991, compared to the period after the annexation of Crimea in 2014 or after the invasion
of Ukraine in 2022. Especially in the last decade, the threat posed by Russia and the
respective benefit share proxies became more relevant, while the more universal exposed
border threat measure was more relevant in the period before 2014.

However, since all three average benefit share alternatives include reasonable benefits from
defense spending, and in order to counter the respective imbalances in benefit shares, we
have combined the different threat measures into one to get a broader view of the benefits
from defense over the whole period. With this combined measure, ABS 4, does not exhibit
statistical concordance with defense burdens across all years, this does not disqualify its
relevance. On the contrary, the rejection of the null hypothesis in periods such as 2005
and 2013-2021 highlights a growing misalignment between defense burden and benefits. As
the R statistic shows an increasing trend over the period from 1997 to 2022, we discern
an increased trend toward free-riding in the European NATO, culminating in the period
2013-2021, where only the UK, France, Germany and the Netherlands overcontributed
according to this average benefit share measure. This changed in 2022, when Belgium,
Greece, and Spain also became overcontributors. Thus, rather than undermining its value,
the statistical rejection of ABS 4 underscores its strength as a composite diagnostic indicator
for identifying structural imbalances in European NATO burden-sharing.
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Table 3.3: Wilcoxon signed-rank correlation of ME/European NATO ME and alternative
Average Benefit Shares

Average Benefit ~ Average Benefit Average Benefit Average Benefit

Share 1 Share 2 Share 3 Share 4

Year Size R (p) R (p) R (p) R (p)

1993 13 39 (0.68) 23 (0.13) 29 (0.27) 36 (0.54)
1994 13 40 (0.74) 25 (0.17) 28 (0.24) 37 (0.59)
1995 13 39 (0.68) 25 (0.17) 31 (0.34) 36 (0.54)
1996 13 40 (0.74) 24 (0.15) 30 (0.31) 40 (0.74)
1997 13 41 (0.79) 22 (0.11) 29 (0.27) 41 (0.79)
1998 13 39 (0.68) 22 (0.11) 29 (0.27) 41 (0.79)
1999 16 55 (0.53) 44 (0.23) 48 (0.32) 60 (0.71)
2000 16 55 (0.53) 42 (0.19) 47 (0.30) 59 (0.67)
2001 16 56 (0.56) 49 (0.35) 47 (0.30) 57 (0.60)
2002 16 54 (0.50) 47 (0.30) 44 (0.23) 56 (0.56)
2003 16 56 (0.56) 48 (0.32) 44 (0.23) 55 (0.53)
2004 23 92 (0.17) 134 (0.92) 80* (0.08) 89 (0.14)
2005 23 80* (0.08) 137 (0.99) 74* (0.05) 81* (0.09)
2006 23 86 (0.12) 136 (0.96) 78* (0.07) 91 (0.16)
2007 23 88 (0.13) 135 (0.94) 74* (0.05) 91 (0.16)
2008 23 96 (0.21) 137 (0.99) 86 (0.12) 97 (0.22)
2009 25 103 (0.11) 160 (0.96) 100* (0.10) 111 (0.17)
2010 25 103 (0.11) 160 (0.96) 95* (0.07) 103 (0.11)
2011 25 102 (0.11) 158 (0.92) 94* (0.07) 104 (0.12)
2012 25 102 (0.11) 158 (0.92) 90* (0.05) 104 (0.12)
2013 25 102 (0.11) 162 (1.00) 94* (0.07) 97* (0.08)
2014 25 90* (0.05) 153 (0.81) 88** (0.05) 95* (0.07)
2015 25 95* (0.07) 156 (0.87) 84** (0.03) 86** (0.04)
2016 25 95* (0.07) 159 (0.94) 92* (0.06) 97* (0.08)
2017 26 108* (0.09) 174 (0.98) 101* (0.06) 103* (0.07)
2018 26 116 (0.14) 172 (0.94) 101%* (0.06) 108* (0.09)
2019 26 108* (0.09) 149 (0.52) 97** (0.05) 109* (0.09)
2020 27 133 (0.19) 175 (0.75) 108* (0.05) 115* (0.08)
2021 27 139 (0.24) 173 (0.71) 116* (0.08) 114* (0.07)
2022 27 147 (0.32) 162 (0.53) 119* (0.10) 122 (0.11)

(Notes. This table reports Wilcoxon signed-rank test statistics (R) and associated p-values. Each test
evaluates whether countries’ defense burden shares match their respective Average Benefit Share (ABS).
The hypotheses are specified in 3.5.1. The construction of Average Benefit Shares are explained in the first
paragraph of 3.5.1. In parentheses are prob-values, indicating the probability of a type I error. ***significant
at .01 level; **significant at .05 level; and *significant at .10 level. The critical values for rejecting the null
hypothesis of match between the average benefit share and single benefit share are 17 at .05 level and 9 at
.01 level for 1993-1998; are 29 at .05 level and 19 at .01 level for 1999-2003; are 73 at .05 level and 54 at
.01 level for 2004—2008; are 89 at .05 level and 68 at .01 level for 2009—2016; are 98 at .05 level and 75 at
.01 level for 2017-2019; are 107 at .05 level and 83 at .01 level for 2020-2022. Iceland is excluded for all
years.)
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Table 3.4 shows the test statistics of a Wilcoxon signed-rank test for the single benefit shares
with ME/European NATO. These results provide insight into which proxies contribute to
the observed concordance—or lack thereof—between defense burden and benefit shares. For
GDP, population, exposed border and distance category, there is a concordance with the
defense burden sharing over the whole period, except for GDP in 2009 and 2010, where the
null hypothesis can be rejected at a significance level of 0.1. This shows that these factors
are drivers of defense burden sharing in Europe. For the exposed border with Russia, the
null hypothesis can be rejected from 1993 to 2003 and from 2020 to 2022 at a significance
level of 0.1 or better. This can be explained by the fact that in 1999, Norway was the only
NATO member with a direct border with Russia, resulting to a disproportionate average
benefit share for Norway. Poland joined NATO in 1999, followed by the Baltic states in
2004, resulting in a more evenly distributed benefit share. Therefore, we do not want to
put too much emphasis on the Wilcoxon test of this average benefit share in the period
prior to 2004. We conclude that all of the proxies considered are drivers of burden sharing
in European NATO. As shown in Table 3.4 our findings are robust across the single benefit
shares, provided that none of them is given too much weighting. We are unable to reject the
null hypothesis for any of the proxies except GDP in 2009 and 2010 and the exposed border
with Russia from 2020 to 2022. Notably, the exposed border with Russia yields consistently
low R statistics, suggesting a potential misalignment that does not reach conventional levels
of statistical significance.!®

Thus, no specific benefit proxy can be pinpointed as responsible for the lost concordance
between average benefit and burden shares, especially in the period from 2013 to 2021.
Therefore, the lost concordance must result from the cumulative distribution shifts of the
combined benefit proxies. However, we are able to reject the null hypothesis for the EBR
during the period from 2020 to 2022. In addition, we observe an overall low and contin-
uously decreasing R statistic after 2008, partly due to NATO expansions. The strongest
concordance with the defense burdens is found for ABS 2, which incorporates this benefit
proxy. Therefore, we conclude that the EBR offsets asymmetries arising from GDP and
population differences. To explore this further, an investigation of the years after 2022
would be particularly interesting, as countries sharing a direct border with Russia showed
strong bilateral support for Ukraine relative to their GDP (Ethan Ilzetzki, 2025).

The Figure 3.1 shows the defense burdens and ABS 4—which combines GDP, population,
and three different threat measures (exposed borders, exposed borders with Russia, and
distance category)—for all European NATO members from 1993 to 2022 (see Table B.4 in
the Appendix for details). Figure B.1 in the Appendix illustrates ABS 2, which combines
GDP, population, and EBR. The data for the first three ABs are listed in the Appendix in
Table B.6.

For instance, in the ABS 4 method, Belgium bore 2.26% of the total European defense
burdens in 1993 and received an average benefit share of 2.47%. This makes Belgium an

16The temporary rejection of the null for GDP in 2009 and 2010 coincides with the fiscal aftermath of
the 2008 global financial crisis, during which many NATO members reduced defense budgets as part of
broader consolidation efforts (World Bank, 2024).
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Table 3.4: Wilcoxon signed-rank correlation of ME /European NATO ME and single benefit
shares

GDP POP EB EBR DC

Year Size R (p) R (p) R (p) R (p) R (p)

1993 13 39 (0.68) 43 (0.89) 40 (0.74)  13** (0.02) 42 (0.84)
1994 13 40 (0.74) 44 (0.95) 40 (0.74)  13*%* (0.02) 42 (0.84)
1995 13 43 (0.89) 43 (0.89) 41 (0.79)  13** (0.02) 41 (0.79)
1996 13 42 (0.84) 45 (1.00) 40 (0.74)  13%* (0.02) 42 (0.84)
1997 13 41 (0.79) 40 (0.74) 40 (0.74)  13** (0.02) 43 (0.89)
1998 13 43 (0.89) 42 (0.84) 40 (0.74)  13%* (0.02) 42 (0.84)
1999 16 56 (0.56) 62 (0.78) 63 (0.82) 31* (0.06) 60 (0.71)
2000 16 54 (0.50) 57 (0.60) 60 (0.71) 31* (0.06) 59 (0.67)
2001 16 56 (0.56) 58 (0.63) 58 (0.63) 31* (0.06) 58 (0.63)
2002 16 59 (0.67) 57 (0.60) 60 (0.71) 31* (0.06) 57 (0.60)
2003 16 58 (0.63) 58 (0.63) 61 (0.74) 31* (0.06) 59 (0.67)
2004 23 107 (0.36) 103 (0.30) 128 (0.78) 96 (0.21) 102 (0.29)
2005 23 111 (0.43) 04 (0.31) 138 (1.00) 97 (0.22) 105 (0.33)
2006 23 102 (0.29) 99 (0.25) 134 (0.92) 96 (0.21) 106 (0.34)
2007 23 98 (0.23) 96 (0.21) 135 (0.94) 96 (0.21) 107 (0.36)
2008 23 95 (0.20) 108 (0.38) 136 (0.96) 98 (0.23) 109 (0.39)
2009 25 98* (0.09) 127 (0.35) 149 (0.73) 108 (0.15) 121 (0.28)
2010 25 98* (0.09) 122 (0.29) 159 (0.94) 108 (0.15) 121 (0.28)
2011 25 104 (0.12) 126 (0.34) 157 (0.89) 108 (0.15) 118 (0.24)
2012 25 105 (0.13) 112 (0.18) 155 (0.85) 108 (0.15) 119 (0.25)
2013 25 108 (0.15) 111 (0.17) 156 (0.87) 108 (0.15) 115 (0.21)
2014 25 107 (0.14) 108 (0.15) 152 (0.79) 108 (0.15) 115 (0.21)
2015 25 111 (0.17) 103 (0.11) 153 (0.81) 108 (0.15) 113 (0.19)
2016 25 126 (0.34) 112 (0.18) 157 (0.89) 108 (0.15) 119 (0.25)
2017 26 149 (0.52) 119 (0.16) 166 (0.82) 113 (0.12) 127 (0.23)
2018 26 150 (0.53) 127 (0.23) 172 (0.94) 113 (0.12) 128 (0.24)
2019 26 170 (0.90) 126 (0.22) 169 (0.88) 113 (0.12) 130 (0.26)
2020 27 186 (0.95) 147 (0.32) 186 (0.95)  119% (0.10) 128 (0.15)
2021 27 179 (0.82) 159 (0.48) 188 (0.99)  118* (0.09) 130 (0.16)
2022 27 170 (0.66) 173 (0.71) 186 (0.95)  118% (0.09) 130 (0.16)

(Notes. Numbers in parentheses are prob-values, indicating the probability of a type I error when testing
the null hypothesis. ***significant at .01 level; **significant at .05 level; and *significant at .10 level. The
critical values for rejecting the null hypothesis of match between the average benefit share and single benefit
share are 17 at .05 level and 9 at .01 level for 1993-1998; are 29 at .05 level and 19 at .01 level for 1999-2003;
are 73 at .05 level and 54 at .01 level for 2004-2008; are 89 at .05 level and 68 at .01 level for 2009-2016;
are 98 at .05 level and 75 at .01 level for 2017-2019; are 107 at .05 level and 83 at .01 level for 2020-2022.
Iceland is excluded for all years.)
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undercontributor according to this average benefit share measure. The biggest contributors
are the United Kingdom, Germany and France in all years considered. They collectively
contributed 65.59% to the total European NATO defense expenditures in 1993, 59.33% in
2003, 56.84% in 2013 and 54.14% in 2022. By taking into account the NATO expansion
in 1999 (Poland, Czechia, Hungary), 2004 (Bulgaria, Estonia, Latvia, Lithuania, Romania,
Slovakia, Slovenia), 2009 (Albania, Croatia), 2017 (Montenegro) and 2020 (North Mace-
donia) we still conclude that the overall share of the biggest three contributors decreased
successively since the newcomers collectively contributed 11.08% of the total European
NATO defense expenditures in 2022. Germany lowered its defense expenditure share sig-
nificantly in the 90s and then kept it at a constantly low level with a slight upwards trend.
Contrarily, the United Kingdom raised its share in the 90s, kept it constant at around 25%
and then successively lowered its share from 2007 to 2017 and then kept it constant at
around 20%. France lowered its share gradually over the period from around 22% to 17%.
For all three countries, the ABS remains almost constant and only decreases significantly
in 1999 and 2004 due to NATO expansions. The expansions in 2009, 2017 and 2020 are too
small to have a strong effect on the ABS, as only a few relatively small countries join NATO.
The collective ABS of the United Kingdom, Germany and France decreases from 41.58%
in 1993 to 32.76% in 2022. This still makes the largest countries overcontributors, but they
appear to have offset the declining average benefit with a declining overall defence burden
share. Overall, there were 4 out of 9 overcontributors in 1993 (France, Germany, Nether-
lands, United Kingdom) and 9 out of 33 in 2022 (Belgium, France, Germany, Greece, Italy,
Netherlands, Spain, United Kingdom). This makes most of the largest European countries
overcontributors while most of the smaller nations are undercontributors, suggesting that
Europe suffers from free-riding and the exploitation hypothesis of Olson and Zeckhauser
(1966). However, this does not seem as clear-cut as the free-riding problem in NATO as a
whole, with the large overcontribution of the US.
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Figure 3.1: The figure displays evolution of Defense Burdens (as a percentage share) for 27
European NATO members, alongside their derived Average Benefit Share 4. Each row uses
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3.5.2 Comparison to NATO

The lost concordance identified for European NATO—apart from the concordant results
under ABS 2—appears modest when compared to the divergence observed for the whole
NATO alliance. As shown in Table B.8 in the Appendix, the Wilcoxon signed-rank test
strongly rejects the null hypothesis of distributional equivalence at the 0.01 level from 2004
onward. In this contemplation, the USA is the only overcontributor from 2004 onward, as
displayed in the Appendix in Table B.10. However, with the announcements of the US to
withdraw from Europe and in particular the reelection of Donald Trump in 2024, Europe
is expected to be no longer able to take advantage of US defense spending making burden
sharing among European allies relevant especially with the potential necessity of an increase
of the defense expenditure in Europe.

0.6- ’\,__\_\—_& 06- W

< <
g 04- 804
[0} (o}
o o _— — Y -

0.2- 0.2-

0.0- 0.0-

2000 2010 2020 2000 2010 2020
Year Year
— Benefit — Defense Burden — Benefit — Defense Burden

(a) ABS 4 and Defense Burden share of the three
largest European NATO members by GDP (France,

(b) ABS 4 and Defense Burden share of the US
within NATO

Germany, and the United Kingdom) within Euro-
pean NATO

Figure 3.2: Comparison of ABS 4 and corresponding Defense Burden shares for the largest
GDP contributors in European NATO (France, Germany, and the United Kingdom) and
in the NATO (the US).

Figure 3.2a shows the ABS 4 and defense burden share of the three largest European NATO
members (France, Germany, UK) within European NATO. It can clearly be seen that these
countries are overcontributing, as the benefit is lower than the defense burden in all years
considered. Figure 3.2b shows the ABS 4 and the defense burden share of the USA within
the whole NATO. It is clear that the US is overcontributing. This symmetry implies that
France, Germany, and the United Kingdom collectively bear a burden within European
NATO that parallels the US burden within the broader NATO alliance, both in terms of
defense burdens and benefit shares. This seems to contradict the trend indicated by the
Wilcoxon signed-rank tests, which suggest a possible pattern of free-riding within the entire
NATO, but only weak evidence of such behavior during certain periods within European
NATO. This apparent discrepancy may stem from the fact that overcontributions in Eu-
ropean NATO are distributed across three sovereign countries. Although their combined
population approaches that of the US (nearly 65%) and their joint GDP reaches roughly
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40% of the US level, the statistical signal of overcontribution is diluted when these efforts
are spread across multiple states (World Bank, 2024). As a result, the Wilcoxon tests de-
tect weaker deviations from benefit—burden alignment in European NATO, even though the
aggregate pattern closely resembles that of the US within the broader alliance.

3.6 Concluding Remarks

In this paper, we examine various methods for estimating the average benefit shares within
alliances from European NATO and NATO. We identify a lost concordance for the period
1993 to 2022, along with suggested methods of average benefit sharing for NATO. How-
ever, we identify a novel ABS 2—based on exposed borders with Russia—that maintains
statistical concordance with defense burdens in European NATO throughout the observa-
tion period. Upon examining the drivers of this concordance, we find that all single benefit
shares are consistent with proportional burden sharing. An exception are the benefit shares
of countries with exposed borders with Russia in certain years and GDP during 2009-2010.
This suggests that these shares broadly capture the underlying logic of defense contribution,
while deviations appear to result from structural factors such as alliance enlargement or
external shocks like the global financial crisis. Building on this, we construct a composite
ABS 4 that integrates the previously defined proxies—ABSs 1, 2, and 3. This combined
measure fails to exhibit statistical concordance with defense burdens, when tested using the
Wilcoxon signed-rank test. While this outcome points to potential free-riding incentives
within European NATO, it does not, by itself, constitute evidence of strategic under- or
overcontribution by countries. The question of whether the statistical concordance of ABS
4 constitutes a more comprehensive measure remains open for future research.

We argue that ABS 2 provides the closest statistical match to defense burdens within
European NATO and may therefore serve as a suitable proxy when evaluating initiatives
such as the ESSI, which can be seen as a functional counterpart to European NATO.

Critical Reflection When evaluating European NATO, it is essential to recognize that
current military spending patterns still implicitly include the strategic backing of the US—a
form of security provision that European allies have long relied upon. In the future, however,
this implicit US contribution may no longer be politically assured. Consequently, its absence
would require a reallocation of defense responsibilities among the existing European NATO
members. The ABSs introduced in this paper provide a structured approach to allocating
such costs in a more transparent and equitable manner.

The use of geographic “distance to Russia” as a proxy for threat, although intuitively ap-
pealing, is somewhat simplistic and may overlook significant nuances. Countries within
the European NATO alliance vary not only in physical proximity but also in their histor-
ical experiences, political alignments, cultural ties, and exposure to hybrid threats, such
as cyberattacks, disinformation campaigns, and economic coercion. For instance, historical
conflicts or past occupations can heighten threat perceptions independently of geographic
location, and hybrid dangers often disproportionately target politically vulnerable states
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regardless of their distance from Russia. Hence, future research could enhance our threat
assessment by incorporating richer, multidimensional measures that reflect these diverse
historical, political, cultural, and hybrid security considerations.

In this context, it is important to address a recurring critique: that countries with strong do-
mestic defense industries may benefit disproportionately from increased military spending—
an argument rooted in the concept of military Keynesianism. These industrial feedback
effects are not captured in the ABS measures presented here. The empirical validity of this
critique remains contested. A recent study by the Kiel Institute estimates that increasing
EU defense spending from 2% to 3.5% of GDP—if allocated toward domestic high-tech
production—could raise GDP by 0.9% to 1.5% annually, while also boosting innovation,
exports, and industrial capacity (Ethan Ilzetzki, 2025). However, long-term studies pro-
vide a more nuanced picture. While military outlays can stimulate short-term growth and
employment during wartime or crisis mobilization (e.g., WWII), their long-run macroeco-
nomic impact is mixed. Some studies, for example, link a sustained 1% GDP increase in
defense spending to a 9% slowdown in growth over a 20-year period (Dunne and Tian,
2013). Similarly, recent evidence from Germany suggests that defense spending generates
relatively weak economic multipliers—at most 0.5—compared to public investment in edu-
cation, infrastructure, or childcare, which can yield two to three times the initial outlay
(Krebs and Kaczmarczyk, 2025). Structural bottlenecks in the German defense sector, in-
cluding capacity constraints and low competition, limit productive expansion and reduce
the scope for innovation-driven spillovers.

Policy Implication. The results of this paper suggest a need to reframe the policy dis-
cussion on burden-sharing. Rather than focusing on a one-size-fits-all approach like the 2%
ME of GDP benchmark, policymakers should consider a broader and more economically
grounded framework. This includes developing a weighted average benefit share index.
The following measures could help reduce duplication, improve efficiency, and strengthen
collective resilience: joint procurement, integrated R&D, strategic coordination through
the European Defence Fund (EDF), Permanent Structured Cooperation (PESCO), and
the ESSI, and institutionalized burden-sharing mechanisms such as transparent peer re-
view processes—modeled after NATO’s Defense Planning Capability Review or EU fiscal
coordination—that assess national defense contributions against agreed-upon metrics.

Future Research. Future research should monitor defense spending trends in the coming
years or employ synthetic simulations to estimate how a reduction in US military engage-
ment would translate into increased financial burdens for European NATO. Additionally,
future studies could explore the political economy of burden allocation, including domestic
constraints on defense budgets, alliance bargaining processes, and the distributional con-
sequences of different cost-sharing formulas. Finally, the development of dynamic burden-
sharing models that incorporate shifting threat perceptions, strategic complementarities,
and endogenous capacity building could offer more profound insight into the long-run evo-
lution of collective defense structures.
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APPENDIX | B

European NATO Burden Sharing 1993-2022

Appendix

B.1 Illustrative Example of the Wilcoxon Signed-Rank Test

Table B.1: Illustrative Application of Wilcoxon Signed-Rank Test

Country DB (%)  ABS (%) Diff Abs. Diff Rank Pos. Rank Neg. Rank

A 8.0 5.0 +3.0 3.0 3.5 3.5

B 2.5 4.0 -1.5 1.5 1 1

C 5.5 5.5 0.0° — —

D 6.0 3.0 +3.0 3.0 3.5 3.5

E 4.0 6.5 25 2.5 2 2
Sum of ranks: 7.0 3.0

(Notes. This hypothetical example shows five countries’ defense burden and average benefit shares in a
given year. Country C is excluded due to a zero difference. Ranks are based on the absolute differences,
with tied ranks averaged (3.0 and 3.0 — 3.5 each). Positive and negative ranks are listed separately. The
Wilcoxon test statistic is the smaller of the positive and negative rank sums: W = min(7.0,3.0) = 3.0.
A significant result indicates that countries systematically contribute more or less than their estimated
benefit, suggesting potential free-riding or overcontribution.)

Steps of the Wilcoxon Signed-Rank Test (Illustrative Year):

1. Calculate each country’s difference between its defense burden and estimated benefit
share.

2. Exclude any observations with a zero difference (e.g., Country C), as they do not
contribute to the test statistic.

3. Rank the remaining absolute differences from smallest to largest, assigning average
ranks in the case of ties.

4. Assign each rank a sign based on the direction of the original difference (positive if
the country over-contributes, negative if it under-contributes).

5. Separate and sum the positive and negative signed ranks. The Wilcoxon test statistic
is the smaller of the two sums. In the illustrative case: ) positive ranks = 7.0,
> negative ranks = 3.0, so W = min(7.0,3.0) = 3.0.
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The Wilcoxon signed-rank test is a non-parametric test that evaluates whether the me-
dian difference between two paired distributions—in this case, defense burdens and benefit
shares—is statistically different from zero. In this illustrative example, the test statistic
of +3 would be compared to a critical value or used to compute a p-value. A statistically
significant result would indicate systematic imbalance between what countries contribute
and what they are estimated to benefit—suggesting possible free-riding or overcontribution.

B.2 Past Empirical Record
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Table B.2: Military expenditures as a share of gross domestic product (GDP), 1993-2022

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007
Albania
Belgium 1.67 161 154 152 146 142 139 135 1.28 122 122 1.15 110 1.06 1.10
Bulgaria 237 224 208 223
Canada 1.77 165 151 137 121 122 121 111 1.13 1.12 1.11 1.10 1.11 112 1.19
Croatia
Czechia 1.84 186 1.74 181 188 1.70 1.78 1.57 1.42
Denmark 1.87 174 169 165 162 161 157 146 153 1.51 146 142 1.31 1.38 1.30
Estonia 1.69 145 1.39 1.66
France 272 269 252 244 239 225 220 209 204 205 210 211 2.03 198 1.91
Germany 169 154 149 146 141 139 139 135 131 131 130 1.25 1.05 1.18 1.15
Greece 3.14 312 310 324 330 346 3.66 3.63 335 3.15 256 267 290 283 2.72
Hungary 143 152 157 160 1.64 1.47 1.41 122 1.27
Italy 1.71 164 146 158 1.62 1.64 167 1.73 167 169 1.69 1.67 159 151 1.44
Latvia 1.66 1.67 1.80 1.64
Lithuania 1.19 116 1.17 1.11
Luxembourg 0.61 064 062 061 062 064 058 054 068 059 060 0.60 0.58 052 0.50
Montenegro
Netherlands 199 188 1.77 173 164 156 157 143 143 141 143 142 139 139 1.35
North Macedonia
Norway 263 268 231 216 202 216 204 170 170 208 197 184 158 1.44 1.46
Poland 1.89 182 1.89 189 190 1.86 192 1.91 2.00
Portugal 1.74 165 171 160 154 142 143 140 1.44 146 143 150 1.59 1.51 1.38
Romania 2.04 2.01 1.85 149
Slovakia 1.24 132 129 1.32
Slovenia 144 143 155 1.45
Spain 191 190 186 1.76 1.67 1.67 175 1.72 163 145 1.42 143 139 137 1.36
Turkey 3.92 405 390 414 410 3.18 3.88 3.64 358 3.77 327 267 239 234 220
United Kingdom 3.59 3.38 2.85 2.72 256 249 241 236 239 248 255 249 242 237 238
United States 462 423 387 357 342 321 3.10 312 314 346 385 4.04 4.09 4.04 4.07

Continued on next page
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2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Albania 1.52 156 153 149 141 135 1.16 1.10 111 1.14 1.27 129 124 1.20
Belgium 1.22 116 109 1.04 1.04 100 09 091 090 0.88 0.89 089 1.00 1.04 1.16
Bulgaria 213 174 164 131 133 145 131 124 124 121 145 3.15 158 1.51 1.59
Canada 1.25 138 119 1.19 112 100 099 115 116 135 132 128 1.39 126 1.18
Croatia 1.77 166 173 166 1.61 181 175 159 162 154 1.60 169 197 1.80
Czechia 1.23 131 118 1.07 106 101 09 094 099 094 108 1.13 130 135 1.33
Denmark 1.35 134 140 131 135 122 1.15 1.11 1.15 1.14 128 130 1.37 129 1.36
Estonia 177 1.8 170 167 188 188 1.89 199 203 196 197 200 226 201 213
France 1.89 2.09 197 189 187 18 1.86 1.87 192 190 1.8 184 199 191 1.92
Germany 1.18 128 124 118 122 116 1.13 1.11 1.13 1.12 1.15 124 135 130 1.35
Greece 3.01 326 275 252 248 239 236 248 257 254 270 260 3.02 3.80 4.00
Hungary 1.18 113 102 1.04 103 094 086 090 1.00 1.19 1.01 134 1.7 132 184
Italy 1.52 154 149 147 142 139 127 120 133 134 135 131 1.73 166 1.65
Latvia 1.70 142 1.11 1.12 094 097 098 1.07 149 1.64 213 2.09 222 216 2.25
Lithuania 1.13 1.08 089 080 0.77 077 088 1.13 148 1.70 1.95 198 2.04 195 244
Luxembourg 0.36 037 044 038 036 036 037 042 038 049 050 0.55 058 047 0.62
Montenegro 1.35 137 133 1.74 155 1.57
Netherlands 1.29 138 132 128 123 116 1.15 1.12 1.14 1.13 120 129 1.40 1.37 1.30
North Macedonia 1.24 1.47 1.58
Norway 1.37 160 151 144 139 141 146 150 162 1.71 1.71 185 1.97 168 1.46
Poland 175 179 184 179 180 179 191 213 194 1.87 202 196 226 222 221
Portugal 141 153 148 149 140 144 130 1.33 154 123 134 137 1.42 152 1.39
Romania 140 128 123 124 117 129 135 145 143 1.72 179 183 2.00 185 1.75
Slovakia 1.40 151 125 1.07 108 098 098 1.11 1.11 1.09 122 170 190 1.71 1.80
Slovenia 149 160 162 130 1.18 1.06 098 094 1.01 098 099 1.06 1.06 124 1.29
Spain .36 1.35 138 132 142 127 124 126 113 121 124 122 135 134 1.40
Turkey 2.18 247 227 203 201 192 187 181 205 207 252 269 243 190 1.19
United Kingdom 249 2.65 2.57 250 242 229 219 205 198 194 194 198 216 2.07 2.06
United States 4.45 488 490 4.82 446 4.02 368 346 340 330 3.30 341 365 340 3.31

(Notes. Military expenditures as a share of GDP among NATO member states, 1993-2022. This table
provides a longitudinal record of defense burdens (ME/GDP) for all NATO members with available data,
and serves as the empirical baseline for assessing patterns of burden sharing over time and across countries.)



B.3 European NATO Distance Categories

Table B.3: European NATO countries by distance category to Russia

Category 1: No Border with Russia

Albania Ireland

Austria Italy

Belgium Kosovo

Bosnia and Herzegovina Luxembourg
Bulgaria Montenegro
France Netherlands
Greece North Macedonia
Portugal Serbia

Slovenia Spain
Switzerland United Kingdom
United States Canada

Category 2: Indirect Border with Russia

Czechia Germany
Denmark Hungary
Romania Slovakia

Sweden Turkey

Category 3: Direct Border with Russia

Estonia Finland

Latvia Lithuania

Norway Poland

(Notes. Countries are categorized based on geographic distance to Russia. Category 1 includes all others
geographically more distant, such as France. Category 2 includes countries separated by only one other
country (e.g., Sweden). Category 3 includes countries sharing a direct land border with Russia (e.g.,
Finland, Poland via Kaliningrad).)

- 111 —



B.4
European NATO

Evolution of Defense Burden and Average Benefit Share 2 across
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Figure B.1: The figure displays evolution of Defense Burdens (as a percentage share) for
27 European NATO members, alongside their derived Average Benefit Share 2. Each row
uses a different vertical scale. The horizontal axis represents the years 1993 to 2022.
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B.5 Average Benefit Shares from 1993-2022

Table B.4: Defense burden and Average Benefit Share 4 in European NATO, based on
GDP, population, and a combined threat factor including exposed borders, exposed border
with Russia, and distance categories

1993 1994 1995 1996 1997

DB ABS4 DB ABS4 DB ABS4 DB ABS4 DB ABS4
Albania,
Belgium 226 247 238  2.51 2.50 253 237 247 221 243
Bulgaria
Croatia
Czechia
Denmark 1.62 314 164 316 1.75 3.18 1.72 317 168 3.16
Estonia
France 21.54 12.06 22.46 12.08 22.57 12.05 21.75 11.93 20.81 11.69
Germany 21.10 17.89 20.59 18.03 21.79 18.13 20.48 17.60 18.75 16.99
Greece 2.03 361 216 3.62 235 362 257 364 274 3.66
Hungary
Italy 10.99 11.14 10.88 11.04 9.67 10.65 11.60 11.05 12.09 11.04
Latvia
Lithuania
Luxembourg 0.06 0.72 0.07 073 0.0r 073 007 073 007 0.73
Montenegro
Netherlands 4.25 3.53 4.30 3.57 451 3.62 437 358 410 3.55
N. Macedonia
Norway 191 1699 205 16.99 1.97 17.01 1.97 1704 195 17.07
Poland
Portugal 1.00 207 099 2.06 .13 207 110 2.08 1.08 2.08
Romania
Slovakia
Slovenia
Spain 6.05 6.79 6.08 671 643 671 630 6.76 592 6.69
Turkey 426 795 319 775 372 788 419 796 4.67 8.08
UK 2295 11.63 23.23 11.74 21.54 11.82 21.52 11.99 2392 12.83
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1998 1999 2000 2001 2002

DB ABS4 DB ABS4 DB ABS4 DB ABS4 DB ABS4
Albania
Belgium 2.16 241 2.06 2.10 1.99 2.08 1.93 208 1.82 208
Bulgaria
Croatia
Czechia 0.69 1.91 0.72 191 0.75 1.93 0.86 1.95
Denmark 1.68 3.15 1.59  2.69 1.49 2.69 1.61 2.69 1.56  2.69
Estonia
France 19.86 11.64 18.67 10.65 17.73 10.56 17.81 10.59 17.66 10.58
Germany 18.42 16.74 17.54 15.16 16.54 14.63 16.45 14.59 15.94 14.40
Greece 285 364 286 326 28 327 282 329 273 331
Hungary 0.40  2.01 0.45 2.01 054 203 062 205
Italy 12.29 10.94 12.01 9.93 1241 9.84 1244 9.90 1248  9.89
Latvia
Lithuania
Luxembourg 0.08 0.73 0.07 055 0.07 056 009 056 0.08 0.56
Montenegro
Netherlands 4.04 3.57 4.01 322 373 322 395 328 388 3.29
N. Macedonia
Norway 1.96 17.02 1.89 10.51 1.82  10.62 1.89 10.63 2.35 10.65
Poland 1.84 10.69 1.96 10.71 2.31 10.76  2.18 10.71
Portugal 1.04 2.09 1.04 1.81 1.04 1.81 1.12 1.83 1.13 1.83
Romania
Slovakia
Slovenia
Spain 6.10 6.71 6.35 6.10 6.41 6.13  6.51 6.25 593  6.35
Turkey 5.18 843 569 734 624 753 460 728 523 7.38
UK 24.34 12,94 23.29 12.06 24.55 1242 25.18 12.33 25.55 12.26
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2003 2004 2005 2006 2007

DB ABS4 DB ABS4 DB ABS4 DB ABS4 DB ABS4
Albania
Belgium 1.86 209 177 185 1.75 1.84 168 184 1.78 1.84
Bulgaria 026 091 028 091 028 091 034 091
Croatia
Czechia 0.90 195 0.85 1.55 1.01 1.55 096 1.60 0.93 1.62
Denmark 1.53 269 149 224 144 2.26 152 224 144 223
Estonia 0.09 4.09 0.08 410 0.09 409 0.13 4.10
France 18.47 10.66 1849 997 1840 992 17883 9.86 17.49 9.82
Germany 15.80 14.33 14.85 13.14 12,56 12.86 14.01 12.72 13.84 12.61
Greece 241 335 260 299 291 296 297 299 294 3.00
Hungary 0.67 206 064 165 066 155 055 1.64 0.61 1.65
Italy 12.84 9.96 1256 9.26 1232 9.16 11.57 9.08 11.03 9.00
Latvia 0.10 391 011 391 014 391 0.17 392
Lithuania 0.11 340 0.13 340 0.14 340 0.15 3.41
Luxembourg 0.09 056 0.09 039 0.09 040 0.09 040 0.09 041
Montenegro
Netherlands 4.00 3.31 3.89 298 396 296 399 296 396 2.96
N. Macedonia
Norway 2.16 10.63 2.03 6.13 202 627 196 6.24 2.03 6.24
Poland 1.99 1063 198 583 244 585 258 594 296 598
Portugal 1.13 184 1.18 1.58 1.30 1.58 1.23 157 114 1.56
Romania 0.64 228 082 232 08 234 090 2.38
Slovakia 0.30 1.04 034 1.05 036 105 0.39 1.06
Slovenia 0.20 0.58 0.21 058 024 058 024 0.59
Spain 6.17 6.53 634 611 663 6.22 6.74 6.30 6.92 6.38
Turkey 492 748 453 6.79 500 7.00 509 7.06 517 7.12
UK 25.06 11.93 25.02 11.31 2553 11.34 25.07 11.29 25.34 11.22
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2008 2009 2010 2011 2012

DB ABS4 DB ABS4 DB ABS4 DB ABS4 DB ABS4

Albania 0.06 054 006 054 007 054 0.07r 0.54
Belgium 199 18 1.89 187 1.8 1.87 18 1.8 1.84 189
Bulgaria 037 092 030 08 029 08 026 08 026 0.89
Croatia 037 130 034 132 037 132 034 131
Czechia 0.92 1.67 091 162 087 161 083 162 0.79 1.60
Denmark 152 224 146 217 157 219 152 219 157 219
Estonia 0.14 410 012 403 012 404 013 404 016 4.04
France 1754 991 1895 997 1811 988 1823 991 1786 9.8
Germany 14.29 12.64 1495 12.63 1497 1259 15.21 12.62 15.58 12.57
Greece 335  3.02 357 292 284 284 240 277 210 2.71
Hungary 0.59 166 050 1.58 047 145 050 144 047 1.43
Italy 11.67 9.02 1143 899 11.14 887 11.39 885 10.59  8.68
Latvia 0.18 393 012 387 009 38 010 3.8 0.09 3.86

Lithuania 0.17 341 014 335 011 335 0.12 335 0.12 3.35
Luxembourg 0.07 041 0.07 040 009 041 0.08 0.41 0.08 0.41
Montenegro

Netherlands 3.92 3.02 4.07 3.03 390 298 392 297 3.69 293
N. Macedonia

Norway 202 629 208 6.01 226 619 244 626 254 6.33
Poland 296 6.10 265 593 3.06 593 318 595 320 594
Portugal 1.18 157 1.25 155 123 154 123 151 1.08 148
Romania 095 239 07 229 073 227 080 228 0.75 2.26
Slovakia 0.45 107 045 1.04 040 1.04 036 104 036 1.04
Slovenia 0.26 059 027 057 027 051 022 051 019 0.51
Spain 7.04 647 6.77 646 686 635 6.63 625 671 6.09
Turkey 532 721 539 703 614 734 573 739 629 7.60
UK 23.10 10.50 21.49 995 2226 10.15 2242 10.13 23.28 10.49
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2018 2014 2015 2016 2017

DB ABS4 DB ABS4 DB ABS4 DB ABS4 DB ABS4

Albania 0.06 054 006 054 005 054 0.05 054 0.06 0.51
Belgium 1.87 190 1.8 189 170 1.87 171 190 1.71 190
Bulgaria 029 088 026 088 026 087 027 087 028 087
Croatia 034 131 038 130 036 129 034 129 035 1.28
Czechia 0.r6 1.8 071 157 072 157 079 1.59 080 1.60
Denmark 150 220 143 219 136 218 145 220 145 219
Estonia 0.17 405 018 4.05 019 405 020 405 021 4.03
France 1846  9.89 1871 9.81 1851 967 19.06 9.71 1899  9.69
Germany 15.71 12.66 15.73 12.73 1548 12.64 16.06 12.87 16.32 12.96
Greece 201 268 195 265 195 263 200 262 196 2.60
Hungary 045 143 043 142 046 142 052 142 0.66 1.42
Italy 10.64 864 9.76 857 9.00 843 10.0r 848 10.21 8.44
Latvia 0.10 386 0.10 3.8 011 38 016 386 0.19 3.84

Lithuania 0.13 335 015 335 019 335 026 335 031 3.33
Luxembourg 0.08 042 0.09 042 0.10 042 0.09 042 0.12 042
Montenegro 0.03  0.38
Netherlands 3.63 293 3.64 291 352 288 3.67 292 370 294
N. Macedonia

Norway 262 632 258 625 236 615 241 6.11 265 6.11
Poland 329 592 364 593 414 592 3.69 590 381 593
Portugal 1.16 147 106 146 107 145 128 146 1.05 1.46
Romania 0.87 226 095 226 105 225 1.06 226 140 2.26
Slovakia 034 104 035 104 040 1.04 040 1.04 040 1.03
Slovenia 0.18 051 017 051 016 051 018 051 0.18 0.51
Spain 6.12 6.02 6.05 596 6.16 594 564 599 6.19 6.02
Turkey 6.04 771 619 767 635 779 r17v 784 688 7.76
UK 22.66 1043 2359 10.79 2433 11.29 2146 10.80 20.10 10.53
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2018 2019 2020 2021 2022

DB ABS4 DB ABS4 DB ABS4 DB ABS4 DB ABS4

Albania 0.06 052 007 052 006 049 0.0 049 0.07 049
Belgium 1.70 191 166 192 1.74 193 188 193 212 193
Bulgaria 034 087 075 087 037 08 038 08 044 0.8
Croatia 033 128 034 128 032 127 041 1.27 040  1.27
Czechia 0.95 1.63 1.01 1656 107 164 118 164 123 1.67
Denmark 1.60 219 156 218 1.60 221 1.59 222 169 222
Estonia 0.22 403 022 404 024 402 023 402 025 4.03
France 18.09 970 1744 9.69 1731 9.69 17.04 9.63 16.53 9.41
Germany 16.36  12.99 17.08 1294 1749 13.11 17.00 1290 17.30 12.70
Greece 203 259 187 258 1.89 254 250 254 270 253
Hungary 0.57 143 07 144 091 142 0.72 143 1.00 1.42
Italy 10.00 839 9.18 826 10.80 813 1090 813 10.69 8.04
Latvia 025 384 024 38 024 383 025 383 026 3.83

Lithuania 037 333 038 333 039 332 039 333 053 334
Luxembourg 0.13 042 0.13 042 0.14 043 012 043 0.16 043
Montenegro 0.03 038 0.03 038 003 037 0.03 037 0.03 0.37
Netherlands 3.91 298 418 3.01 429 3.07r 433 3.07 420 3.08

N. Macedonia 0.06 041 006 041 0.07 041
Norway 2656 6.12 262 6.08 237 602 254 616 268 6.33
Poland 424 597 410 6.00 450 6.01 460 596 4.73 597
Portugal 1.14 146 1.15 147 107 145 117 145 1.10 1.46
Romania 153 228 161 230 166 229 159 228 160 230
Slovakia 0.46 104 063 1.04 067 1.03 062 103 0.64 1.02
Slovenia 0.19 051 020 051 019 051 023 051 024 0.51
Spain 6.27 6.04 598 6.06 572 591 588 591 6.26 5.93
Turkey 6.92 755 711 760 573 758 468 7.63 332 7.82
UK 19.65 10.53 19.69 10.60 19.14 1047 19.60 10.59 19.75 10.65

(Notes. The table reports the defense burden (measured as military expenditure over GDP) and the
Average Benefit Share 4 for European NATO from 1993 to 2022. The benefit share is derived from a
weighted composite of GDP, population size, and including three threat dimensions: exposed land borders,
exposed borders with Russia, and a distance category. Each component is equally weighted in constructing
the composite measure. Values are expressed as shares that sum to 100% across countries per year.)
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Table B.5: Defense burden and Average Benefit Shares 1-3 in European NATO based
on GDP, population, and exposed borders (EB), exposed borders with Russia (EBR), or
distance categories (DC)

1995 2000 2005
ABS ABS ABS ABS ABS ABS ABS ABS ABS
DB 1 2 3 bB 1 2 3 bB 1 2 3

Albania
Belgium 250 193 190 376 199 1.65 1.63 297 1.75 1.58 1.56 2.39
Bulgaria 0.28 0.81 0.55 1.38
Croatia
Czechia 0.72 1.16 0.95 3.62 1.01 1.08 0.96 2.62
Denmark 1.75 359 1.12 482 149 339 1.01 3.68 1.44 3.19 096 2.63
Estonia 0.08 1.37 8.32 2.62
France 22.57 12.66 10.82 12.67 17.73 11.29 9.52 10.86 18.40 10.75 9.09 9.93
Germany 21.79 17.96 16.36 20.07 16.54 14.51 13.36 16.03 12.56 13.02 11.94 13.61
Greece 235 6.29 1.36 3.21 2.85 599 124 257 291 555 1.25 2.09
Hungary 0.45 1.58 0.89 3.56 0.66 1.19 0.89 2.56
Italy 9.67 12.05 9.02 10.88 12.41 11.34 8.42 9.76 12.32 10.66 8.00 &.83
Latvia 0.11 0.48 8.58 2.68
Lithuania 0.13 0.57 6.87 2.77
Luxembourg 0.07 0.11 0.11 1.96 0.07 0.11 0.11 145 0.09 0.12 0.12 0.95
Montenegro

Netherlands 4.51 3.11 295 4.81 3.73 288 273 4.06 3.96 2.77 264 3.47
N. Macedonia

Norway 1.97 10.29 34.26 6.48 1.82 10.00 16.90 4.98 2.02 9.45 585 3.52
Poland 1.96 4.06 20.74 7.32 244 3.58 838 5.59
Portugal 1.13 1.86 1.256 3.11 1.04 1.76 1.17 251 1.30 1.66 1.12 1.95
Romania 0.82 218 1.55 3.22
Slovakia 0.34 0.51 048 2.15
Slovenia 0.21 050 0.21 1.04
Spain 6.43 7.23 552 737 641 6.78 5.14 6.47 6.63 6.97 5.43 6.27
Turkey 3.72 881 5.56 9.27 6.24 873 5.60 827 500 835 549 7.16
UK 21.54 14.12 9.75 11.60 24.55 14.77 10.57 11.90 25.53 13.68 9.75 10.58
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2010 2015 2020

ABS ABS ABS ABS ABS ABS ABS ABS ABS
bB 1 2 3 bB 1 2 3 bB 1 2 3

Albania 0.06 044 020 0.99 0.06 043 0.19 099 0.06 0.33 0.19 0.95
Belgium 1.82 1.62 160 239 1.70 1.62 160 240 1.74 1.69 167 2.43
Bulgaria 0.29 079 054 134 026 0.77 053 1.32 037 0.73 0.53 1.29
Croatia 034 241 037 1.17 036 239 035 1.14 032 237 034 1.09
Czechia 0.87 116 1.04 2.63 0.72 1.12 1.01 259 107 1.21 1.09 2.61
Denmark 1.57 3.06 0.97 255 136 3.04 095 254 1.60 3.10 1.01 2.53
Estonia 0.12 1.30 832 250 0.19 130 833 251 024 131 834 241
France 18.11 10.66 9.10 9.89 18.51 10.44 8.89 9.68 17.31 10.48 8.92 9.68
Germany 14.97 1273 11.72 13.31 15.48 12.79 11.77 13.36 17.49 13.28 12.27 13.78
Greece 2.84 523 125 2.04 195 502 1.03 183 1.89 490 098 1.74
Hungary 0.47 104 086 245 046 1.01 0.83 242 091 1.04 0.86 2.38
Italy 11.14 10.27 7.77 856 9.00 9.83 7.33 8.12 10.80 9.55 7.05 7.80
Latvia 0.09 046 857 255 0.11 045 857 255 024 046 858 245

Lithuania 0.11 054 6.86 2.64 0.19 054 6.86 2.64 039 0.55 6.88 2.54
Luxembourg 0.09 0.14 0.14 0.93 0.10 0.16 0.16 0.95 0.14 0.18 0.18 0.93
Montenegro 0.03 0.26 0.04 0.80
Netherlands 3.90 2.80 2.67 3.47 3.52 270 258 3.37 4.29 290 2.77 3.53
N. Macedonia 0.05 0.21 0.13 0.89
Norway 226 9.08 597 3.52 236 9.03 593 348 237 893 584 3.28
Poland 3.06 3.68 851 5.60 4.14 3.67 850 5.60 4.50 3.79 8.63 5.61
Portugal 1.23 162 1.10 190 1.07 1.53 1.01 1.81 1.07 1.54 1.03 1.79
Romania 0.73 213 155 3.14 1.056 2.11 1.53 3.12 1.66 2.17 1.59 3.11
Slovakia 0.40 0.53 0.50 2.09 0.40 0.53 0.50 2.09 0.67 0.55 0.52 2.03
Slovenia 0.27 032 0.22 1.01 0.16 0.31 0.21 1.00 0.19 0.32 0.22 0.98

Spain 6.86 7.04 560 6.39 6.16 6.63 519 598 572 6.62 5.18 594
Turkey 6.14 860 591 750 6.35 9.05 6.37 795 573 886 6.18 7.70
UK 22.26 12.35 8.65 9.44 24.33 13.49 9.79 10.58 19.14 12.68 8.98 9.74

(Notes. The table displays defense burdens (measured as military expenditure over GDP) and alternative
Average Benefit Shares (ABS) for European NATO for selected years (1995, 2000, 2005, 2010, 2015, 2020)
to illustrate changes over time. Each ABS combines GDP, population, and a threat component with equal
weights. ABS 1 uses total exposed land borders; ABS 2 uses only exposed borders with Russia; and
ABS DC is based on distance category. All values are expressed as percentage shares summing to 100%
across countries in each year.)
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Table B.6: Defense burden and Average Benefit Shares 1-3 in European NATO based on
GDP, population, and EB, EBR, or DC

1993 1994 1995 1996
ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS

bB 1 2 3 bB 1 2 3 bB 1 2 3 bB 1 2 3
Albania
Belgium 226 187 185 3.70 238 191 1.89 374 250 193 190 3.76 237 187 185 3.70
Bulgaria
Croatia
Czechia
Denmark 1.62 3.55 1.08 4.78 1.64 3.57 1.10 481 1.75 3.59 1.12 482 1.72 359 1.11 4.82
Estonia
France 21.54 12.67 10.83 12.68 22.46 12.69 10.85 12.71 22.57 12.66 10.82 12.67 21.75 12.54 10.70 12.55
Germany 21.10 17.72 16.12 19.83 20.59 17.86 16.26 19.97 21.79 17.96 16.36 20.07 20.48 17.42 15.83 19.54
Greece 2.03 628 1.34 320 216 6.29 1.35 321 235 6.29 1.36 3.21 257 6.31 1.38 3.23
Hungary
Italy 10.99 12.54 9.52 11.37 10.88 12.44 9.41 11.27 9.67 12.05 9.02 10.88 11.60 12.45 9.42 11.27
Latvia
Lithuania
Luxembourg 0.06 0.11 0.11 1.96 0.07 0.11 0.11 196 0.07 0.11 0.11 196 0.07 0.11 0.11 1.96
Montenegro
Netherlands 4.25 3.02 2.87 4.72 430 3.06 290 4.76 4.51 3.11 295 481 437 3.07 291 4.77
N. Macedonia
Norway 1.91 10.27 34.24 6.46 2.05 10.27 34.24 6.46 1.97 10.29 34.26 6.48 197 10.32 34.29 6.51
Poland
Portugal 1.00 1.85 125 3.10 099 1.85 125 3.10 1.13 1.86 125 3.11 1.10 1.87 1.26 3.11
Romania
Slovakia
Slovenia
Spain 6.05 7.31 561 746 6.08 7.23 5.52 7.37 6.43 723 552 737 6.30 7.28 557 7.43
Turkey 4.26 8.88 5.64 934 3.19 868 544 9.14 3.72 881 556 927 4.19 8.89 565 9.35
UK 22.95 13.93 9.56 11.41 23.23 14.03 9.67 11.52 21.54 14.12 9.75 11.60 21.52 14.28 9.91 11.76
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1997 1998 1999 2000
ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS

bB 1 2 3 DB 1 2 3 bB 1 2 3 bB 1 2 3
Albania
Belgium 221 182 180 365 216 1.81 1.78 3.64 206 167 165 298 1.99 1.65 1.63 297
Bulgaria
Croatia
Czechia 0.69 1.16 095 3.62 0.72 1.16 0.95 3.62
Denmark 1.68 3.57 1.10 4.80 1.68 356 1.09 4.79 1.59 337 1.02 368 149 3.39 1.01 3.68
Estonia
France 20.81 12.30 10.46 12.31 19.86 12.25 10.41 12.27 18.67 11.37 9.62 10.95 17.73 11.29 9.52 10.86
Germany 18.75 16.82 15.23 18.93 18.42 16.57 14.97 18.68 17.54 15.28 13.77 16.44 16.54 14.51 13.36 16.03
Greece 2.74 6.33 139 325 285 6.31 1.38 323 286 594 125 258 2.85 599 124 257
Hungary 0.40 1.57 0.89 3.56 0.45 1.58 0.89 3.56
Italy 12.09 12.44 9.41 11.26 12.29 12.34 9.31 11.16 12.01 11.41 853 9.86 12.41 11.34 8.42 9.76
Latvia
Lithuania
Luxembourg  0.07 0.11 0.11 196 0.08 0.11 0.11 196 0.07 0.11 0.11 1.44 0.07 0.11 0.11 1.45
Montenegro
Netherlands 4.10 3.03 2.88 4.73 4.04 3.05 290 4.75 4.01 288 273 4.06 3.73 2.88 2.73 4.06
N. Macedonia
Norway 1.95 10.35 34.32 6.54 1.96 10.30 34.27 6.49 1.89 9.82 16.82 4.90 1.82 10.00 16.90 4.98
Poland 1.84 4.03 20.73 7.31 1.96 4.06 20.74 7.32
Portugal 1.08 1.87 1.27 3.12 1.04 188 127 3.13 1.04 1.75 1.17 251 104 176 1.17 2.1
Romania
Slovakia
Slovenia
Spain 592 7.21 551 736 6.10 7.23 553 7.38 6.35 6.74 512 6.45 6.41 6.78 5.14 6.47
Turkey 4.67 9.01 5.77 947 518 936 6.11 9.82 5.69 851 542 809 6.24 873 5.60 8.27
UK 23.92 15.13 10.76 12.61 24.34 15.23 10.87 12.72 23.29 14.38 10.23 11.56 24.55 14.77 10.57 11.90
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2001 2002 2003 2004
ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS
bB 1 2 3 DB 1 2 3 bB 1 2 3 bB 1 2 3

Albania
Belgium 193 1.65 1.63 296 182 165 163 296 1.86 1.66 1.64 297 1.77 159 1.57 2.40
Bulgaria 0.26 0.80 0.55 1.38
Croatia
Czechia 0.75 1.18 097 364 086 1.20 0.99 3.66 090 120 099 3.66 0.85 1.12 0.93 2.60
Denmark 1.61 3.39 1.01 3.68 156 3.38 1.00 3.67 1.53 3.39 1.01 3.67 149 3.13 0.96 2.63
Estonia 0.09 1.34 832 2.62
France 17.81 11.32 9.55 10.89 17.66 11.31 9.54 10.88 18.47 11.39 9.62 10.96 18.49 10.77 9.15 9.99
Germany 16.45 14.46 13.31 15.98 15.94 14.28 13.13 15.80 15.80 14.21 13.06 15.72 14.85 13.28 12.23 13.90
Greece 2.82 6.01 126 259 273 6.03 128 262 241 6.07 132 266 2.60 559 127 210
Hungary 0.54 1.60 091 358 0.62 1.62 094 3.60 0.67 163 094 3.61 0.64 1.51 0.89 2.56
Italy 12.44 11.39 8.48 9.81 12.48 11.39 847 9.80 12.84 11.46 855 9.88 12.56 10.76 8.10 8.94
Latvia 0.10 0.47 858 2.68
Lithuania 0.11 0.56 6.87 2.77
Luxembourg 0.09 0.11 0.11 145 0.08 0.11 0.11 145 0.09 0.12 0.12 1.45 0.09 0.12 0.12 0.95
Montenegro
Netherlands 3.95 293 279 412 388 294 280 4.13 4.00 296 281 4.15 3.89 279 2.66 3.49
N. Macedonia
Norway 1.89 10.01 16.90 4.99 2.35 10.03 16.92 5.01 2.16 10.00 16.90 4.98 2.03 9.16 5.78 3.45
Poland 2.31 4.11 20.80 7.38 2.18 4.06 20.75 7.33 199 3.98 20.66 7.25 1.98 3.68 831 5.52
Portugal 1.12 177 1.19 252 1.13 1.78 1.19 253 1.13 1.78 120 253 1.18 1.66 1.12 1.96
Romania 0.64 213 1.52 3.19
Slovakia 0.30 0.51 048 2.14
Slovenia 0.20 0.49 021 1.04
Spain 6.51 6.90 525 6.59 593 7.00 536 6.69 6.17 7.18 554 687 634 6.83 5.33 6.17
Turkey 4.60 8.48 535 8.02 523 858 545 812 4.92 867 555 822 4.53 814 529 6.96
UK 25.18 14.69 10.48 11.82 25.55 14.62 10.42 11.75 25.06 14.29 10.09 11.42 25.02 13.59 9.76 10.59
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2005 2006 2007 2008
ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS
bB 1 2 3 bB 1 2 3 bB 1 2 3 bB 1 2 3

Albania
Belgium 1.75 158 1.56 239 1.68 157 155 239 1.78 1.57 1.55 239 199 159 1.57 2.40
Bulgaria 0.28 0.81 0.55 138 0.28 0.80 0.55 1.38 0.34 0.80 0.55 1.38 0.37 0.81 0.55 1.39
Croatia
Czechia 1.01 1.08 0.96 2.62 096 1.17 098 2.64 0.93 1.19 1.00 266 092 1.24 1.05 2.72
Denmark 144 3.19 096 2.63 152 3.13 096 263 1.44 3.11 095 261 152 3.13 0.96 2.63
Estonia 0.08 1.37 832 262 009 134 832 262 0.13 135 833 263 0.14 1.35 833 2.62
France 18.40 10.75 9.09 9.93 17.88 10.66 9.05 9.88 17.49 10.62 9.01 9.84 17.54 10.71 9.10 9.93
Germany 12.56 13.02 11.94 13.61 14.01 12.86 11.81 13.48 13.84 12.76 11.71 13.38 14.29 12.79 11.74 13.41
Greece 291 555 125 209 297 560 1.27 211 294 560 1.28 211 335 562 130 2.13
Hungary 0.66 1.19 0.89 256 0.55 1.50 0.88 2.54 0.61 1.51 089 255 0.59 1.52 0.89 2.56
Italy 12.32 10.66 8.00 &8.83 11.57 10.57 791 875 11.03 10.49 7.84 8.67 11.67 10.52 7.86 8.69
Latvia 0.11 0.48 858 268 0.14 048 859 268 0.17 049 859 269 0.18 0.49 860 2.69
Lithuania 0.13 0.57 6.87 2.77 0.14 0.56 6.87 2.77 0.15 0.57 688 2.77 0.17 0.57 6.89 2.78
Luxembourg 0.09 0.12 0.12 0.95 0.09 0.12 0.12 096 0.09 0.13 0.13 0.96 0.07 0.13 0.13 0.97
Montenegro
Netherlands 3.96 2.77 2.64 347 399 277 2.64 347 396 2.77 264 347 3.92 283 2.69 3.53
N. Macedonia
Norway 2.02 945 585 352 196 9.27 5.89 355 203 927 589 3.56 2.02 932 595 3.61
Poland 2.44 358 838 559 258 3.78 841 562 296 3.83 846 5.67 296 3.94 857 b5.78
Portugal 1.30 1.66 1.12 1.95 123 164 1.11 194 1.14 1.64 1.11 194 118 164 1.11 1.94
Romania 0.82 2.18 1.55 3.22 088 2.18 1.58 324 090 222 162 328 095 224 1.64 3.30
Slovakia 0.34 0.51 048 215 036 0.52 049 2.15 039 0.52 050 216 045 0.54 0.51 2.17
Slovenia 0.21 0.50 021 1.04 024 049 0.21 1.04 024 050 022 1.05 0.26 0.50 0.22 1.05
Spain 6.63 6.97 543 6.27 6.74 7.02 553 6.36 6.92 7.10 560 643 7.04 7.19 570 6.53
Turkey 5.00 835 549 7.16 5.09 840 5.55 7.22 517 846 562 7.28 532 855 571 7.37
UK 25.53 13.68 9.75 10.58 25.07 13.56 9.74 10.57 25.34 13.50 9.67 10.50 23.10 12.77 8.95 9.78
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2009 2010 2011 2012
ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS
bB 1 2 3 bB 1 2 3 bB 1 2 3 bB 1 2 3

Albania 0.06 0.43 020 099 0.06 044 0.20 0.99 0.07r 044 020 099 0.07 0.44 0.20 0.99
Belgium 1.89 162 160 240 1.82 1.62 160 239 1.8 1.64 162 241 184 1.64 1.62 241
Bulgaria 0.30 0.79 055 134 029 079 054 1.34 026 079 054 134 026 0.79 054 1.33
Croatia 037 235 038 118 0.34 241 037 1.17 037 241 037 1.16 0.34 241 0.36 1.16
Czechia 091 121 104 262 087 1.16 1.04 263 083 116 1.05 264 0.79 1.15 1.03 2.62
Denmark 146 299 0.97 255 1.57 3.06 097 255 1.52 3.05 096 255 1.57 3.06 0.96 2.55
Estonia 0.12 1.26 832 250 0.12 130 832 250 0.13 130 832 250 0.16 1.30 8.32 2.50
France 18.95 10.71 9.20 10.00 18.11 10.66 9.10 9.89 18.23 10.69 9.13 9.92 17.86 10.62 9.07 9.86
Germany 14.95 12.75 11.77 13.36 14.97 12.73 11.72 13.31 15.21 12.77 11.76 13.35 15.58 12.72 11.70 13.29
Greece 3.57 535 131 210 284 523 1.25 204 240 5.16 1.18 197 2.10 5.10 1.12 191
Hungary 0.50 1.44 0.8 245 047 1.04 086 245 050 1.03 086 244 047 1.01 0.84 243
ITtaly 11.43 10.38 7.90 8.69 11.14 10.27 7.77 8.56 11.39 10.25 7.75 854 10.59 10.08 7.58 8.37
Latvia 0.12 0.45 858 256 0.09 046 857 255 0.10 046 857 2.55 0.09 0.46 858 2.55
Lithuania 0.14 0.54 6.87 265 011 054 686 2.64 0.12 054 687 264 0.12 0.54 6.87 2.64
Luxembourg 0.07 0.14 0.14 0.93 0.09 0.14 0.14 093 0.08 0.14 0.14 094 0.08 0.15 0.15 0.94
Montenegro
Netherlands 4.07 2.85 2.72 352 390 280 2.67 347 392 279 266 345 3.69 2.75 2.62 3.42
N. Macedonia
Norway 2.08 872 589 343 226 9.08 597 352 244 9.15 6.04 3.59 254 922 6.12 3.66
Poland 2.66 3.79 845 554 3.06 3.68 851 5.60 3.18 3.70 853 5.62 3.20 3.69 852 5.61
Portugal 1.25 161 1.12 191 123 162 110 190 1.23 1.59 1.08 1.87 1.08 156 1.04 1.84
Romania 0.75 2.13 157 3.16 0.73 213 155 3.14 080 214 1.56 3.14 0.75 213 1.54 3.13
Slovakia 0.45 0.53 050 2.09 040 0.53 0.50 2.09 036 053 050 2.09 0.36 0.53 0.50 2.09
Slovenia 0.27 048 0.22 1.01 027 032 0.22 1.01 022 032 022 1.01 019 031 0.21 1.00
Spain 6.77 7.13 573 6.53 686 7.04 560 6.39 6.63 6.95 550 630 6.71 6.79 5.34 6.14
Turkey 5.39 827 561 7.20 6.14 860 591 7.50 573 866 597 7.56 6.29 8.86 6.18 7.76
UK 21.49 12.07 849 9.29 2226 12.35 8.65 9.44 22.42 12.33 8.63 9.42 23.28 12.70 9.00 9.79

Continued on next page



—9¢T —

2013 2014 2015 2016
ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS
bB 1 2 3 bB 1 2 3 bB 1 2 3 bB 1 2 3

Albania 0.06 0.44 020 099 0.06 044 0.19 099 0.05 043 0.19 099 0.05 0.43 0.19 0.99
Belgium 1.87 165 1.63 242 1.83 1.64 162 242 1.70 1.62 1.60 240 1.71 1.65 1.63 2.42
Bulgaria 0.29 0.78 053 133 026 078 0.53 1.32 0.26 0.77 053 132 0.27 0.77 0.53 1.32
Croatia 0.34 240 036 116 038 240 035 1.15 036 239 035 1.14 034 239 035 1.14
Czechia 0.76 1.13 1.02 260 0.71 1.11 1.00 259 0.72 1.12 1.01 259 079 114 1.02 261
Denmark 1.50 3.06 0.97 255 143 3.06 096 255 1.36 3.04 095 254 145 3.06 0.97 2.56
Estonia 0.17 131 833 251 018 131 833 251 0.19 130 833 251 020 1.31 833 251
France 18.46 10.66 9.10 9.89 18.71 10.58 9.03 9.82 18.51 10.44 8.89 9.68 19.06 10.48 8.92 9.72
Germany 15.71 12.81 11.80 13.38 15.73 12.88 11.86 13.45 15.48 12.79 11.77 13.36 16.06 13.02 12.00 13.59
Greece 2.01 507 109 188 195 5.05 1.06 1.8 195 5.02 1.03 1.83 2.00 5.01 1.02 1.82
Hungary 0.45 1.01 084 242 043 1.01 084 242 046 1.01 0.83 242 052 1.01 0.84 2.42
ITtaly 10.64 10.04 7.54 833 9.76 998 747 827 9.00 9.83 7.33 8.12 10.07 9.89 7.38 8.18
Latvia 0.10 0.46 858 255 0.10 046 857 255 0.11 045 857 255 0.16 0.45 857 2.55
Lithuania 0.13 0.55 6.87 264 0.15 054 687 264 0.19 054 686 264 0.26 0.54 6.86 2.64
Luxembourg 0.08 0.15 0.15 0.95 0.09 0.16 0.16 095 0.10 0.16 0.16 095 0.09 0.16 0.16 0.95
Montenegro
Netherlands 3.63 2.75 262 342 3.64 274 261 340 352 270 258 337 3.67 2.74 262 341
N. Macedonia
Norway 2.62 921 6.10 3.65 258 9.14 6.03 358 236 9.03 593 348 241 9.00 589 3.44
Poland 3.29 3.67Y 850 559 364 3.68 851 5.60 4.14 3.67 850 560 3.69 3.65 848 5.57
Portugal 1.16 1.55 1.04 183 1.06 154 1.03 1.82 1.07r 1.53 1.01 181 1.28 1.54 1.02 1.82
Romania 0.87 2.12 154 3.12 095 212 153 3.12 1.05 211 1.53 3.12 1.06 212 1.53 3.12
Slovakia 0.34 0.53 050 209 035 0.53 0.50 2.09 040 0.53 050 2.09 040 0.53 0.50 2.09
Slovenia 0.18 0.31 0.21 100 0.17 031 0.21 1.00 0.16 0.31 0.21 1.00 0.18 0.31 0.21 1.00
Spain 6.12 6.72 528 6.07 6.05 6.66 521 6.01 6.16 6.63 519 598 5.64 6.69 525 6.04
Turkey 6.54 897 6.29 787 6.19 893 6.24 7.83 6.35 9.05 637 795 7.17 9.10 6.42 8.00
UK 22.66 12.63 8.93 9.73 23.59 1299 9.29 10.08 24.33 13.49 9.79 10.58 21.46 13.00 9.30 10.10
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2017 2018 2019 2020

ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS
bEB 1 2 3 bB 1 2 3 bB 1 2 3 bB 1 2 3

Albania 0.06 038 0.19 097 0.06 038 0.19 097 0.07 038 019 097 0.06 033 0.19 0.95
Belgium 171 1.65 1.63 241 170 166 164 242 1.66 1.67v 165 243 1.74 169 1.67 2.43
Bulgaria 028 077 053 130 034 077 053 130 075 0.78 0.53 131 0.37 073 0.53 1.29
Croatia 0.35 237 034 112 033 237 034 1.12 034 237 034 1.12 032 237 034 1.09
Czechia 0.80 1.16 1.06 260 095 1.19 1.07 262 1.01 121 1.09 264 1.07 121 1.09 2.61
Denmark 145 3.06 098 253 160 3.06 098 253 1.56 3.06 097 252 160 3.10 1.01 2.53
Estonia 0.21 1.30 833 246 0.22 131 833 246 022 131 834 246 024 131 834 241
France 18.99 10.47 892 9.69 18.09 10.48 893 9.70 17.44 10.46 891 9.69 17.31 1048 8.92 9.68
Germany 16.32 13.12 12.11 13.66 16.36 13.14 12.13 13.68 17.08 13.10 12.09 13.64 17.49 13.28 12.27 13.78
Greece 1.96 498 1.02 1.79 2.03 498 101 1.78 1.87 497 1.00 1.v8 1.89 490 098 1.74
Hungary 0.66 1.02 085 240 0.57 1.03 086 241 076 1.04 0.87 242 091 104 0.86 2.38
Italy 10.21 984 7.35 8&8.12 10.00 9.80 7.30 8.08 9.18 9.67 7.18 795 10.80 9.55 7.05 7.80
Latvia 0.19 0.45 857 250 025 045 858 250 024 045 857 250 0.24 046 858 245
Lithuania 031 054 6.86 258 037 054 687 259 038 055 6.87 259 039 055 6.88 2.54

Luxembourg 0.12 0.16 0.16 094 0.13 0.16 0.16 094 0.13 0.16 0.16 094 0.14 0.18 0.18 0.93
Montenegro 0.03 0.26 0.05 082 0.03 0.27 0.05 082 0.03 027 0.05 082 0.03 026 0.04 0.80
Netherlands 3.70 277 264 342 391 281 268 345 418 284 2.71 349 429 290 2.77 3.53

N. Macedonia 0.05 0.21 0.13 0.89
Norway 2.6 899 592 341 265 9.00 594 343 262 896 590 3.39 237 893 584 3.28
Poland 3.81 3.70 853 557 424 374 857 5.61 4.10 3.77 860 5.64 4.50 3.79 8.63 5.61
Portugal 1.05 1.54 103 1.80 1.14 155 104 181 1.15 1.55 1.04 181 1.07 1.54 1.03 1.79
Romania 1.40 2.13 155 3.10 153 2.15 157 3.12 161 217 159 3.14 166 2.17 159 3.11
Slovakia 0.40 0.53 050 2.05 046 0.54 0.51 2.06 0.63 054 051 206 0.67 0.55 0.52 2.03
Slovenia 0.18 0.31 0.21 099 0.19 032 0.22 099 020 032 022 1.00 0.19 0.32 0.22 0.98
Spain 6.19 6.72 528 6.05 6.27 6.75 531 6.08 598 6.75 531 6.09 572 6.62 5.18 594
Turkey 6.88 9.03 6.35 7.90 6.92 882 6.14 7.70 7.11 887 6.19 7.74 573 886 6.18 7.70
UK 20.10 12.73 9.04 9.82 19.65 12.73 9.05 9.82 19.69 12.80 9.11 9.89 19.14 12.68 8.98 9.74
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2021 2022

ABS ABS ABS ABS ABS ABS
bB 1 2 3 bEB 1 2 3

Albania 0.07 0.33 0.19 095 0.07 0.33 0.19 0.95
Belgium 1.88 1.69 1.67 242 212 169 1.68 243
Bulgaria 0.38 0.73 054 130 044 0.73 0.54 1.29
Croatia 041 237 034 110 040 237 0.34 1.10
Czechia 1.18 1.21 1.09 261 1.23 124 1.12 264
Denmark 1.59 3.11 1.02 253 169 3.11 1.02 2.53
Estonia 023 1.32 834 241 025 132 834 242
France 17.04 10.42 886 9.62 16.53 10.20 8.64 9.40
Germany 17.00 13.07 12.05 13.57 17.30 12.87 11.86 13.38
Greece 250 490 097 173 270 4.89 097 1.73
Hungary 0.72 1.04 086 238 1.00 1.03 0.85 2.37
Italy 10.90 9.55 7.05 7.81 10.69 9.45 6.95 7.71
Latvia 0.25 0.46 858 245 0.26 046 &858 2.45

Lithuania 0.39 056 6.88 255 0.53 0.57 6.89 2.56
Luxembourg 0.12 0.18 0.18 0.94 0.16 0.18 0.18 0.93
Montenegro ~ 0.03 0.27 0.05 0.80 0.03 0.27 0.05 0.80
Netherlands  4.33 290 2.77 3.53 4.20 292 279 3.55
N. Macedonia 0.06 0.20 0.13 0.89 0.07 0.20 0.13 0.89

Norway 2.54 9.07r 599 342 268 924 6.15 3.59
Poland 4.60 3.74 858 556 4.73 3.75 858 5.57
Portugal 1.17 154 103 1.78 1.10 1.55 1.03 1.79
Romania 1.59 217 158 3.10 1.60 2.18 1.60 3.11
Slovakia 0.62 0.54 0.52 203 0.64 0.54 0.51 2.02
Slovenia 0.23 032 022 098 024 032 0.22 0.98
Spain 5.88 6.62 5.18 593 6.26 6.64 5.19 5.95
Turkey 468 891 6.23 7.75 332 9.10 642 7.94
UK 19.60 12.80 9.11 9.87 19.75 12.86 9.17 9.92

(Notes. The table presents defense burdens (measured as military expenditure over GDP) and alternative
specifications of the Average Benefit Share (ABS) for NATO-Europe from 1993 to 2022. Each ABS combines
GDP, population, and one threat-related component, weighted equally. ABS 1 is based on total exposed
land borders; ABS 2 uses only borders exposed to Russia; and ABS 3 using a distance category. Defense
burden and ABS values are normalized to sum to 100% across countries in each year.)



B.6 The Concordance between Defense Burdens and Benefit Shares in
NATO

In addition to section 3.5, we calculated the four average benefit share alternatives and
applied the Wilcoxon signed-rank correlation tests to NATO as a whole. Table B.7 shows the
defense burden and the four average benefit shares for all NATO members from 1995 to 2020
at five-year intervals, while Table B.10 provides the corresponding annual data from 1993
to 2022. The respective figures for the European countries appear much lower compared to
Table B.4 and Table B.6, since the US and Canada bear a large share of the total defense
burden and the total benefits. This also shifts the number of over- and undercontributors
significantly, especially since the US bears a disproportionately high defense burden share
of 65.51% in 2000, 70.64% in 2010, and 70.36% in 2020, and receives a benefit share of
only 31.67% in 2000, 28.63% in 2010, and 31.45% in 2020, according to the average benefit
share with EBs also used by Sandler and Shimizu (2014). In fact, only the US and the UK
are overcontributors over the whole period, and France is an overcontributor from 1995 to
2005. This is consistent with the findings of Sandler and Shimizu (2014), although our data
are slightly different and we did not include counterterrorism benefits. The other average
benefit measures may not be representative of NATO as a whole, as they focus on the
thread imposed by Russia, which mainly affects European countries.

Table B.7 shows the defense burden and the four average benefit shares for all NATO
members from 1995 to 2020 at five-year intervals

Table B.8 shows the same Wilcoxon signed-rank correlation tests as in Section 3.5 applied
to the whole of NATO. For the average benefit share with an exposed border, we can
reject the null hypothesis at a significance level of 0.05 or lower from 2000 onwards and
at a significance level of 0.01 from 2004 onwards. This differs slightly from the results of
Sandler and Shimizu (2014), as we also find evidence of free riding in the period 1999-2002,
but is mainly consistent, especially for the period after 2004, where we find strong evidence
of free riding in NATO. Therefore, we conclude that there is persistent free riding within
NATO, mainly due to the large overcontribution of the US.
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Table B.7: Defense burden (DB) and Average Benefit Shares 1-4 in NATO for selected years
(1995, 2000, 2005, 2010, 2015, 2020)

1995 2000 2005
ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS
DB 1 2 3 4 DB 1 2 3 4 DB 1 2 3 4
Albania
Belgium 0.92 1.05 1.04 2.71 1.60 0.65 0.84 0.83 2.07 1.25 0.54 0.86 0.86 1.65 1.12
Bulgaria 0.08 0.42 0.33 1.12 0.62
8anada 1.90 23.36 2.56 4.23 10.05 1.70 23.12 2.56 3.79 9.82 1.65 22.75 2.62 3.42 9.59
roatia
Czechia 0.24 0.60 0.54 3.01 1.38 0.31 0.59 0.55 2.14 1.10
Denmark 0.65 1.36 0.61 3.94 1.97 049 1.25 0.50 2.97 1.57 0.44 1.25 0.52 2.11 1.29
Estonia 0.03 0.48 827  2.45 3.73
France 8.31 6.47 5.91 7.58 6.65 5.81 5.43 4.88 6.11 547  5.64 5.55 5.01 5.81 5.46
Germany 8.02 9.38 890 12.23 10.17 5.42 717 6.80 9.27 7.75 3.85 6.93 6.58 8.17 7.23
Greece 0.87 2.26 0.76 2.43 1.82 0.93 2.15 0.67 1.90 1.57 0.89 2.11 0.71 1.50 1.44
Hungary 0.15 0.72 0.51 2.98 1.40 0.20 0.62 0.52 2.11 1.08
Italy 3.56 5.89 497 6.64 583 4.07 5.26 4.35 5.59 507 3.78 5.30  4.43 5.22 4.98
Latvia 0.03 0.20 8.51 2.49 3.73
Lithuania 0.04 0.26 6.76 254  3.19
Luxembourg 0.03 0.06 0.06 1.73 0.62 0.02 0.05 0.05 1.29 0.47  0.03 0.06 0.06 0.86 0.33
Montenegro
Netherlands 1.66 1.66 1.61 3.28 2.18 1.22 1.43 1.38 2.62 1.81 1.21 1.48 1.44 2.23 1.72
N. Macedonia
Norway 0.73 3.35 33.83 5.50 14.23 0.60 3.30 16.40 4.18 7.96 0.62 3.30 5.38 2.92 3.87
Poland 0.64 2.13 19.32 5.60 9.02 0.75 1.99 7.12 4.21 4.44
Portugal 0.42 0.89 0.70 2.37 1.32 0.34 0.82 0.63 1.87 1.11 0.40 0.82 0.64 1.43 0.96
Romania 0.25 1.14 0.94 2.52 1.53
Slovakia 0.10 0.29 0.28 1.87 0.81
Slovenia 0.07 0.21 0.12 0.91 0.42
Spain 2.37 3.59 3.07  4.73 3.80 2.10 3.24 2.72 3.96 3.31 2.03 3.54 3.04 3.83 3.47
Turkey 1.37  4.19 3.20 6.53  4.64 2.05 4.19 3.21 5.68 4.36 1.53  4.20 3.27 4.85 4.11
UK 7.93 6.68 5.35 7.02 6.35 8.05 6.63 5.31 6.55 6.16 7.83 6.61 5.32 6.11 6.01
United States 61.27 29.80 27.43 29.09 28.77 65.51 31.67 29.32 30.56 30.52 67.69 29.02 26.72 27.52 27.75

Continued on next page



~ 16T -

2010 2015 2020
ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS
DB 1 2 3 4 DB 1 2 3 4 DB 1 2 3 4
Albania 0.02 020 012 088 040 001 020 011 087 039 0.02 0.16 011 084 0.37
Belgium 0.50 0.89 0.88 1.64 1.14 047 084 0.83 1.59 1.09 048 085 084 157 1.08
Bulgaria 0.08 0.41 0.32 1.08 0.60 0.07 039 0.31 1.06 059 0.10 037 0.30 1.03  0.57
Canada 1.85 2259 286 3.62 969 2.00 2245 272 348 955 209 2241 270 342 951
Croatia 0.09 091 022 098 070 010 089 020 095 068 0.09 088 019 091 0.66
Czechia 0.24 064 060 2.11 1.12  0.20 059 056 207 1.07 029 062 058 2.03 1.08
Denmark 0.43 1.24 053 204 127 037 1.20 0.48 2.00 1.23 044 1.21  0.50 1.95 1.22
Estonia 0.03 047 827 234 369 005 047 827 234 369 0.06 047 827 225 3.66
France 498 556 503 579 546 508 518 465 5.41 5.08 477 508 4.55 528 497
Germany 412 6.81 647 798 7.09 425 645 6.10 7.62 6.72 482 6.51 6.16 761 6.76
Greece 0.78 2.06 0.71 146 141 054 193 057 1.33 1.28  0.52 1.87 0.53 1.26 1.22
Hungary 0.13 056 050 2.02 1.03 0.13 053 047 1.99 1.00 025 053 047 192 0.98
Italy 3.07 518 432 508 4.86 247 475 3.89 465 443 298 451 366 438 4.18
Latvia 0.02 020 850 237 369 003 019 850 237 369 0.07 019 850 227 3.65
Lithuania 0.03 025 676 242 314 005 024 6.75 242 314 011 024 6.75 232 3.10
Luxembourg 0.02 0.07 007 083 033 003 008 0.08 08 033 004 008 008 081 0.32
Montenegro 0.01 0.10 0.03 0.75 0.29
Netherlands 1.07  1.50 146 222 173 096 137 1.33 2.08 1.59 1.18 1.42 1.38  2.10 1.64
N. Macedonia 0.01 0.10 0.08 0.80 0.33
Norway 0.62 3.31 544 288 383 0.65 325 538 282 382 065 319 533 267 3.73
Poland 0.84 204 717 416 446 114 197 710 4.09 439 124 199 712 401 4.37
Portugal 0.34 0.80 0.63 1.39 094 029 073 0.56 1.32 087 030 073 0.55 1.28  0.85
Romania 0.20 1.12 092 243 149 029 1.08 0.88 240 145 046 1.08 0.89 233 1.43
Slovakia 0.11 0.30 0.29 1.81 080 0.11 029 0.28 1.79 079 0.19 029 0.28 1.73  0.77
Slovenia 0.07 0.16 012 088 039 004 015 0.11 087 038 0.05 0.15 012 084 0.37
Spain 1.89 363 314 390 356 1.69 328 279 355 320 158 322 273 345 3.13
Turkey 1.69 440 348 500 429 1.74 454 362 514 443 158 444 3.53 4.98 4.32
UK 6.12 6.05 479 555 546 6.68 631 505 580 572 527 584 458 530 5.24
United States 70.64 28.63 26.38 27.14 27.39 70.56 30.67 28.42 29.17 29.42 70.36 31.45 29.20 29.93 30.19

(Notes. The table presents Defense burdens (measured as military expenditure over GDP) and alternative
specifications of the Average Benefit Share (ABS) for NATO for selected years (1995, 2000, 2005, 2010,
2015, 2020) to illustrate changes over time. Each ABS combines GDP, population, and one threat-related
component, weighted equally. ABS 1 is based on total exposed land borders; ABS 2 uses only borders

exposed to Russia; and ABS 3 using a distance category; ABS 4 uses weighted composite of GDP, population
size, and including three threat dimensions: exposed land borders, exposed borders with Russia, and a
distance category. DB and ABS values are normalized to sum to 100% across countries in each year.)



Table B.8: Wilcoxon signed-rank correlation of ME/NATO ME and alternative Average
Benefit Shares

Average Benefit Average Benefit Average Benefit Average Benefit

Share 1 Share 2 Share 3 Share 4
Year  Size R (p) R (p) R (p) R (p)
1993 15 28* (0.07) 38 (0.23) 17%% (0.01) 26* (0.06)
1994 15 29* (0.08) 39 (0.25) 18%* (0.02) 30* (0.09)
1995 15 3 (0.14) 49 (0.56) 18%* (0.02) 32 (0.12)
1996 15 36 (0.19) 49 (0.56) 18** (0.02) 34 (0.15)
1997 15 31 (0.11) 46 (0.45) 18%* (0.02) 1 (0.11)
1998 15 32 (0.12) 47 (0.49) 19%* (0.02) 31 (0.11)
1999 18 43* (0.07) 59 (0.26) 28** (0.01) 41%* (0.05)
2000 18 35%* (0.03) 50 (0.13) 24**% (0.01) 31** (0.02)
2001 18 33** (0.02) 50 (0.13) 24*%%*% (0.01) 31*%* (0.02)
2002 18 27 (0.01) 46* (0.09) 22**% (0.00) 30** (0.01)
2003 18 29%** (0.01) 45* (0.08) 22%%*% (0.00) 31*%* (0.02)
2004 25 55%#% (0.00) 62%** (0.01) 42%%% (0.00) 44 (0.00)
2005 25 43*** (0.00) 60*** (0.00) 36*** (0.00) 42%*% (0.00)
2006 25 41 (0.00) 61%* (0.01) 35%*% (0.00) 42%F% (0.00)
2007 25 45%*% (0.00) 62*** (0.01) 41*** (0.00) 42*%% (0.00)
2008 25 41 (0.00) 65%** (0.01) 34*** (0.00) 41 (0.00)
2009 27 35%#* (0.00) 69*** (0.00) 30*** (0.00) 39*** (0.00)
2010 27 29%*%* (0.00) 50*** (0.00) 28*** (0.00) 38**%* (0.00)
2011 27 30*** (0.00) 46*** (0.00) 28*** (0.00) 39*** (0.00)
2012 27 34*** (0.00) 46*** (0.00) 28*** (0.00) 39*** (0.00)
2013 27 7% (0.00) 57**% (0.00) 34*** (0.00) 42%F%(0.00)
2014 27 45%*% (0.00) 63*** (0.00) 38*** (0.00) 44*** (0.00)
2015 27 7% (0.00) 60*** (0.00) 34*** (0.00) 43%%* (0.00)
2016 27 29*** (0.00) 59*** (0.00) 29*%** (0.00) 33*** (0.00)
2017 28 32%#% (0.00) 63*** (0.00) 30*** (0.00) 31%%%* (0.00)
2018 28 29*** (0.00) 65*** (0.00) 29*** (0.00) 31*** (0.00)
2019 28 28%*%* (0.00) 57*** (0.00) 29*** (0.00) 20%** (0.00)
2020 29 29%%* (0.00) 61%** (0.00) 29*** (0.00) 30*** (0.00)
2021 29 29%** (0.00) 75%*% (0.00) 30*** (0.00) 31**% (0.00)
2022 29 29%** (0.00) 69*** (0.00) 30*** (0.00) 30*** (0.00)

(Notes. This table reports Wilcoxon signed-rank test statistics (R) and associated p-values. Each test
evaluates whether countries’ defense burden shares match their respective Average Benefit Share (ABS).
The hypotheses are specified in 3.5.1. The construction of Average Benefit Shares are explained in the first
paragraph of 3.5.1. In parentheses are prob-values, indicating the probability of a type I error.
**¥gignificant at .01 level;, **significant at .05 level; and *significant at .10 level. The critical values for
rejecting the null hypothesis of match between the average benefit share and single benefit share are 17 at
.05 level and 9 at .01 level for 1993-1998; are 29 at .05 level and 19 at .01 level for 1999-2003; are 73 at
.05 level and 54 at .01 level for 2004-2008; are 89 at .05 level and 68 at .01 level for 2009-2016; are 98 at
.05 level and 75 at .01 level for 2017-2019; are 107 at .05 level and 83 at .01 level for 2020-2022. Iceland is
excluded for all years.)
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Table B.9: Wilcoxon signed-rank correlation of ME/NATO ME and single benefit shares

GDP POP EB EBR DC

Year  Size R (p) R (p) R (p) R (p) R (p)

1993 15 26% (0.06)  16** (0.01) 55 (0.80) 15%** (0.01)  20%* (0.02)
1994 15 27% (0.06)  17%% (0.01) 54 (0.76) 15%%* (0.01)  22%* (0.03)
1995 15 24%% (0.04)  19%% (0.02) 54 (0.76) 15%F* (0.01)  25%* (0.05)
1996 15 27% (0.06)  19%*% (0.02) 52 (0.68) 15%** (0.01)  25%* (0.05)
1997 15 24%% (0.04)  21%% (0.03) 52 (0.68) 15%F* (0.01)  23%* (0.04)
1998 15 26% (0.06)  24%*% (0.04) 51 (0.64) 15%%* (0.01)  24%* (0.04)
1999 18 38%% (0.04)  30%* (0.01) 75 (0.67)  33%* (0.02)  38%* (0.04)
2000 18 36%* (0.03)  25%%% (0.01) 77 (0.73)  33%¥f (0.02)  35%* (0.03)
2001 18 32%F (0.02)  25%F* (0.01) 76 (0.70)  33%* (0.02)  33** (0.02)
2002 18 31%% (0.02)  25%%% (0.01) 77 (0.73) 33 (0.02)  32%F (0.02)
2003 18 23%% (0.00)  24%%* (0.01) 79 (0.80)  33%* (0.02)  33** (0.02)
2004 25 25%%% (0.00)  43%** (0.00) 153 (0.81) 110 (0.16)  64*** (0.01)
2005 25 20%%% (0.00)  41%%* (0.00) 160 (0.96) 110 (0.16)  62%** (0.01)
2006 25 27K (0.00)  39%%* (0.00) 151 (0.77) 110 (0.16)  61%** (0.01)
2007 25 26%** (0.00)  44%** (0.00) 157 (0.89) 110 (0.16)  62%** (0.01)
2008 25 20%F% (0.00)  36%** (0.00) 157 (0.89) 110 (0.16)  63*** (0.01)
2009 27 31F%% (0.00)  29%%* (0.00) 163 (0.55) 120 (0.10)  62%** (0.00)
2010 27 27K (0.00)  29%%F (0.00) 173 (0.71) 120 (0.10)  61%** (0.00)
2011 27 27FF% (0.00)  30%** (0.00) 173 (0.71) 120 (0.10)  61%** (0.00)
2012 27 27K (0.00)  30%** (0.00) 171 (0.68) 120 (0.10)  61%** (0.00)
2013 27 27FFK (0.00)  33%F* (0.00) 174 (0.73) 120 (0.10)  63*** (0.00)
2014 27 27FF (0.00)  35%%* (0.00) 176 (0.77) 120 (0.10)  68%** (0.00)
2015 27 27FFE (0.00)  29%%* (0.00) 156 (0.44) 120 (0.10)  62*** (0.00)
2016 27 30%* (0.00)  30%** (0.00) 165 (0.58) 120 (0.10)  61%** (0.00)
2017 28 33%FF (0.00)  34%%* (0.00) 186 (0.71)  125% (0.08)  68%** (0.00)
2018 28 A5%F% (0.00)  36%** (0.00) 187 (0.73)  125* (0.08)  68*** (0.00)
2019 28 49%FF (0.00)  33%F* (0.00) 173 (0.51)  125* (0.08)  66*** (0.00)
2020 29 36%%* (0.00)  33%%* (0.00) 196 (0.65)  130* (0.06)  69*** (0.00)
2021 29 45%FF (0.00)  34%FF (0.00) 203 (0.77)  130* (0.06)  72*** (0.00)
2022 29 A5%F% (0.00)  34%%* (0.00) 200 (0.72)  130* (0.06)  68*** (0.00)

(Notes. Numbers in parentheses are prob-values indicating the probability of a type I error when testing the
null hypothesis of no association between ME/GDP and GDP ranks. ***significant at .01 level; **significant
at .05 level; and *significant at .10 level. The critical values for rejecting the null hypothesis of match
between the average benefit share and single benefit share are 17 at .05 level and 9 at .01 level for 1993-1998;
are 29 at .05 level and 19 at .01 level for 1999-2003; are 73 at .05 level and 54 at .01 level for 2004-2008;
are 89 at .05 level and 68 at .01 level for 2009-2016; are 98 at .05 level and 75 at .01 level for 2017-2019;
are 107 at .05 level and 83 at .01 level for 2020-2022. Iceland is excluded for all years.)
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Table B.10: Defense burden (DB) and Average Benefit Share (ABS) alternatives in NATO

from 1993 to 2022

1993 1994 1995
ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS
DB 1 2 3 4 DB 1 2 3 4 DB 1 2 3 4

Albania
Belgium 0.76 1.00 0.99 2.66 1.55 0.82 1.01 1.01 2.67 1.56 0.92 1.05 1.04 2.71 1.60
Bulgaria
Canada 2.08 23.49 2.68 4.35 10.17 1.98 23.43 2.62 4.29 10.11 1.90 23.36 2.56 4.23 10.05
Croatia
Czechia
Denmark 0.54 1.33 0.57 3.91 1.93 0.56 1.34  0.58 3.92 1.94 0.65 1.36 0.61 3.94 1.97
Estonia
France 7.26 6.36 5.80 747  6.54 7.71 6.35 5.79 7.46 6.53 8.31 6.47 5.91 7.58 6.65
Germany 7.10 9.07 858 11.92 9.86 7.07  9.11 .62 11.95 9.89 8.02 9.38 890 12.23 10.17
Greece 0.68 2.25 0.74 2.41 1.80 0.74 2.25 0.75 2.41 1.80 0.87 2.26 0.76 2.43 1.82
Hungary
Italy 3.70 6.05 5.13 6.80 6.00 3.73 5.98 5.06 6.73 5.93 3.56 5.89  4.97 6.64 5.83
Latvia
Lithuania
Luxembourg 0.02 0.06 0.06 1.72 0.61 0.02 0.06 0.06 1.72 0.61 0.03 0.06 0.06 1.73 0.62
Montenegro
Netherlands 1.43 1.58 1.53 3.20 2.10 1.48 1.59 1.55 3.21 2.12 1.66 1.66 1.61 3.28 2.18
N. Macedonia
%Tolrwzily 0.64 3.33 33.81 5.48 14.21 0.70 3.33 33.81 5.48 14.21 0.73 3.35 33.83 5.50 14.23
olan
Portugal 0.34 0.88 0.69 2.36 1.31 0.34 0.87 0.69 2.35 1.31 0.42 0.89 0.70 2.37 1.32
Romania
Slovakia
Slovenia
Spain 2.04 3.59 3.07 4.74  3.80 2.09 3.53 3.01 4.68 3.74 2.37  3.59 3.07 4.73 3.80
Turkey 1.43 4.22 3.23 6.56  4.67 1.09 4.12 3.13 6.46 4.57 1.37  4.19 3.20 6.53 4.64
UK 7.73 6.49 5.16 6.83 6.16 7.97  6.52 5.19 6.86 6.19 7.93 6.68 5.35 7.02 6.35
United States 64.24 30.32 27.95 29.61 29.29 63.69 30.51 28.13 29.80 29.48 61.27 29.80 27.43 29.09 28.77
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1996 1997 1998
ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS

DB 1 2 3 4 DB 1 2 3 4 DB 1 2 3 4
Albania
Belgium 0.89 1.01 1.00 2.67 1.56 0.79 0.95 0.95 2.61 1.50 0.78 0.94 0.93 2.60 1.49
Bulgaria
Canada 1.81 23.37 2.57 4.23 10.06 1.70 23.42 2.61 4.28 10.10 1.66 23.33 2.53 4.19 10.02
Croatia
Czechia
Denmark 0.65 1.35 0.60 3.93 1.96 0.60 1.32 0.57 3.90 1.93 0.61 1.31 0.56 3.89 1.92
Estonia
France 8.19 6.36 5.79 7.46 6.54 7.42 6.06 5.50 7.16 6.24 7.18 6.02 5.46 7.12 6.20
Germany 7.71 9.02 854 11.87 9.81 6.68 8.45 796 11.30 9.24 6.66 8.29 7.81 11.14 9.08
Greece 0.97 2.27 0.76 2.43 1.82 0.98 2.26 0.75 2.42 1.81 1.03 2.25 0.74 2.41 1.80
Hungary
Italy 4.37 6.05 5.13 6.79 5.99 4.31 5.89 4.97 6.64 5.84 4.45 5.82 4.90 6.57 5.77
Latvia
Lithuania
Luxembourg 0.03 0.06 0.06 1.73 0.61 0.03 0.06 0.06 1.72 0.61 0.03 0.06 0.06 1.72 0.61
Montenegro
Netherlands 1.65 1.62 1.57 3.24 2.14 1.46 1.55 1.51 3.17 2.08 1.46 1.56 1.51 3.18 2.08
N. Macedonia
Norway 0.74 3.37 33.85 5.51 14.24 0.70 3.36 33.84 5.51 14.24 0.71 3.33 33.81 548 14.21
Poland
Portugal 0.41 0.89 0.70 2.37 1.32 0.39 0.87 0.69 2.35 1.31 0.38 0.87 0.69 2.36 1.31
Romania
Slovakia
Slovenia
Spain 2.37 3.59 3.07 4.74 3.80 2.11 3.48 2.96 4.63 3.69 2.21 3.48 2.96 4.63 3.69
Turkey 1.58 4.22 3.23 6.57  4.67 1.67  4.26 3.27 6.60 4.71 1.88 4.42 3.43 6.76 4.87
UK 8.11 6.71 5.38 7.05 6.38 8.53 6.96 5.63 7.30 6.63 8.81 6.99 5.66 7.33 6.66
United States 60.52 30.13 27.75 29.42 29.10 62.66 31.10 28.73 30.39 30.08 62.16 31.33 2895 30.62 30.30
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1999 2000 2001
ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS
DB 1 2 3 4 DB 1 2 3 4 DB 1 2 3 4
Albania
Belgium 0.75 0.88 0.87 2.11 1.29 0.65 0.84 0.83 2.07 1.25 0.61 0.83 0.83 2.06 1.24
Bulgaria
Canada 1.71 22.93 2.45 3.68 9.69 1.70 23.12 2.56 3.79 9.82 1.68 23.09 2.53 3.77 9.80
Croatia
Czechia 0.25 0.61 0.55 3.02 1.39 0.24 0.60 0.54 3.01 1.38 0.24 0.61 0.54 3.01 1.38
Denmark 0.58 1.27 0.53 3.00 1.60 0.49 1.25 0.50 2.97 1.57 0.51 1.24 0.50 2.97 1.57
Estonia
France 6.79 5.65 5.10 6.34 5.70 5.81 5.43 4.88 6.11 5.47 5.62 5.41 4.85 6.09 5.45
Germany 6.38 7.74 7.26 9.73 8.24 5.42 717 6.80 9.27 7.75 5.19 7.09 6.73 9.20 7.67
Greece 1.04 2.17 0.69 1.92 1.59 0.93 2.15 0.67 1.90 1.57 0.89 2.16 0.67 1.91 1.58
Hungary 0.15 0.73 0.52 2.99 1.41 0.15 0.72 0.51 2.98 1.40 0.17 0.73 0.51 2.98 1.41
Italy 4.37 5.46 4.55 5.79 5.27  4.07 5.26 4.35 5.59 5.07 3.93 5.25 4.34 5.57 5.05
Latvia
Lithuania
Luxembourg 0.03 0.06 0.06 1.29 0.47 0.02 0.05 0.05 1.29 0.47 0.03 0.05 0.05 1.29 0.47
Montenegro
Netherlands 1.46 1.48 1.43 2.67 1.86 1.22 1.43 1.38 2.62 1.81 1.25 1.44 1.39 2.63 1.82
N. Macedonia
Norway 0.69 3.28 16.38 4.17 7.94 0.60 3.30 16.40 4.18 7.96 0.60 3.30 16.40 4.18 7.96
Poland 0.67 2.15 19.34 5.63 9.04 0.64 2.13 19.32 5.60 9.02 0.73 2.14 19.33 5.62 9.03
Portugal 0.38 0.83 0.65 1.88 1.12 0.34 0.82 0.63 1.87 1.11 0.35 0.82 0.64 1.87 1.11
Romania
Slovakia
Slovenia
Spain 2.31 3.30 2.79 4.03 3.37 2.10 3.24 2.72 3.96 3.31 2.06 3.27 2.75 3.99 3.34
Turkey 2.07 4.14 3.17 5.64 4.32 2.05 4.19 3.21 5.68 4.36 1.45 4.08 3.10 5.57 4.25
UK 8.47 6.68 5.37 6.60 6.22 8.05 6.63 5.31 6.55 6.16 7.95 6.54 5.23 6.46 6.08
United States 61.93 30.62 28.28 29.52 2948 65.51 31.67 29.32 30.56 30.52 66.74 31.95 29.60 30.84 30.80
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2002 2003 2004
ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS
DB 1 2 3 4 DB 1 2 3 4 DB 1 2 3 4
Albania
Belgium 0.56 0.84 0.84 2.07 1.25 0.59 0.88 0.87 2.11 1.29 0.57 0.87 0.87 1.66 1.13
Bulgaria 0.08 0.42 0.33 1.13 0.62
Canada 1.52 23.06 2.50 3.74 9.77 1.51 23.12 2.56 3.79 9.82 1.52 2247 2.52 3.32 9.44
Croatia
Czechia 0.27 0.62 0.55 3.02 1.40 0.29 0.63 0.56 3.03 1.41 0.27 0.61 0.55 2.13 1.10
Denmark 0.48 1.25 0.51 2.97 1.58 0.49 1.27  0.53 3.00 1.60 0.48 1.25 0.52 2.11 1.29
Estonia 0.03 0.47 8.27 2.45 3.73
France 5.46 547  4.92 6.16 5.52 5.85 5.69 5.14  6.37 5.73 5.98 5.61 5.07 5.86 5.51
Germany 4.93 7.10 6.74  9.21 7.69 5.00 7.32 6.96 9.42 790 4.80 7.12 6.77 8.35 7.41
Greece 0.85 2.17  0.69 1.92 1.60 0.76 2.21 0.73 1.96 1.63 0.84 2.16 0.72 1.51 1.46
Hungary 0.19 0.74  0.53 3.00 1.42 0.21 0.75 0.54 3.01 1.43 0.21 0.73 0.52 2.11 1.12
Italy 3.86 5.30 4.39 5.63 5.11 4.07 5.49 4.58 5.82 5.30 4.06 5.39  4.50 5.30 5.06
Latvia 0.03 0.20 8.51 2.49 3.73
Lithuania 0.04 0.26 6.77 2.54 3.19
Luxembourg 0.02 0.06 0.06 1.29 0.47  0.03 0.06 0.06 1.29 0.47  0.03 0.06 0.06 0.86 0.33
Montenegro
Netherlands 1.20 1.47 1.42 2.66 1.85 1.27 1.53 1.49 2.72 1.91 1.26 1.50 1.46 2.25 1.74
N. Macedonia
Norway 0.73 3.32 16.41 4.20 7.98 0.69 3.33 16.43 4.21 7.99 0.66 3.25 5.34 2.89 3.83
Poland 0.67 2.13 19.32 5.60 9.02 0.63 2.11 19.30 5.58 8.99 0.64 2.02 7.09 4.18 4.43
Portugal 0.35 0.83 0.64 1.88 1.12 0.36 0.84 0.66 1.90 1.13 0.38 0.82 0.64 1.44  0.97
Romania 0.21 1.13 0.93 2.51 1.52
Slovakia 0.10 0.29 0.28 1.87 0.81
Slovenia 0.07 0.21 0.12 0.91 0.42
Spain 1.83 3.35 2.84 4.07 342 1.95 3.52 3.01 4.25 3.59 2.05 3.50 3.00 3.80 3.43
Turkey 1.62 4.13 3.16 5.63 4.31 1.56 4.21 3.23 5.70 4.38 1.47  4.12 3.17  4.76 4.02
UK 7.90 6.60 5.28 6.52 6.13 7.94 6.65 5.34  6.57 6.19 8.09 6.63 5.35 6.15 6.04
United States 67.56 31.55 29.20 30.44 3040 66.81 30.38 28.03 29.26 29.22 66.16 2891 26.63 27.43 27.66
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ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS

DB 1 2 3 4 DB 1 2 3 4 DB 1 2 3 4
Albania
Belgium 0.54  0.86 0.86 1.65 1.12 0.52 0.86 0.85 1.65 1.12 0.58 0.88 0.87 1.67 1.14
Bulgaria 0.08 0.42 0.33 1.12 0.62 0.09 0.41 0.33 1.12 0.62 0.11 0.42 0.33 1.13 0.62
Canada 1.65 22.75 2.62 3.42 9.59 1.79 22.65 2.70 3.49 9.62 1.94 2267 2.72 3.51 9.63
Croatia
Czechia 0.31 0.59 0.55 2.14 1.10 0.30 0.63 0.56 2.15 1.11 0.30 0.65 0.58 2.17 1.13
Denmark 0.44 1.25 0.52 2.11 1.29 0.47 1.24  0.52 2.11 1.29 0.47 1.25 0.53 2.11 1.30
Estonia 0.03 0.48 8.27 2.45 3.73 0.03 0.48 8.27 2.45 3.73 0.04 0.48 8.27 2.45 3.74
France 5.64 5.55 5.01 5.81 5.46 5.52 5.53 4.99 5.78 5.43 5.65 5.62 5.09 5.88 5.53
Germany 3.85 6.93 6.58 8.17 7.23  4.33 6.86 6.51 8.10 7.16  4.47  6.96 6.61 8.19 7.25
Greece 0.89 2.11 0.71 1.50 1.44 0.92 2.16 0.72 1.51 1.46 0.95 2.17  0.73 1.53 1.48
Hungary 0.20 0.62 0.52 2.11 1.08 0.17 0.72 0.51 2.10 1.11 0.20 0.73 0.52 2.11 1.12
Italy 3.78 5.30 4.43 5.22 4.98 3.57 5.27 4.38 5.18 4.94 3.57 5.33 4.44 5.23 5.00
Latvia 0.03 0.20 8.51 2.49 3.73 0.04 0.21 8.51 2.49 3.73 0.05 0.21 8.52 2.49 3.74
Lithuania 0.04 0.26 6.76 2.54 3.19 0.04 0.26 6.76 2.54  3.19 0.05 0.26 6.77 2.54  3.19
Luxembourg 0.03 0.06 0.06 0.86 0.33 0.03 0.07 0.07 0.86 0.33 0.03 0.07 0.07 0.86 0.33
Montenegro
Netherlands 1.21 1.48 1.44 2.23 1.72 1.23 1.48 1.44 2.23 1.72 1.28 1.52 1.47  2.27 1.75
N. Macedonia
Norway 0.62 3.30 5.38 2.92 3.87  0.60 3.30 5.40 2.94  3.88 0.66 3.32 5.42 2.96 3.90
Poland 0.75 1.99 7.12 4.21 4.44 0.80 2.06 7.13 4.22 4.47  0.96 2.10 717 4.26 4.51
Portugal 0.40 0.82 0.64 1.43 0.96 0.38 0.81 0.63 1.43 0.96 0.37 0.82 0.64 1.43 0.96
Romania 0.25 1.14 0.94 2.52 1.53 0.27 1.15 0.95 2.53 1.54 0.29 1.17 097 2.56 1.57
Slovakia 0.10 0.29 0.28 1.87 0.81 0.11 0.29 0.28 1.87 0.82 0.13 0.30 0.29 1.88 0.82
Slovenia 0.07 0.21 0.12 0.91 0.42 0.07 0.21 0.12 0.91 0.42 0.08 0.22 0.12 0.92 0.42
Spain 2.03 3.54 3.04 3.83 3.47  2.08 3.59 3.09 3.88 3.52 2.24 3.69 3.19 3.99 3.63
Turkey 1.53 4.20 3.27  4.85 4.11 1.57 4.24 3.30 4.88 4.14 1.67  4.30 3.35 494  4.19
UK 7.83 6.61 5.32 6.11 6.01 7.74 6.59 5.32 6.11 6.00 8.19 6.69 5.42 6.21 6.11
United States 67.69 29.02 26.72 27.52 27.75 67.33 2893 26.65 2745 27.68 65.74 28.18 2590 26.70 26.93

Continued on next page



2008 2009 2010

—6ET —

ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS
bB 1 2 3 4 bB 1 2 3 4 bB 1 2 3 4

Albania 0.02 020 012 088 040 002 020 0.12 088 0.40
Belgium 063 09 08 169 116 055 090 090 165 1.15 050 0.89 0.8 164 1.14
Bulgaria 0.12 042 033 113 063 009 041 033 109 061 008 041 032 1.08 0.60
Canada 195 2267 273 352 964 1.85 2214 265 341 940 1.8 2259 286 3.62  9.69
Croatia 0.11 091 022 098 071 009 091 022 098 0.70
Czechia 029 0.68 062 220 117 027 066 060 211 1.13 024 064 060 211 1.12
Denmark 048 127 054 213 131 042 124 053 205 127 043 124 053 2.04 1.27
Estonia 0.04 048 827 245 374 003 047 827 234 369 003 047 827 234 3.69
France 5.58 574 520 6.00 565 552 568 516 591 558 498 556 503 579  5.46
Germany 455 706 671 829 735 435 693 659 810 721 412 681 647 798 7.09
Greece 1.07 219 07 154 150 1.04 215 075 150 147 078 206 071 146 141
Hungary 0.19 074 053 212 113 014 o071 051 202 1.08 013 056 050 2.02 1.03
Italy 3.71 540 451 530 507 333 531 445 521 499 3.07 518 432 508 4.86
Latvia 0.06 021 852 250 374 004 020 851 238 370 0.02 020 850 237 3.69
Lithuania 0.05 026 6.77r 255 319 004 025 676 243 3.15 0.03 025 6.76 242 3.14
Luxembourg 0.02 0.0r 007 087 034 002 007 007 08 033 002 007 0.07 083 0.33
Montenegro

Netherlands 1.25 157 153 232 1.81 1.19 155 151 227 1.78 1.07r 150 146 222 1.73
N. Macedonia

Norway 0.64 336 545 3.00 394 061 325 541 28 383 062 331 544 2.88  3.88
Poland 094 217 724 433 458 077 209 716 414 446 084 204 717 416 4.46
Portugal 037 083 065 144 097 037 082 064 140 095 034 080 063 139 094
Romania 030 1.18 098 257 158 022 113 094 245 151 020 1.12 092 243 1.49
Slovakia 014 031 030 18 083 013 030 029 181 08 011 030 029 1.81 0.80
Slovenia 0.08 022 013 092 042 008 022 013 088 041 0.07 0.16 0.12 0.88 0.39
Spain 224 378 328 408 372 197 374 325 401 366 1.89 3.63 3.14 390 3.56
Turkey 1.69 436 341 500 426 157 427 334 486 416 1.69 440 348 5.00 4.29
UK 735 638 511 590 580 6.26 6.02 477 553 544 6.12 6.05 479 555 546
United States 66.22 27.74 2547 26.26 26.49 69.02 2837 26.15 26.90 27.14 70.64 28.63 26.38 27.14 27.39
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2011 2012 2013
ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS
bB 1 2 3 4 bB 1 2 3 4 bB 1 2 3 4

Albania 0.02 020 012 08 040 002 020 012 088 040 0.02 020 0.12 0.87 0.40
Belgium 051 091 09 166 115 050 088 088 163 1.13 054 089 08 164 1.14
Bulgaria 0.0 041 033 108 061 007r 040 032 108 060 0.08 040 032 1.07 0.60
Canada 2.00 2266 294 370 977 199 2272 299 375 982 1.89 2268 295 3.71 9.78
Croatia 0.10 091 022 097 07 009 091 021 097 069 010 090 0.21 097 0.69
Czechia 023 064 060 212 112 022 062 058 210 1.10 022 062 058 2.09 1.10
Denmark 042 124 053 204 127 043 123 051 203 126 043 123 052 203 1.26
Estonia 0.04 047 827 234 370 004 047 827 234 370 0.05 047 827 234 3.70
France 5.06 5.62 509 585 552 489 547 493 569 536 531 549 496 572 5.39
Germany 422 688 653 805 715 427 668 634 78 696 452 674 639 791 7.01
Greece 0.67 203 067 143 138 058 199 063 139 134 058 197 061 137 1.32
Hungary 0.14 056 050 202 103 013 055 049 200 1.01 0.13 054 048 200 1.01
Italy 3.16 520 434 510 488 290 501 416 492 470 3.06 500 415 491 4.69
Latvia 0.03 020 &850 237 369 002 020 850 237 369 003 020 850 237 3.69
Lithuania 0.03 025 676 242 314 003 025 6.76 242 314 004 025 6.76 242 3.14
Luxembourg 0.02 0.08 008 083 033 002 008 008 08 033 002 0.08 0.08 084 0.33
Montenegro

Netherlands 1.09 151 147 223 174 101 145 141 217 168 1.04 146 141 217 1.68
N. Macedonia

Norway 0.68 336 548 292 392 070 337 550 294 394 075 337 550 293 3.93
Poland 0.88 2.05 7.19 417 447 088 202 716 414 444 095 202 715 413 4.43
Portugal 034 079 062 138 093 030 077 059 135 090 033 076 059 1.34 0.90
Romania 022 112 092 244 150 020 110 091 242 148 025 1.10 090 242 1.47
Slovakia 0.10 030 029 18 08 010 030 029 18 08 0.10 030 029 1.80 0.80
Slovenia 0.06 0.16 012 08 039 005 015 012 088 038 0.05 0.15 0.12 0.88 0.38
Spain 1.84 361 311 387 353 1.84 346 297 373 339 17 343 294 3.69 3.3
Turkey 1.59 444 352 504 433 1.72 451 359 511 440 1.88 456 3.65 516 4.46
UK 6.22 6.08 482 558 549 637 6.15 489 564 556 652 6.12 4.8 562 554
United States 70.27 28.31 26.06 26.82 27.06 70.63 29.07 26.81 27.57 27.82 69.35 29.07 26.82 27.58 27.82
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ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS
bB 1 2 3 4 bB 1 2 3 4 bB 1 2 3 4

Albania 0.02 020 012 087 040 001 020 o011 087 039 001 020 0.11 087 0.39
Belgium 0.55 088 08 164 113 047 084 083 159 1.09 047 084 084 1.59 1.09
Bulgaria 0.08 040 031 107 059 007 039 031 106 059 007 039 031 1.06 0.59
Canada 1.88 2259 287 362 9.69 200 2245 272 348 955 196 2241 268 344 9.51
Croatia 0.11 090 020 09 069 010 089 020 095 068 0.09 089 020 095 0.68
Czechia 0.21 0.61 057 208 109 020 059 056 207 1.07 022 060 0.56 2.07 1.08
Denmark 043 123 051 203 126 037 120 048 2.00 123 040 120 049 200 1.23
Estonia 0.05 047 827 234 370 005 047 827 234 369 005 047 827 234 3.69
France 5.60 544 491 567 534 508 518 465 541 508 523 517 464 540 507
Germany 470 6.76 641 793 7.03 425 645 610 762 672 440 651 6.17 7.68 6.79
Greece 058 19 060 136 131 054 193 057 133 1.28 055 192 056 132 1.27
Hungary 0.13 054 048 200 101 013 053 047 199 1.00 0.14 053 047 198 0.99
Italy 292 496 411 487 465 247 475 389 465 443 276 474 389 465 4.43
Latvia 0.03 020 &850 237 369 003 019 850 237 369 004 019 850 237 3.69
Lithuania 0.04 025 675 242 3.14 005 024 6.75 242 314 007 024 6.75 241 3.13
Luxembourg 0.03 0.08 008 08 033 003 008 008 083 033 003 0.08 0.08 083 0.33
Montenegro

Netherlands 1.09 145 140 216 167 09 137 133 208 159 1.01 138 133 2.09 1.60
N. Macedonia

Norway 0.77 333 546 290 390 065 325 538 282 382 066 323 536 280 3.80
Poland 1.09 201 715 413 443 114 197 710 409 439 1.01 195 7.08 4.07 4.37
Portugal 032 075 058 134 08 029 073 056 132 087 035 073 056 132 0.87
Romania 028 1.10 090 241 147 029 1.08 088 240 145 029 1.08 088 239 1.45
Slovakia 0.11 030 029 18 079 011 029 028 179 079 011 029 028 1.79 0.7
Slovenia 0.0 0.15 012 088 038 004 015 011 087 038 005 0.15 0.11 087 0.38
Spain 1.81 339 290 365 331 1.69 328 279 355 320 155 329 280 356 3.21
Turkey 1.85 454 363 514 444 174 454 362 514 443 197 455 3.64 515 445
UK 706 629 503 579 570 668 631 505 580 572 589 6.06 480 555 547
United States 68.22 29.23 26.97 27.73 27.98 70.56 30.67 2842 29.17 29.42 70.61 30.91 28.66 29.42 29.66
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ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS
DB 1 2 3 4 DB 1 2 3 4 DB 1 2 3 4

Albania 0.02 0.18 0.11 0.85 0.38 0.02 0.18 0.11 0.86 0.38 0.02 0.18 0.11 0.85 0.38
Belgium 0.48 0.85 0.84 1.58 1.09 0.49 0.86 0.85 1.59 1.10 0.46 0.85 0.84 1.58 1.09
Bulgaria 0.08 0.39 0.30 1.05 0.58 0.10 0.39 0.30 1.04  0.58 0.21 0.39 0.30 1.04 0.58
Canada 2.40 22.43 2.73 3.48 9.55 2.30 22.42 2.73 3.47  9.54 214 22.43 2.74 3.48 9.55
Croatia 0.10 0.89 0.19 0.93 0.67 0.10 0.88 0.19 0.93 0.67  0.09 0.88 0.19 0.93 0.67
Czechia 0.22 0.61 0.57 2.05 1.08 0.27 0.62 0.58 2.07 1.09 0.28 0.62 0.58 2.07 1.09
Denmark 0.41 1.21 0.49 1.97 1.22 0.46 1.21 0.50 1.98 1.23 0.43 1.20 0.48 1.97 1.22
Estonia 0.06 0.47  8.27 2.29 3.68 0.06 047  8.27 2.29 3.68 0.06 047  8.27 2.29 3.68
France 5.30 5.16 4.63 5.38 5.06 5.20 5.19 4.66 5.40 5.08  4.80 5.11 4.58 5.32 5.00
Germany 4.56 6.56 6.21 7.70 6.82 4.70 6.60 6.26 774 6.86 4.70 6.47 6.13 7.61 6.74
Greece 0.55 1.91 0.56 1.30 1.26 0.58 1.91 0.56 1.30 1.25 0.52 1.90 0.55 1.29 1.25
Hungary 0.18 0.53 0.47 1.96 0.99 0.16 0.54 0.48 1.96 0.99 0.21 0.54 0.48 1.96 0.99
Italy 2.85 4.72 3.87 4.61 4.40 2.87 4.72 3.86 4.60 4.39 2.53  4.59 3.74  4.48 4.27
Latvia 0.05 0.19 8.50 2.32 3.67 0.07 0.19 8.50 2.32 3.67 0.07 0.19 8.50 2.32 3.67
Lithuania 0.09 0.24 6.75 2.36 3.12 0.11 0.24 6.75 237  3.12 0.10 0.24 6.75 237  3.12
Luxembourg 0.03 0.08 0.08 0.82 0.33 0.04 0.08 0.08 0.82 0.33 0.04 0.08 0.08 0.82 0.33
Montenegro 0.01 0.10 0.03 0.77  0.30 0.01 0.10 0.03 0.77  0.30 0.01 0.10 0.03 0.77  0.30
Netherlands 1.03 1.39 1.35 2.09 1.61 1.12 1.42 1.37 2.11 1.63 1.15 1.41 1.36 2.10 1.62
N. Macedonia

Norway 0.74 3.24 5.37 2.76 3.79 0.76 3.25 5.38 277  3.80 0.72 3.22 5.35 274 3.77
Poland 1.06 1.97 7.11 4.04  4.37 1.22 1.99 7.13 4.06 4.39 1.13 1.99 7.12 4.05 4.39
Portugal 0.29 0.73 0.56 1.30 0.86 0.33 0.74  0.56 1.30 0.87 0.32 0.73 0.56 1.30 0.86
Romania 0.39 1.08 0.88 2.36 1.44 0.44 1.09 0.89 2.37 1.45 0.44 1.09 0.89 2.37 1.45
Slovakia 0.11 0.29 0.28 1.76 0.77 0.13 0.29 0.28 1.76 0.78 0.17  0.29 0.28 1.76 0.78
Slovenia 0.05 0.15 0.12 0.86 0.37  0.05 0.15 0.12 0.86 0.38 0.05 0.15 0.12 0.86 0.38
Spain 1.73 3.30 2.81 3.55 3.22 1.80 3.33 2.83 3.57 3.24 1.65 3.29 2.80 3.54 3.21
Turkey 1.92 4.53 3.62 5.10 4.41 1.99 445 3.53 5.01 4.33 1.96 4.45 3.54 5.02 4.34
UK 5.61 594  4.68 5.42 5.35 5.64 597 4.71 5.45 5.37 542 5.92 4.66 5.40 5.33
United States 69.68 30.86 28.61 29.35 29.60 68.98 30.73 2848 29.22 29.48 70.33 31.22 2897 29.71 29.96
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2020 2021 2022
ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS ABS
bB 1 2 3 4 bB 1 2 3 4 bB 1 2 3 4
Albania 0.02 0.16 011 084 037 002 016 011 084 037 002 016 011 084 0.37
Belgium 048 0.8 0.84 157 108 054 08 084 157 1.09 057 083 082 1556 1.07
Bulgaria 0.10 037 030 1.03 057 011 037 030 1.03 057 012 036 030 1.02 0.56
Canada 2.09 2241 270 342 951 218 2252 281 354 9.62 211 2258 287 3.59 9.68
Croatia 0.09 08 019 091 066 012 08 019 091 066 011 088 0.18 091 0.66
Czechia 029 062 058 203 108 034 062 058 203 1.08 033 062 058 2.03 1.08
Denmark 044 121 050 195 122 045 122 050 195 122 045 120 049 194 1.21
Estonia 0.06 047 827 225 366 006 048 827 225 3.67v 007 048 827 225 3.67
France 4.77  5.08 455 528 497 487 508 455 528 497 443 486 433 5.06 4.7
Germany 482 651 6.16 761 6.76 48 645 6.10 755 670 464 6.18 583 7.28 6.43
Greece 0.52 1.87 053 126 122 071 187 053 126 122 072 18 052 124 1.21
Hungary 025 053 047 192 098 021 053 047 192 098 027 052 046 191 0.96
Ttaly 298 451 366 438 418 311 452 367 440 420 287 438 353 426 4.06
Latvia 0.07 019 850 227 365 007 019 &850 227 365 0.07 019 850 227 3.65
Lithuania 0.11 024 6.75 232 310 011 024 6.75 232 311 014 025 6.75 232 3.11
Luxembourg 0.04 008 008 081 032 003 009 008 081 033 004 008 008 08 0.32
Montenegro 0.01 010 003 075 029 001 010 003 075 029 0.01 010 0.03 075 0.29
Netherlands 1.18 142 138 210 164 124 143 139 211 164 113 139 135 207 1.60
N. Macedonia  0.01  0.10 0.08 0.8 033 002 0.10 007 0.8 032 0.02 010 007 0.80 0.32
Norway 0.66 319 533 267 373 072 326 539 273 379 072 331 544 278 384
Poland 124 199 712 401 437 131 19 709 398 434 1.27v 193 T7.06 395 431
Portugal 030 0.73 055 128 08 033 073 055 128 08 029 072 054 127 084
Romania 046 1.08 089 233 143 046 108 088 233 143 043 107 087 232 1.42
Slovakia 019 029 028 173 oOx7 018 029 028 173 077 017 028 027 1.72 0.76
Slovenia 0.06 0.15 0.12 084 037 007 015 012 084 037 006 015 0.12 084 0.37
Spain 1.68 322 273 345 313 168 323 274 346 314 168 3.17 268 340 3.09
Turkey 1.58 444 353 498 432 134 447 356 501 435 089 452 361 506 440
UK 5.27 584 458 530 524 560 591 465 538 531 529 580 454 527  5.20
United States 70.36 31.45 29.20 29.93 30.19 69.27 31.21 28.96 29.69 29.95 71.09 32.03 29.78 30.50 30.77

(Notes. The table presents defense burdens (measured as military expenditure over GDP) and alternative
specifications of the Average Benefit Share (ABS) for NATO from 1993 to 2022. Each ABS combines GDP,
population, and one threat-related component, weighted equally. ABS 1 is based on total exposed land
borders; ABS 2 uses only borders exposed to Russia; and ABS 3 using a distance category; ABS 4. uses
weighted composite of GDP, population size, and including three threat dimensions: exposed land borders,
exposed borders with Russia, and a distance category. Defense burden and ABS values are normalized to
sum to 100% across countries in each year.)



B.7 Robustness Checks: Alternative Weighting of Benefit Shares

To test the sensitivity of our results to the specific weighting scheme applied in the baseline
ABS, we conduct a robustness analysis using three alternative weighting specifications. Our
baseline measure equally weights three dimensions: GDP (economic capacity), population
(security beneficiaries), and a proxy for threat. While this equal-weighting scheme is the-
oretically balanced, it is ultimately a modeling choice. To ensure our conclusions are not
sensitive to this assumption, we introduce three alternative average benefit shares:

e GDP-focused: 50% GDP, 25% population, 25% threat
e Population-focused: 25% GDP, 50% population, 25% threat

e Threat-focused: 25% GDP, 25% population, 50% threat

We recalculate the four ABSs (ABS 1-4) using these alternative weights and apply Wilcoxon
signed-rank tests for all European NATO members and NATO members over the period
1993-2022. The results are summarized in Tables B.11, B.12, and B.13.

The results, presented in Tables for European NATO B.11, B.12 and B.13 indicate that our
main conclusions hold under these alternative assumptions. We observe statistically signif-
icant deviations from benefit-burden concordance in the same periods previously identified.
This suggests that our findings are not driven by an arbitrary choice of weights, but rather
reflect persistent structural imbalances in European NATO burden-sharing.

B.7.1 European NATO

When examining all four tables—Table 3.3, Table B.11, Table B.12, and Table B.13—it
is evident that ABS 2 consistently stands out. Across all weighting schemes, the null hy-
pothesis cannot be rejected for this average benefit share. This indicates that there is no
statistically significant loss of concordance, making it a statistically robust average benefit
share for explaining defense burdens. An exception arises under the threat-focused weight-
ing scheme, where the null hypothesis is rejected during the years 1993-2003. This period
coincides with NATO enlargement, during which several new members geographically closer
to Russia joined the alliance. Moreover, the threat-focused specification produces notice-
ably different outcomes for the other average benefit shares as well, whereas the results
across the other weighting schemes remain largely stable across most years, apart from
minor fluctuations. The specific details are discussed in the following paragraph.

Table B.11 presents the results of the Wilcoxon tests of the GDP-focused alternative average
benefit share. For ABS 1, we reject the null hypothesis at the 0.05 significance level for
the period 20042019, and additionally in 2018 and 2019 at the 0.1 level. For ABS 2, the
null hypothesis cannot be rejected. In contrast, for ABS 3 and ABS 4, the null hypothesis
is rejected at the 0.1 significance level or better across the full period from 2004 to 2021.
These results indicate that increasing GDP weights amplifies burden-sharing asymmetries
among European NATO members—particularly after the alliance’s eastward enlargement
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in 2004, when several lower-income countries joined. Notably, ABS 2 proves robust to the
GDP weighting.

Table B.12 presents the results of the Wilcoxon tests using the population-weighted alter-
native average benefit share. For ABS 1, we reject the null hypothesis at the 0.1 significance
level in the years 2005-2007, 2010, and 2012-2019. In the case of ABS 2, the null hypothe-
sis cannot be rejected. For ABS 3, we reject the null hypothesis for the period 2004—2020,
with the exception of 2009. Regarding ABS 4, the null hypothesis is rejected in the years
2005-2007 and 2010-2021 at the 0.1 level or better. These findings indicate that increasing
the weight on the population also amplifies burden-sharing asymmetries and extends the
periods in which the null hypothesis is rejected, compared to the equally weighted average
benefit shares. However, the amplification effect is less pronounced than under the GDP-
focused alternatives. As in the GDP-focused case, ABS 2 appears robust to changes in
weighting.

Table B.13 presents the results of the Wilcoxon tests based on the threat-focused average
benefit share. The null hypothesis cannot be rejected for ABS 1 and ABS 4. For ABS 2,
it is only rejected prior to 2004. However, as discussed in Section 3.5.1, we do not place
much emphasis on this early period, since Norway was the only NATO member directly
bordering Russia at the time. In the case of ABS 3, the null hypothesis is rejected at the
0.1 significance level for the years 2014-2021. These findings indicate that assigning greater
weight to the threat factor reduces burden-sharing asymmetries in Europe, as periods of
significant deviation observed under the equally weighted specification are shortened or
disappear. ABS 2 once again proves robust to changes in weighting after 2004.

Overall, these robustness checks indicate that our findings do not hinge on the equal-
weighting assumption. While some measures are more sensitive to reweighting, ABS 2
retains its statistical validity and policy relevance across all specifications. This supports
its use as a consistent indicator of the distribution of defense-related benefits in Europe.
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Table B.11: Wilcoxon signed-rank correlation of ME /European NATO ME and the GDP-
focused Average Benefit Shares

Average Benefit  Average Benefit  Average Benefit  Average Benefit

Share 1 Share 2 Share 3 Share 4
Year  Size R (p) R (p) R (p) R (p)
1993 13 35 (0.5) 27 (0.22) 25 (0.17) 29 (0.27)
1994 13 33 (0.41) 29 (0.27) 25 (0.17) 26 (0.19)
1995 13 (o 64) 28 (0.24) 25 (0.17) 33 (0.41)
1996 13 35 (0.5) 22 (0.11) 25 (0.17) 30 (0.31)
1997 13 31 (0.34) 24 (0.15) 25 (0.17) 26 (0.19)
1998 13 31 (0.34) 22 (0.11) 28 (0.24) 29 (0.27)
1999 16 46 (0.27) 45 (0.25) 42 (0.19) (O 43)
2000 16 43 (0.21) 44 (0.23) 43 (0.21) 47 (0.3)
2001 16 43 (0.21) 49 (0.35) 43 (0.21) 46 (0.27)
2002 16 41 (0.18) 50 (0.38) 42 (0.19) 43 (0.21)
2003 16 44 (0.23) 53 (0.46) 41 (0.18) 43 (0.21)
2004 23 T2 (0.04) 124 (0.69) 69%* (0.04) 69%* (0.04)
2005 23 73** (0.05) 120 (0.6) 75% (0.06) 72%% (0.04)
2006 23 68** (0.03) 126 (0.73) 72%% (0.04) 73%% (0.05)
2007 23 58 (0.01) 120 (0.6) 69%* (0.04) 70%* (0.04)
2008 23 73** (0.05) 136 (0.96) 76* (0.06) 79"< (0.07)
2000 25 T9** (0.02) 155 (0.85) 84%* (0.03) 9* (0.09)
2010 25 79** (0.02) 154 (0.83) 81** (0.03) 7** (0.04)
2011 25 90* (0.05) 150 (0.75) 76%* (0.02) 85%* (0.04)
2012 25 79%* (0.02) 151 (0.77) 73** (0.01) 87** (0.04)
2013 25 80** (0.03) 150 (0.75) 71%% (0.01) 84%* (0.03)
2014 25 TT¥* (0.02) 147 (0.69) 63*** (0.01) 76%* (0.02)
2015 25 85%* (0.04) 149 (0.73) 59%%* (0) 67 (0.01)
2016 25 87%* (0.04) 146 (0.67) 72%% (0.01) 87** (0.04)
2017 26 93** (0.04) 162 (0.75) 82%* (0.02) 91** (0.03)
2018 26 102* (0.06) 170 (0.9) 84** (0.02) 100* (0.06)
2019 26 107* (0.08) 165 (0.8) 83** (0.02) 101* (0.06)
2020 27 128 (0.15) 183 (0.9) 102 (0.04) 110* (0.06)
2021 27 130 (0.16) 183 (0.9) 114* (0.07) 118* (0.09)
2022 27 145 (0.3) 169 (0.64) 120 (0.1) 124 (0.12)

(Notes. This table reports Wilcoxon signed-rank test statistics (R) and associated p-values. Each test
evaluates whether countries’ defense burden shares match their respective Average Benefit Share (ABS).
The hypotheses are specified in 3.5.1. The construction of Average Benefit Shares are explained in the first
paragraph of 3.5.1 and the alternative weightings in B.7. In parentheses are prob-values, indicating the
probability of a type I error.

***gignificant at .01 level;, **significant at .05 level; and *significant at .10 level. The critical values for
rejecting the null hypothesis of match between the average benefit share and single benefit share are 17 at
.05 level and 9 at .01 level for 1993-1998; are 29 at .05 level and 19 at .01 level for 1999-2003; are 73 at
.05 level and 54 at .01 level for 2004—2008; are 89 at .05 level and 68 at .01 level for 2009-2016; are 98 at
.05 level and 75 at .01 level for 2017-2019; are 107 at .05 level and 83 at .01 level for 2020-2022. Iceland is

excluded for all years.)

— 146 —



Table B.12: Wilcoxon signed-rank correlation of ME/European NATO ME and the
population-focused Average Benefit Shares

Average Benefit  Average Benefit  Average Benefit  Average Benefit

Share 1 Share 2 Share 3 Share 4
Year  Size R (p) R (p) R (p) R (p)
1993 13 39 (0.68) (0 54) 30 (0.31) 35 (0.5)
1994 13 39 (0.68) 35 (0.5) 27 (0.22) 35 (0.5)
1995 13 40 (0.74) 33 (0.41) 31 (0.34) 35 (0.5)
1996 13 39 (0.68) 30 (0.31) 29 (0.27) 36 (0.54)
1997 13 37 (0.59) 32 (0.38) 26 (0.19) 36 (0.54)
1998 13 37 (0.59) (o 34) 29 (0.27) 37 (0.59)
1999 16 (O 46) 57 (0.6) 48 (0.32) 56 (0.56)
2000 16 54 (0.5) 57 (0.6) 45 (0.25) 55 (0.53)
2001 16 (O 56) 57 (0.6) 47 (0.3) 55 (0.53)
2002 16 51 (0.4) 61 (0.74) 44 (0.23) 52 (0.43)
2003 16 53 (0.46) 61 (0.74) 43 (0.21) 52 (0.43)
2004 23 90 (0.15) 118 (0.56) 74% (0.05) 86 (0.12)
2005 23 77* (0.07) 111 (0.43) 76* (0.06) 77* (0.07)
2006 23 83* (0.1) 120 (0.6) 78* (0.07) 83* (0.1)
2007 23 79* (0.07) 119 (0.58) 76* (0.06) 83* (0.1)
2008 23 90 (0.15) 125 (0.71) 82* (0.09) 93 (0.18)
2000 25 101 (0.1) 141 (0.58) 101 (0.1) 106 (0.13)
2010 25 100* (0.1) 141 (0.58) 95* (0.07) 98%* (0.09)
2011 25 103 (0.11) 137 (0.51) 90* (0.05) 95* (0.07)
2012 25 91* (0.06) 139 (0.54) 89** (0.05) 95* (0.07)
2013 25 92* (0.06) 134 (0.46) 87 (0.04) 93* (0.06)
2014 25 86** (0.04) 129 (0.38) 85%* (0.04) 90* (0.05)
2015 25 82%* (0.03) 126 (0.34) 74%% (0.02) 78%% (0.02)
2016 25 87** (0.04) 126 (0.34) 87** (0.04) 95* (0.07)
2017 26 94%* (0.04) 141 (0.39) 94%* (0.04) 104* (0.07)
2018 26 94%* (0.04) 143 (0.42) 96** (0.04) 106* (0.08)
2019 26 93** (0.04) 144 (0.44) 96** (0.04) 99* (0.05)
2020 27 120 (0.1) 147 (0.32) 115% (0.08) 114* (0.07)
2021 27 128 (0.15) 152 (0.39) 125 (0.13) 116* (0.08)
2022 27 139 (0.24) 170 (0.66) 126 (0.13) 123 (0.12)

(Notes. This table reports Wilcoxon signed-rank test statistics (R) and associated p-values. Each test
evaluates whether countries’ defense burden shares match their respective Average Benefit Share (ABS).
The hypotheses are specified in 3.5.1. The construction of Average Benefit Shares are explained in the
first paragraph of 3.5.1and the alternative weightings in B.7. In parentheses are prob-values, indicating the
probability of a type I error.

***gignificant at .01 level;, **significant at .05 level; and *significant at .10 level. The critical values for
rejecting the null hypothesis of match between the average benefit share and single benefit share are 17 at
.05 level and 9 at .01 level for 1993-1998; are 29 at .05 level and 19 at .01 level for 1999-2003; are 73 at
.05 level and 54 at .01 level for 2004—2008; are 89 at .05 level and 68 at .01 level for 2009-2016; are 98 at
.05 level and 75 at .01 level for 2017-2019; are 107 at .05 level and 83 at .01 level for 2020-2022. Iceland is

excluded for all years.)
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Table B.13: Wilcoxon signed-rank correlation of ME/European NATO ME and the threat-
focused Average Benefit Shares

Average Benefit  Average Benefit  Average Benefit  Average Benefit

Share 1 Share 2 Share 3 Share 4
Year  Size R (p) R (p) R (p) R (p)
1993 13 43 (0.89) 14** (0.03) 36 (0.54) (o 95)
1994 13 43 (0.89) 18* (0.06) 36 (0.54) 45 (1)
1995 13 43 (0.89) 17%% (0.05) 34 (0.45) 45 (1)
1996 13 (o 95) 16%* (0.04) 37 (0.59) ( 89)
1997 13 45 (1) 14** (0.03) 35 (0.5) 45 (1)
1998 13 45 (1) 14** (0.03) 35 (0.5) 45 (1)
1999 16 64 (0.86) 38 (0.13) 53 (0.46) 62 (0.78)
2000 16 64 (0.86) 37 (0.12) 53 (0.46) 64 (0.86)
2001 16 66 (0.94) 34* (0.08) 52 (0.43) 62 (0.78)
2002 16 62 (0.78) 34% (0.08) 50 (0.38) 59 (0.67)
2003 16 62 (0.78) 34% (0.08) 51 (0.4) 59 (0.67)
2004 23 107 (0.36) 116 (0.52) 90 (0.15) 100 (0.26)
2005 23 110 (0.41) 113 (0.46) 84 (0.1) 103 (0.3)
2006 23 105 (0.33) 116 (0.52) 93 (0.18) 103 (0.3)
2007 23 110 (0.41) 113 (0.46) 94 (0.19) 105 (0.33)
2008 23 113 (0.46) 111 (0.43) 97 (0.22) 108 (0.38)
2009 25 122 (0.29) 135 (0.47) 117 (0.23) 120 (0.26)
2010 25 124 (0.31) 137 (0.51) 112 (0.18) 118 (0.24)
2011 25 125 (0.33) 138 (0.52) 108 (0.15) 119 (0.25)
2012 25 128 (0.37) 141 (0.58) 108 (0.15) 116 (0.22)
2013 25 120 (0.26) 143 (0.62) 103 (0.11) 112 (0.18)
2014 25 119 (0.25) 143 (0.62) 99* (0.09) 110 (0.16)
2015 25 116 (0.22) 140 (0.56) 95* (0.07) 110 (0.16)
2016 25 122 (0.29) 137 (0.51) 100* (0.1) 113 (0.19)
2017 26 135 (0.32) 127 (0.23) 108* (0.09) 126 (0.22)
2018 26 143 (0.42) 130 (0.26) 110% (0.1) 129 (0.25)
2019 26 138 (0.35) 115 (0.13) 110 (0.1) 128 (0.24)
2020 27 154 (0.41) 132 (0.18) 112* (0.07) 130 (0.16)
2021 27 156 (0.44) 133 (0.19) 115* (0.08) 131 (0.17)

2022 27 168 (0.63) 140 (0.25) 122 (0.11) 139 (0.24)

(Notes. This table reports Wilcoxon signed-rank test statistics (R) and associated p-values. Each test
evaluates whether countries’ defense burden shares match their respective Average Benefit Share (ABS).
The hypotheses are specified in 3.5.1. The construction of Average Benefit Shares are explained in the
first paragraph of 3.5.1and the alternative weightings in B.7. In parentheses are prob-values, indicating the
probability of a type I error.

***gignificant at .01 level;, **significant at .05 level; and *significant at .10 level. The critical values for
rejecting the null hypothesis of match between the average benefit share and single benefit share are 17 at
.05 level and 9 at .01 level for 1993-1998; are 29 at .05 level and 19 at .01 level for 1999-2003; are 73 at
.05 level and 54 at .01 level for 2004—2008; are 89 at .05 level and 68 at .01 level for 2009-2016; are 98 at
.05 level and 75 at .01 level for 2017-2019; are 107 at .05 level and 83 at .01 level for 2020-2022. Iceland is

excluded for all years.)
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B.7.2 NATO

For NATO as a whole, the results of the Wilcoxon tests using GDP-, population-, and
threat-focused average benefit shares are presented in Tables B.14, B.15, and B.16, re-
spectively. The observed patterns mirror those found for the European NATO members.
Assigning greater weight to GDP and population tends to amplify burden-sharing asymme-
tries, while the threat-focused weighting mitigates them. However, these weighting effects
are largely limited to the period prior to 2004. An exception is ABS 2 in the threat-focused
case, where the null hypothesis is rejected in 2005, 2006, and 2009-2019 at the 0.1 sig-
nificance level or better. In contrast, under the equally weighted specification, the null
hypothesis for ABS 2 is consistently rejected throughout the entire period from 2004 to
2022 at the 0.01 level.
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Table B.14: Wilcoxon signed-rank correlation of ME/NATO ME and GDP-focused Average
Benefit Shares

Average Benefit  Average Benefit  Average Benefit  Average Benefit

Share 1 Share 2 Share 3 Share 4
Year  Size R (p) R (p) R (p) R (p)
1993 15 24%* (0.04) 34 (0.15) 17%% (0.01) 24%* (0.04)
1994 15 29% (0.08) 36 (0.19) 17%% (0.01) 25%* (0.05)
1995 15  29% (0.08) 40 (0.28) 18%* (0.02) 29% (0.08)
1996 15 30 (0.09) 42 (0.33) 18 (0.02) 29* (0.08)
1997 15 29* (0.08) 41 (0.3) 18** (0.02) 8* (0.07)
1998 15 0* (0.09) 43 (0.36) 18%* (0.02) 27* (0.06)
1999 18 8** (0.04) 54 (0.18) 26*** (0.01) 36** (0.03)
2000 18 28** (0.01) 45* (0.08) 22%%% (()) 30%* (0.01)
2001 18 28** (0.01) 40** (0.05) 22%%*% () 29*%* (0.01)
2002 18 27 (0.01) 36** (0.03) 20%%* (0) 28** (0.01)
2003 18  27F%* (0.01) 36** (0.03) 19%5% (0) 28%* (0.01)
2004 25 4155 (0) 53%% (0) 34565 () 39%% (0)
2005 25 30%%% (0) ATFFE(0) 32065 (0) 30%%% (0)
2006 25 3955 (0) 4855 (0) 32565 () 39%% (0)
2007 25 41%% (0) 48%* (0) 345 (0) 30%%% (0)
2008 25 37 (0) 496 (0) 30%** (0) 38*** (0)
2009 27 27HH% () 51%%% (0) 28%%* (() 32%5% (()
2010 27 27 (0) 43%F% (0) 28*** (0) 28%*%* (0)
2011 27 27 (0) 425% (0) 28%%% (0) 28%%% (0)
2012 27 27*** (0) 43*** (0) 28*** () 31*** (0)
2013 27 28%** (0) 43555 (0) 28%%* (() 33%6% (0)
2014 27 36%* (0) 46%+* (0) 34065 (0) 4205 (0)
2015 27 27H5% (0) 43555 () 28%%* (0) 3166% (0)
2016 27 27 (0) 43%% (0) 27%%% () 27H%% (0)
2017 28 28%%* (0) 4955 (0) 28%%* (0) 28%%% (0)
2018 28 28%%% (0) 46%** (0) 28%%% (0) 28%%% (0)
2019 28 28**% (0) 38*** (0) 28*** (0) 28**%* (0)
2020 29 20%%% (() 41%F% (0) 20%%% (() 20%5% ()
2021 29 20%*% (0) 57 (0) 29%** (0) 20%*% (0)
2022 29 20%%% (() 54%%% (0) 20%%% (() 20%5% (()

(Notes. This table reports Wilcoxon signed-rank test statistics (R) and associated p-values. Each test
evaluates whether countries’ defense burden shares match their respective Average Benefit Share (ABS).
The hypotheses are specified in 3.5.1. The construction of Average Benefit Shares are explained in the first
paragraph of 3.5.1 and the alternative weightings in B.7. In parentheses are prob-values, indicating the
probability of a type I error.

***gignificant at .01 level;, **significant at .05 level; and *significant at .10 level. The critical values for
rejecting the null hypothesis of match between the average benefit share and single benefit share are 17 at
.05 level and 9 at .01 level for 1993-1998; are 29 at .05 level and 19 at .01 level for 1999-2003; are 73 at
.05 level and 54 at .01 level for 2004—2008; are 89 at .05 level and 68 at .01 level for 2009-2016; are 98 at
.05 level and 75 at .01 level for 2017-2019; are 107 at .05 level and 83 at .01 level for 2020-2022. Iceland is

excluded for all years.)
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Table B.15: Wilcoxon signed-rank correlation of ME/NATO ME and population-focused
Average Benefit Shares

Average Benefit  Average Benefit  Average Benefit  Average Benefit

Share 1 Share 2 Share 3 Share 4
Year  Size R (p) R (p) R (p) R (p)
1993 15 26 (0.06) 32 (0.12) 17%% (0.01) 22%* (0.03)
1994 15 28% (0.07) 33 (0.14) 18 (0.02) 26* (0.06)
1995 15 29% (0.08) (0 21) 18%* (0.02) 30* (0.09)
1996 15 29% (0.08) 41 (0.3) 18 (0.02) 30* (0.09)
1997 15 29* (0.08) 37 (0.21) 17%%(0.01) 6* (0.06)
1998 15 8* (0.07) 38 (0.23) 19%* (0.02) 25** (0.05)
1999 18 7** (0.03) 48 (0.11) 26*** (0.01) 35%* (0.03)
2000 18 28** (0.01) 38%* (0.04) 24%%% (0.01) 20%* (0.01)
2001 18 28** (0.01) 38** (0.04) 23*** (0) 28** (0.01)
2002 18 27 (0.01) 31%% (0.02) 22%%% (() 28** (0.01)
2003 18 27 (0.01) 33%* (0.02) 20%%% (() 28 (0.01)
2004 25 42FF% (0) 49%* (0) 40%** (0) 42FF% (0)
2005 25 41%% (0) ATFFE(0) 36** (0) 39%%% (0)
2006 25 4155 (0) 455 (0) 35565 () 39%%% (0)
2007 25 42%% (0) 48%* (0) 40%* (0) 40%** (0)
2008 25 40%** (0) 476 (0) 347%H% (0) 38*** (0)
2009 27 28%*% (() 48%* (0) 28%%* (() 32%5% (()
2010 27 27 (0) 42%5% (() 28*** (0) 30*** (0)
2011 27 27HH% () 42555 () 28%** (() 30%%* (0)
2012 27 28*** () 42%**% (0) 28*** () 31*** (0)
2013 27 30%% (0) 43555 (0) 28%** (0) 34%%% (0)
2014 27 42%%% (0) ATFFE(0) 3546% (0) 42055 (0)
2015 27 31005 (0) 44555 () 28%%* (0) 34%%% (0)
2016 27 27H%% () 42%5% (0) 27%%% () 28%%% (0)
2017 28 28%** (0) 4195 (0) 28%%* (0) 28%%% (0)
2018 28 28%%% (0) 39%%% (0) 28%%% (0) 28%%% (0)
2019 28 28**%* (0) 35%#% (0) 28**% (0) 28**%* (0)
2020 29 20%5% (() 32%%% (0) 20%%% (() 20%5% ()
2021 29 20%*% (0) 43%FF (0) 29%** (0) 20%*% (0)
2022 29 20%%% (() 39%% (0) 20%%% (() 20%5% (()

(Notes. This table reports Wilcoxon signed-rank test statistics (R) and associated p-values. Each test
evaluates whether countries’ defense burden shares match their respective Average Benefit Share (ABS).
The hypotheses are specified in 3.5.1. The construction of Average Benefit Shares are explained in the first
paragraph of 3.5.1 and the alternative weightings in B.7. In parentheses are prob-values, indicating the
probability of a type I error.

***gignificant at .01 level;, **significant at .05 level; and *significant at .10 level. The critical values for
rejecting the null hypothesis of match between the average benefit share and single benefit share are 17 at
.05 level and 9 at .01 level for 1993-1998; are 29 at .05 level and 19 at .01 level for 1999-2003; are 73 at
.05 level and 54 at .01 level for 2004—2008; are 89 at .05 level and 68 at .01 level for 2009-2016; are 98 at
.05 level and 75 at .01 level for 2017-2019; are 107 at .05 level and 83 at .01 level for 2020-2022. Iceland is

excluded for all years.)
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Table B.16: Wilcoxon signed-rank correlation of ME/NATO ME and threat-focused Aver-
age Benefit Shares

Average Benefit  Average Benefit  Average Benefit  Average Benefit

Share 1 Share 2 Share 3 Share 4
Year  Size R (p) R (p) R (p) R (p)
1993 15 39 (0.25) 49 (0.56) 18%* (0.02) 35 (0.17)
1994 15 42 (0.33) 45 (0.42) 18 (0.02) 36 (0.19)
1995 15 46 (0.45) 38 (0.23) 18%* (0.02) 36 (0.19)
1996 15 48 (0.52) 33 (0.14) 18 (0.02) 36 (0.19)
1997 15 45 (0.42) 40 (0.28) 18** (0.02) 36 (0.19)
1998 15 47 (0.49) 37 (0.21) 20%* (0.02) 37 (0.21)
1999 18 57 (0.23) 63 (0.35) 30** (0.01) 45% (0.08)
2000 18 49 (0.12) (o 61) 29%* (0.01) 41* (0.05)
2001 18 47* (0.1) 82 (0.9) 29** (0.01) 40** (0.05)
2002 18 43* (0.07) 78 (0.77) 26*** (0.01) 38%% (0.04)
2003 18 46* (0.09) 77 (0.73) 2745 (0.01) 38%% (0.04)
2004 25 68*** (0.01) 103 (0.11) 46%5* (0) 59%% (0)
2005 25 66*** (0.01) 100* (0.1) 4205% (0) 576 (0)
2006 25 63%*%* (0.01) 100* (0.1) 4105 (0) 57 (0)
2007 25 68%** (0.01) 103 (0.11) 4455 (0) 5T (0)
2008 25 62%** (0.01) 102 (0.11) 39%#* (0) 55%*% (0)
2009 27 58%** (0) 92%* (0.02) AT (0) 59%%% (0)
2010 27 55%*% (0) 86** (0.01) 40%** (0) 51%%% (0)
2011 27 55%% (0) 80*** (0.01) AT (0) 53%% (0)
2012 27 56*** (0) 78%**% (0.01) 42%** (() 52*** (0)
2013 27 627 (0) 81%* (0.01) 42555 (0) 58%** (0)
2014 27 68%%% (0) 86** (0.01) 420F% (0) 65+ (0)
2015 27 61 (0) 78%% (0.01) 42555 (0) 574 (0)
2016 27 58%%* (0) 81%%* (0.01) 32065 (0) 61%4%* (0)
2017 28 574 (0) 108** (0.03) 33065 () 66++* (0)
2018 28 60%** (0) 125% (0.08) 33065 (0) 67+ (0)
2019 28 524 (0) 124* (0.07) 3106% (0) 524 (0)
2020 29 53%%% (0) 154 (0.18) 32555 () 56%** (0)
2021 29 69%** (0) 159 (0.21) 35565 (0) 65%** (0)
2022 29 52%%% (0) 153 (0.17) 33555 () 56%%% (0)

(Notes. This table reports Wilcoxon signed-rank test statistics (R) and associated p-values. Each test
evaluates whether countries’ defense burden shares match their respective Average Benefit Share (ABS).
The hypotheses are specified in 3.5.1. The construction of Average Benefit Shares are explained in the first
paragraph of 3.5.1 and the alternative weightings in B.7. In parentheses are prob-values, indicating the
probability of a type I error.

***gignificant at .01 level;, **significant at .05 level; and *significant at .10 level. The critical values for
rejecting the null hypothesis of match between the average benefit share and single benefit share are 17 at
.05 level and 9 at .01 level for 1993-1998; are 29 at .05 level and 19 at .01 level for 1999-2003; are 73 at
.05 level and 54 at .01 level for 2004—2008; are 89 at .05 level and 68 at .01 level for 2009-2016; are 98 at
.05 level and 75 at .01 level for 2017-2019; are 107 at .05 level and 83 at .01 level for 2020-2022. Iceland is
excluded for all years.)
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CHAPTER | 4

This part is based on the joint work:

Designing Rebate Rules in Public Goods Provision: Axioms, Limits,
and Comparisons,
by Cyril Rouault and Resul Zoroglu.

ABSTRACT

This paper examines rebate rules in the context of crowdfunding. These rules
aim to redistribute the surplus when total contributions exceed the cost of the
project. Using an axiomatic approach, we establish impossibility results that
highlight the inherent tensions between fairness, participation incentives, and
contribution incentives. To address these limitations, we propose the Propor-
tional Rebate with Threshold Rule, which strikes a balance between these com-
peting objectives.






CHAPTER | 4

Designing Rebate Rules in Public Goods Provision

4.1 Introduction

Crowdfunding has become a key financing mechanism in diverse contexts, including in-
novation (Miglo, 2022), investment (Strausz, 2017), and public goods provision (Spencer
et al., 2009). Through this mechanism, contributors—whether individuals, firms, or mu-
nicipalities—pool resources to support a wide range of initiatives. A defining feature of
crowdfunding is that if contributions fall short of the required amount, they are typically

! However, when contributions exceed the

reimbursed, as on platforms like Kickstarter.
cost of the project, the surplus is generally retained. This can discourage participation,
as individuals may fear overcontributing. This paper introduces an axiomatic approach to
rebate rules that balance the incentives to contribute and mitigate these concerns.

The crowdfunding mechanism operates in two stages. In the first stage, potential contrib-
utors typically receive information about the project and its associated cost. Based on this
information, they decide whether to participate. The project is funded if the total con-
tributions meet or exceed the required threshold by the end of the campaign. Otherwise,
contributions are either refunded, as in the all-or-nothing mechanism, or retained, as in the
keep-it-all mechanism.? In the second stage, any surplus funds that exceed the project’s
cost may be redistributed among contributors. The presence of such surplus, which remains
unallocated to project funding, has significant implications for individual contribution de-
cisions (Spencer et al., 2009). The existing literature has primarily focused on the first
stage, leaving the second stage relatively unexplored. We focus solely on the redistribution
of surplus contributions, excluding any distribution related to the project’s completion.
One commonly observed behavioral pattern is that individuals tend to reduce their contri-
butions when they anticipate that the project will be funded regardless of their participa-
tion. This phenomenon is particularly pronounced in the case of public goods (Cason and
Zubrickas, 2019), where free-riding incentives arise. To mitigate this issue, rebate rules are
introduced as a mechanism to sustain participation incentives.

A fundamental objective of crowdfunding is to maximize the total amount raised. Achieving
this goal depends on two critical factors: the number of contributors and the size of their
individual contributions. Both dimensions play a crucial role in ensuring the financial

'In the public goods literature, this process is often referred to as reimbursement (see Marks and Croson,
1998; Zubrickas, 2014).

2The all-or-nothing mechanism is used by platforms such as Kickstarter, whereas Indiegogo employs
the keep-it-all mechanism. See Coats et al. (2009), Chemla and Tinn (2020) and Cumming et al. (2020) for
further details.
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viability of a project. A larger contributor base increases the likelihood of reaching the
funding goal, while higher individual contributions increase the total funds raised. Thus,
the design of rebate rules must align the objective of fostering broad participation and
encouraging higher contribution levels.

We adopt a model where individuals contribute a predetermined amount—and the total
contributions determine the cost level of a single project. The project consists of multiple
potential alternatives, with the final alternative implemented depending on the total funds
raised. Specifically, the highest feasible alternative is selected, ensuring that all lower-cost
alternatives are naturally incorporated as part of the project’s progression. This approach
reflects real-world scenarios where a project’s scale or quality expands based on available
funding—such as enhancing a public facility with additional features or advancing successive
phases of a development initiative. Once the total amount raised is determined and the
project’s cost level is set, we analyze how any surplus funds are redistributed. We define
three groups of axioms to structure this analysis. The first group of axioms establishes a
fundamental fairness principle for the redistribution of surplus. The other two capture the
main objectives of crowdfunding: incentivizing contributions and maximizing participation.
These groups are formalized as follows. Fairness is imposed by ensuring that contribu-
tors who contribute equally receive equal redistribution. To incentivize contributions, we
introduce a monotonicity axiom, which establishes an economic relationship whereby an
increase in an individual’s contribution leads to a corresponding increase in their expected
redistribution. This condition serves to mitigate strategic behaviors aimed at avoiding
overcontribution. Finally, to encourage widespread participation, we impose that adding
contributors should not drastically alter the redistribution received by individuals. Consis-
tency axioms capture this principle.

While combining these three axiomatic principles is desirable in rebate rule design, our re-
sults indicate that satisfying all three simultaneously is impossible. Specifically, we demon-
strate that no rebate rule can simultaneously ensure equal treatment and incentivize higher
individual contributions (Theorem 1). Moreover, the only rebate rule that guarantees equal
treatment while maximizing the number of contributors does not redistribute any surplus
at all (Theorem 2).3

We introduce weaker versions of these axioms to address these limitations to identify a
rebate rule that better balances these objectives. Specifically, we propose the Proportional
Rebate with Threshold (PRT) rule. This rule redistributes the surplus only to contributors
whose individual contributions exceed the average project cost; otherwise, they receive no
rebate. In addition, the PRT rule compensates individuals who have overcontributed by
reducing their effective contributions toward the average project cost. As a result, this rule
is particularly relevant in settings where participants are expected to share an identical cost
burden, such as public goods provision.

We introduce the Marginal Rebate Contribution to capture the increase in rebate when an
individual’s contribution increases. We demonstrate that the PRT rule sustains a higher

3Note that this corresponds to the rebate rule used by platforms like Kickstarter and Indiegogo.
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level of redistribution in cases of overcontribution compared to rebate rules typically used,
such as the Shapley rule and the Proportional Rebate (PR) rule. More precisely, under
these latter rules, when individuals increase their contributions, a significant portion of
their additional payment is redistributed to other contributors. We argue that the PRT rule
mitigates this effect, making it a more effective rule for balancing incentives and fairness.

4.2 Related Literature

Existing literature primarily examines how crowdfunding mechanisms are designed to en-
courage individual contributions. These mechanisms also attempt to reduce free-riding, a
behavior in which individuals withhold contributions in anticipation that others will fund
the project. Two crowdfunding mechanisms have been widely studied: all-or-nothing and
keep-it-all. In the all-or-nothing mechanism, pledges are collected only if the funding goal is
met, ensuring that projects receive sufficient resources before proceeding. In contrast, the
keep-it-all mechanism allows project creators to retain all contributions, even if the funding
goal is not reached. Coats et al. (2009), Chemla and Tinn (2020), and Cumming et al.
(2020) show that the all-or-nothing mechanism generally lead to higher pledge amounts
and greater project realization rates. Miglo (2022) and Béal et al. (2025) highlight the role
of early backer incentives in improving funding outcomes, with Béal et al. (2025) employing
an axiomatic approach to characterize reward mechanisms that encourage early contribu-
tions. However, these contributions focus on pre-funding incentives and largely overlook the
management of surplus funds once the provision point is reached. Our paper contributes
to this literature by providing an axiomatic analysis of post-funding surplus redistribution
and its impact on participation incentives.

Rebate rules provide an alternative approach to improving contribution incentives in the
second stage of crowdfunding. Marks and Croson (1998) and Spencer et al. (2009) distin-
guish between refunds, which return contributions when the funding goal is not met, and
rebates, which allocate surplus funds once the threshold is exceeded. Bagnoli and Lipman
(1989) demonstrates that refund guarantees within voluntary contribution mechanisms fully
implement the core, ensuring efficient public goods provision. Experimental evidence from
Isaac et al. (1989) and Rondeau et al. (1999) confirms that refund guarantees increase con-
tributions. Spencer et al. (2009) compares various rebate rules and finds that proportional
rebates are the most effective in achieving funding targets. More recently, Oezcelik et al.
(2025) introduces the Bid-Cap rule, which limits the highest individual contributions to
prevent excessive payments once the funding goal is met.

Building on this literature, we define participation incentives through an axiom that ensures
an individual’s increased contribution leads to a higher redistribution. We then introduce
the PRT rule, which aligns with this axiom. By comparing this rule to commonly used
rules, such as the PR rule and the Shapley rule, we show that the redistribution under our
proposed rule is higher than in the two alternative rules. To the best of our knowledge, this
paper is the first to use the Marginal Rebate Contribution to compare rebate rules.

The structure of the paper is as follows: Section 4.3 introduces the model and presents
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axioms used in our analysis. Section 4.4 establishes fundamental limitations in the design
of rebate rules. In Section 4.5, we introduce the PRT rule and examine the axioms it
satisfies. Section 4.6 provides a comparative analysis of rebate rules. Section 4.7 concludes
with key insights and directions for future research.

4.3 Model

This section introduces our model and the axioms we consider.

4.3.1 Redistribution Problem

Let I = {i1,...,in} be a set of individuals, and P = {Py, P, ..., P,} be an ordered set of
project alternatives, where Py represents the null alternative (no project is funded). Each
alternative P, represents a progressively expanded version of the project, with associated
costs ¢ € Ry such that for any k, k' € {0,...,m}, with k < k’, we have ¢; < ¢x. The cost
of the null alternative Py is normalized to c¢g = 0. We assume that m > 1, meaning that at
least one non-null project alternative exists. In our approach, we consider the average cost
of a funded project alternative Py, denoted by ¢, = |ch|

Each agent i € I contributes a non-negative amount x; € Ry. Let x = (x;);cs be the con-
tribution vector. The total amount collected is given by X = >, ; x;. A project alternative
Py is funded if and only if ¢, < X < ck+1.4 The surplus S = X — ¢, represents the portion
of X not used to finance the project. A (redistribution) problem is defined by the tuple
(I, P,x). Let II be the set of all problems.

Given a problem (I, P,x) € II, a redistribution is a vector of positive real numbers r =
(ri)ier € RK' such that ), ;r < S. Let R(I,P,x) denote the set of all redistributions
for the problem (I, P,x). A (rebate) rule is a mapping ¢ : I — ]R'il that assigns, to each
problem (I, P,x) € II, a redistribution ¢(I, P,x) € R(I, P,x). Given rule ¢ and (I, P,x),
we denote by ¢;(I, P,x) the redistribution of individual .

4.3.2 Axioms

We now consider four axioms for rebate rules.

The first axiom reflects a standard fairness principle. It states that if two agents contribute
the same amount, they must receive identical redistributions.

Equal Treatment of Equals (ETE). A rule rule ¢ satisfies (ETE) if for each problem
(I, P,x) € 1I, for all individuals ¢, j € I such that x; = xj, we have ;(I, P,x) = ¢;(I, P,x).
The second axiom guarantees that increasing one’s contribution does not put the contributor
at a disadvantage. Specifically, if an individual increases their contribution, either a more

4We assume that the funded alternative is the most expensive one among those whose cost does not
exceed the total amount collected. While this ensures that lower-cost alternatives could be incorporated
as part of the project’s progression, they become less relevant since the focus shifts to financing the most
advanced alternative achievable given the available contributions.
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expensive project alternative is funded, or their redistribution amount increases by at least
the additional contribution.®
Contribution Monotonicity (CM). A rule ¢ satisfies (CM) if, for each problem (I, P,x) € 1I,
with Py being the funded alternative, the following holds:
For each i € I such that x; > ¢,% if the contribution of agent i increases to z; > w;, then
either

pi(1, P, (x—i,27)) — @i(l, P,x) > af — i,

or
T, + Z z; > cp with k' > k.
Jel\{i}
The third axiom ensures that if an individual benefits from redistribution, then she continues
to receive a positive redistribution when new contributors join the population.
Consistency (C). A rule ¢ satisfies (C) if, for each problem (I, P,x) € II and for any
partition P = {I’,I"} of I such that I’ UI” =T and I' N I" = {:

Viel pi(I',P,x") > 0= ¢;(I,P,x) >0, and Vi € I", o;(I", P,x") > 0 = ¢;(I, P,x) > 0,

where X" = (2;);ep and X" = (x;)e7-

This ensures that an agent’s redistribution does not become null solely due to the addition
of new contributors. As discussed in the introduction, this axiom is crucial for encouraging
broad participation.

The fourth axiom ensures that whenever there is a positive surplus, at least part of it must
be redistributed.

Partial Surplus Redistribution (PSR). A rule ¢ satisfies (PSR) if, for each problem (I, P,x) €
IT, S > 0 implies that there exists i € I such that ¢;(I, P,x) > 0.

For the last two axioms, we consider stronger versions of each. The first requires that when
the population is expanded, individuals must receive at least the same redistribution as
before.

Strong-Consistency (Strong-C). A rule ¢ satisfies (Strong-C) if, for each problem (I, P,x) €
I1, and for any partition P = {I’, 1"} of I such that I' UI”" =T and I' N I" = {):

Viel' pi(I,P,x) > pi(I',P,x"), and Vi € I" p;(I, P,x) > (1", P,x"),

where X' = (z;);ep and X" = ().
The second axiom ensures that the entire surplus is redistributed.
Full Surplus Redistribution (FSR). A rule ¢ satisfies (FSR) if, for each problem (I, P,x) € II,

Zielcpi(I,P,x) =S.

®Bagnoli and Lipman (1989) suggest that rebate rules should have the property that an increase in
the contribution of $1 by individual 7 should not generate a rebate to individual ¢ of more than $1. We
formalize this reasoning in more detail in Section 4.6.

SWe rely on the project’s average cost as a benchmark to capture sufficiently high individual contribu-
tions, while imposing no constraint when contributions are below this threshold.
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4.4 Limits on Rebate Rules

In this section, we highlight the main limitations regarding the compatibility of the ax-
ioms presented in the previous section with rebate rules. Our first result establishes a
fundamental limitation regarding incentive compatibility and equal treatment.

Theorem 1. There is no rule ¢ that satisfies Equal Treatment of Equals (ETE) and
Contribution Monotonicity (CM).

Proof. See Appendix C.2.1. |

The implication of Theorem 1 is that ensuring equal treatment requires redistributing part
of any additional contribution to others. In practice, this weakens individual incentives to
contribute, as they anticipate that a share of their increased contribution will neither be
returned to them nor directly benefit the project.

As discussed in the introduction, redistribution is absent in many crowdfunding mecha-
nisms. The following definition formalizes the Null Rebate rule.

Definition 1. (Null Rebate rule) The Null Rebate rule ¢V is defined for each (I, P,x) € II
as:
VieI,o)(I,P,x)=0.

In other words, ¢ specifies that the surplus is not redistributed to the participants. Our first
result establishes a limitation on surplus redistribution when (ETE) and (C) are required.

Theorem 2. A rule ¢ satisfies Equal treatment of equals (ETE) and Consistency (C) if,
and only if, ¢ = ©°.

Proof. See Appendix C.2.2. |

Theorem 2 is insightful because it shows that designing a rule that respects both (ETE), a
fundamental axiom of fairness, and (C), which guarantees redistribution when individuals
are added, is only possible if no surplus is redistributed. In the context of crowdfunding,
Theorem 2 implies that if a positive redistribution is desired by adding contributors, it is
not possible to treat them equally. Our next result further extends this limitation.

Theorem 3. There is no rule ¢ that satisfies Consistency (C) and Partial Surplus Redis-
tribution (PSR).

Proof. See Appendix C.2.3. |

The intuition behind this impossibility stems from the nature of alternative funding. When
contributions are added, a project (or a more expensive alternative) is funded, which reduces
the available surplus. As a result, it becomes impossible to have a partial redistribution
for individuals, and the addition of new individuals leads to a zero surplus. Figure 4.1
illustrates this phenomenon.
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Figure 4.1: Illustration of Available Surplus

We conclude this section by restricting the considered domain. Given a problem (I, P,x) €
I, we say that a rule ¢ satisfies Strong-Consistency (Strong-C) in (I, P,x) if for any
partition P = {I’,I"} of I such that I’ UI" =T and I' N I" = {:

Vi € I,,QDi(I,P,X) > @i(I/7P7X/)7 and Vi € Iﬂasoi(lv P,X) > SD(I”>P7X”)7
where x' = (x;)iep and X" = (x;)ieqn.

Similarly, given a problem (I, P,x) € II,a rule ¢ satisfies Full Surplus Redistribution (FSR)
in (I, P,x)if Y, 0i(I, P,x) = S.

Theorem 4. Consider a problem (I, P,x) such that for each ¢ € I,2; < ¢;. If a rule
satisfies Strong-Consistency (Strong-C) and Full Surplus Redistribution (FSR) in (I, P, x),
then there is no funded project.

Proof. See Appendix C.2.4. |

In practice, the condition imposed by Theorem 4 holds in many problems, where no indi-
vidual contributes more than the cost of the first project alternative. If this condition is not
met, the first project alternative is funded by a single agent. The implication of Theorem 4
is that the only solution to achieve full surplus redistribution, ensuring independence from
population size, is if no project is funded.

4.5 Proportional Rebate with Threshold Rule and Axioms

In this section, we introduce a rebate rule designed to address the limitations discussed in the
previous section, while aiming to satisfy key axioms essential to crowdfunding mechanisms.
Specifically, if no project is funded, participants receive a full refund of their contributions,’
and if there is no surplus, no redistribution occurs. Our rule guarantees both of these
fundamental conditions. The Proportional Rebate with Threshold (PRT) rule operates based
on the project’s average cost, ensuring that any redistribution leads to a final payment that
converges to the project’s average cost. Before defining the PRT rule, we introduce two new
notations. Let X = Zje{jel:;vj>5k*}($j —G),and X =3

— *
jeljela; <z} (@= —x5) where Pk

"This property aligns with the AoN crowdfunding mechanism.
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is the project alternative funded.® Intuitively, X represents the total excess contributions
above the project’s average cost, while X captures the total shortfall of contributions below
this threshold.

Definition 2. (Proportional Rebate with Threshold rule). The rule v is defined, for each
(I, P,x) € II, with Py« being the funded project alternative, as for each i € I,

(.%‘Z‘ — Ek*) — x’}ck* x X if x; > Cpx,
0 otherwise.

wi(I,P,x)—{

The rule ¢ redistributes the surplus based on how each individual’s contribution compares to
the project’s average cost. Participants who contribute more than the average cost receive a
proportional rebate based on the excess contribution. Those whose contributions are below
the average cost do not receive any redistribution. This rule adjusts the final payments
according to each individual’s contribution relative to the overall funding, while encouraging
greater participation by offering a clear proportional rebate based on the project’s success.
We formally demonstrate this in the remainder of this section.

Given the impossibilities presented in Theorems 1 and 3, we propose weakened axioms
to address these challenges. The first of these is a weakened form of consistency. This
axiom requires that when individuals are added to the population, the redistribution either
remains positive or allows for the financing of a project (or a more costly alternative).
Weak-Consistency (Weak-C) A rule ¢ satisfies (Weak-C) if, for each problem (I, P,x) € II,
and for any partition P = {I’, 1"} of I such that I'UI"” = I and I'NI" = 0, with (I’ P,x’)
with project alternative Py funded, o(I”, P,x"”) with project alternative Py~ funded, and
o(I, P,x) with project alternative Py funded, then the following conditions hold:

Viel pi(I',P,x') > 0= ¢;(I,P,x) >0, or k >k,

and,
Viel” o;(I", Px") > 0= ¢;(I,P,x) >0or k>k"

where x' = (2;)iep and X" = ()¢’

The second weakened axiom addresses the monotonicity of an individual’s redistribution
in relation to their contribution. Specifically, it ensures that if an individual who has
contributed more than the average cost of the funded project alternative increases their
contribution, their redistribution will increase by at least a portion of that increase, or
a better alternative will be funded. To formalize this, we consider the sum of the excess
contributions from all individuals other than 7, that is, X_; = Zje{je[\{i}:xj >Ek*}($j —Cg+ ).
Weak- Contribution Monotonicity (Weak-CM). A rule ¢ satisfies (Weak-CM) if, for each
problem (I, P,x) € II, with P, being the funded project alternative the following holds:

8Note that we have S = X + X.

9(V\/eak-C) is particularly relevant in the context of public good provision involving multiple munici-
palities. For instance, two neighboring towns aiming to build a public swimming facility can pool their
contributions to fund a larger, improved alternative. Otherwise, any excess contributions are returned to
them.
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For each i € I such that x; > ¢, if the contribution of agent 4 increases to z; > z;, then
either

X x X_;
i1, P, (x_i,a0) — i1, P,x) > (2 —ai) x [ 1— e :

(X',i + ! —Ek*> X (Xﬂ + xz; —Ek*)

or

T+ Z z; > cp with k' > k.

je\{i}

Note that the definition of (Weak-CM) uses the notations introduced in the PRT Rule. The
underlying rationale is that the redistribution must be a function of the individual’s initial
contribution, their increased contribution, and the contributions of other participants.
Before introducing our main result for this section, we define a new axiom. A desirable
axiom in the context of redistribution is that an individual who contributes more should
not end up with a lower net payment than someone who contributed less. This axiom
serves two purposes. First, it ensures fairness, as redistributions should not result in those
who contribute more receiving less than those who contribute less. Second, it limits the
possibility of manipulation, ensuring that contributing more does not lead to a greater
redistribution that ultimately reduces the individual’s effective contribution.
Monotonicity of Net Payment (MNP). A rule ¢ satisfies (MNP) if, for each problem
(I, P,x) € 1I, for each 4, j € I such that x; > z;, then x; — ¢;(I, P,x) > z; — ¢;(I, P,x).
Our next result demonstrates that the rule v satisfies the desired axioms.

Theorem 5. Rule 1 satisfies Equal Treatment of Equals (ETE), Full Surplus Redistri-
bution (FSR), Monotonicity of Net Payment (MNP), Weak-Consistency (Weak-C) and
Weak-Contribution Monotonicity (Weak-CM).

Proof. See Appendix C.2.5 |

Theorem 5 establishes that the rule ¢ adheres to the key axioms related to fairness, incen-
tives to contribute, and the capacity to increase the number of contributors. The following
proposition provides further insight into the incentives to contribute when all participants
contribute more than the average cost of the project, by redistributing the entire additional
contribution.

Proposition 1. Consider a problem (I, P,x) such that Py is funded. If for each i € I,
x; > C, then for each i € I, ¢;(I, P,x) = x; — Ck.

Proposition 1 suggests that after redistribution, all individuals contribute the same amount
to the project, with the contribution of each individual being reduced accordingly.'®

10T he proof is straightforward since X is equal to 0, and is therefore omitted.
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4.6 Comparison of Rebate Rules

In this section, we evaluate how different rules affect an individual’s redistribution when
they increase their contribution. As shown in the proof of Theorem 5, an increase in
an individual’s contribution always leads to the same share of the redistribution,'! or the
financing of a more costly project alternative. To quantify this effect, we define the Marginal
Rebate of Contribution (MRC) as the rate of change in an individual’s rebate with respect
to their own contribution, while keeping others’ contributions fixed.

Definition 3. Given a rule ¢, the Marginal Rebate of Contribution (MRC) of an individual
7 when their contribution increases from z; to a:; is defined as:

902([7 P7 (x—ivx'/i)) - SO’L(Ia P7 X)

/
T, — X4

MRC(pi(I,P,x),2}) =

The underlying argument is that the greater the increase in redistribution in response to

12

higher contributions, the more individuals will be incentivized to contribute.”* We now

introduce two commonly used rebate rules: the Shapley rule and the Proportional Rebate

(PR) rule.

Definition 4. (Shapley rule) The rule ¢* is defined for each (I, P,x) € II, with Py being
the funded project alternative as:

‘T“(’I’ ‘_I‘|!T — 1)! (v(T U {i}) —v(T)),

Viel, o (I,P,x) = Z
TCI\{i}

where v(T') = max { 0, > jer Tj — ck*} represents the surplus that coalition 7" would gen-
erate relative to the cost cp+ of the funded project alternative.

The ¢° rule is based on the Shapley value, which is widely studied in the fair division
literature.

Definition 5. (Proportional Rebate rule). The rule o is defined for each (I, P,x) € II,
with P« being the funded project alternative, as:

Viel, 0P (I,P,x) = % % S.

Although the underlying argument behind ¥ and 1 is similar, the implementation of a
threshold significantly influences the resulting redistributions. In ¢, the redistribution is
proportional for all individuals, whereas in 1, only individuals who have contributed more
than the average cost are considered in the redistribution. Notably, this redistribution is
consequently lower when the contributions of individuals increase.

(Roita]—Cpn )X (X _itms—Tpx )
2Note that the MRC corresponds to the partial derivative of the rebate rule when the increase in
individual i’s contribution, namely x; — z;, approaches 0.

1 This share corresponds to [ 1 — XXX _i )
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Proposition 2. Shapley rule and Proportional Rebate rule do not satisfy Weak-Contri-
bution Monotonicity (Weak-CM).

The consequence of Proposition 2 is that, when using rules ¢° and ¢, a larger portion of
the increase in individual contributions will be redistributed to others compared to rule .
To illustrate this phenomenon, consider the following examples.

Example 1. Consider a problem (I, P,x) where I = {i1,1i2,i3}, P = {Pp, P} with ¢; = 12,

it follows that ¢; = 4. Suppose z;, =7, x;, = 8, x4, = 4 and :L'gl = 8. Table 4.1 illustrates
the redistributions for each rule.

Table 4.1: Comparison of redistribution outcomes under different rules for Case 1

Redistribution PRT Shapley PR
T4, 7 8 7 8 7 8
Tiy 3 4 2.83 3.33 2.58 3.2
Tig 4 4 2.83 3.33 2.95 3.2
Tig 0 0 1.33 1.33 1.47 1.6
Fix values Tip =8 Ty =4 c1 =12 c1=4

(Notes. Comparison of redistribution outcomes under different rules (PRT, Shapley, and PR) for Case 1
without compensating burden (everyone contributes at least the average cost ¢1 = 4). The table presents
the redistribution amounts (s, ,7s,,7:,) for different initial contributions z;; (7 and 8), given fixed values
of x;, =8, xi; =4, total cost ¢; = 12, and average cost ¢1 = 4.)

In this example, when 4;’s contribution increases from 7 to 8, the MRC values for ¢; under
each rule are:

e MRC(¢;(I,P,x),8) =1,

e MRC(p?(I, P,x),8) = 0.50, and

e MRC(pF(I, P x),8) = 0.62.
This example is fully detailed in Figure 4.2, where the variation in 4;’s contribution cor-
responds to Case 1. In this case, the contributions of ¢ and 3 are sufficient to fund the
project, meaning there is no burden. The following table further demonstrates that this
observation holds even when accounting for the burden.

We consider another example where the contributions of i2 and i3 differ, with x;, = 7 and
xiy = 2. Table 4.2 shows that when ¢;’s contribution increases from 7 to 8, the MRC values
for 47 under each rule are:

e MRC(v;(I,P,x),8) = 0.86,

e MRC(¢? (I, P,x),8) = 0.50, and

e MRC(pF(I, P x),8) = 0.60.
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Table 4.2: Comparison of redistribution outcomes under different rules for Case 2

Redistribution PRT Shapley PR
T4, 7 8 7 8 7 8
iy 2 2.86 1.67 2.17 1.75 2.35
Tig 2 2.14 1.67 2.17 1.75 2.06
Tig 0 0 0.67 0.67 0.50 0.59
Fix values Tiy =17 Tig =2 cp =12 c1=4

(Notes.Comparison of redistribution outcomes under different rules (PRT, Shapley, and PR) for Case 2
with compensating burden (someone contributes less than the average cost ¢1 = 4). The table presents the
redistribution amounts (ri,, r4,,7i;) for different initial contributions z;;, (7 and 8), given fixed values of
Tiy =T, Tiy = 2, total cost ¢; = 12, and average cost ¢1 = 4.)

The reasoning behind this observation is that a larger portion of i1’s additional contribution
is redistributed to the other individuals. Specifically, the amount redistributed to 5 is due
to i3’s contribution being lower than ¢;. These values correspond to Case 2 in Figure 4.2.
Figure 4.2 illustrates the redistribution outcomes of the three rules considered in this section
across five distinct cases. These cases vary individual contributions while keeping the total
cost ¢; = 12 and the average cost ¢; = 4 constant. The key distinction among them lies in
how individual contributions compare to the average cost. By systematically adjusting this
relationship, each scenario highlights a fundamental aspect of the redistribution rules. Ad-
ditional cardinal combinations would merely interpolate among these representative cases,
adding minimal incremental insight, as the essential characteristics of the redistribution
outcomes have already been captured.

A general observation is that the PRT rule yields the highest MRC values when the initial
contribution exceeds the average cost threshold ¢;, prioritizing over-contributors in the
surplus allocation. The direct comparison for Case 1 and Case 3 is shown in Figure 4.3,
while the direct comparison for Case 2, Case 4, and Case 5 is presented in Figure C.1
(Appendix C.1).

Case 1 presents a scenario in which one contributor provides a higher contribution (z;, =
8 > ¢1) while the other contributes exactly at the threshold (z;;, = 4 = ¢;), with their
combined contribution exactly covering the project cost (x;, + xiy = 12 = ¢1).

Here, the PRT rule exhibits a fundamental distinction: contributors whose contributions
exceed ¢; do not receive the full surplus, as part of it is used to compensate for contributions
below the project’s average cost. Consequently, their rebate under the rule v does not grow
linearly.

Case 2 involves one contribution below ¢ (z;; = 2 < ¢;) while the other exceeds it (z;, =
7 > ¢1). Yet the total contribution is insufficient to cover the cost (z;, + zi; = 9 < ¢1).
This case stands out in terms of the redistribution obtained under the PRT rule. As
long as z;, remains below ¢, 1;,(I, P,x) increases linearly. However, once z;, exceeds
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c1, ¢1 and 49 proportionally share the shortfall from i3’s contribution, leading to a non-
linear redistribution pattern. This effect arises because, beyond ¢;, the higher contributors
collectively absorb the deficit of the lower contributor.

In Case 3, both contributors provide contributions below ¢; (2, = 3 < ¢1, @iy, = 2 < 1),
with their total contribution remaining insufficient (z;, + i, =5 < ¢1). Once the funding
goal is reached, the PRT rule exhibits a significantly steeper slope compared to both the
Shapley rule and the PR rule.

In Case 4, the contribution of i3 and i3 exceed the average cost (x;, =7 > ¢1, x;y, = 6 > ¢1),
and their total contribution surpasses the required cost (x;, + x;; = 13 > ¢1). Under these
conditions, the PRT rule grants linearly increasing rebates only after the threshold ¢; is
exceeded. In contrast, both the Shapley rule and the PR rule provide rebates from the very
first unit of contribution. The Shapley rule redistributes the surplus according to marginal
contributions, leading to moderate rebates across contributors. The PR rule, in contrast,
distributes the surplus proportionally among all contributors, resulting in smaller but more

evenly allocated rebates.

Finally, in Case 5, where both contributions exceed ¢; (z;, =6 > ¢1, x;; = 5 > ¢1) but their
combined contribution is insufficient to meet the required funding level (x;, +xi;, = 11 < ¢1),
all three rules result in a full refund of contributions. However, an important distinction
arises when the total contribution surpasses the required cost: the PRT rule ensures that
contributors with contributions below ¢; receive no rebate, whereas the Shapley rule and
PR rule provide rebates, independent of whether individual contributions exceed ¢;.

These observations indicate that the PRT rule leads to a greater increase in the redistribu-
tion received by an individual who raises their contribution, provided that the contribution
exceeds ¢;. The PRT rule drives final payments closer to the project’s average cost when
the initial contribution surpasses this threshold. By contrast, the Shapley rule allocates
redistribution based on an individual’s importance in the project’s completion, thereby re-
bating according to systemic importance rather than overcontribution. Meanwhile, the PR
rule results in a more moderate increase in the redistribution received by an individual, as
a significant portion of their additional contribution is redistributed to other contributors.

These observations suggest that the PRT rule effectively mitigates overpayment concerns
while ensuring that high contributors receive proportionate redistribution. This makes
it a robust alternative for surplus redistribution in crowdfunding mechanisms and other
collective funding environments, where incentivizing large contributions while maintaining
fairness is a key policy objective.
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Figure 4.2: The figure presents redistribution outcomes r; across the five cases (rows) with
individual contributions z;, on the horizontal axis. In each case, x;, and xz;, are fixed, while
the average cost ¢; remained constant. The three columns represent the rebate rules: PRT,
Shapley, and PR.
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Figure 4.3: The figure presents the redistribution outcomes r;, across Case 1 and Case 3,
with individual contributions z;, on the horizontal axis. Each plot represents the three
rebate rules: PRT (solid line), Shapley (two-dash line), and PR (dotted line).

4.7 Concluding Remarks

In this paper, we define surplus redistribution problems in crowdfunding mechanisms and
adopt an axiomatic approach. We identify fundamental limitations in the design of rebate
rules by demonstrating the impossibility of simultaneously satisfying participation incen-
tives, contribution incentives, and a fairness criterion. To address these constraints, we
propose the Proportional Rebate with Threshold rule. Beyond satisfying a weaker ver-
sion of these axioms—Weak-Consistency (Weak-C) and Weak-Contribution Monotonicity
(Weak-CM)—this rule also satisfies Equal Treatment of Equals (ETE), Full Surplus Re-
distribution (FSR), Monotonicity of Net Payment (MNP). We show that this rule leads to
higher redistribution compared to commonly used rebate rules when an individual increases
their contribution. We argue that this property strengthens incentives to contribute.
While crowdfunding mechanisms aim to ensure efficiency in public goods provision,'? they
often lack structured rebate rules. The PRT rule addresses this issue by offering a systematic
approach to surplus redistribution, making it more suitable for crowdfunding and voluntary
public goods funding.

Future research could examine the experimental validation of contribution incentives under
different rebate rules. Theoretical studies may also explore the role of information in this
context. Rondeau et al. (1999) notably shows that withholding information about provision
costs leads to contributions that better reflect individuals’ true valuations.

13 A public good is efficiently provided if aggregate contributions meet or exceed the provision point (see
Rondeau et al., 1999).
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APPENDIX | C

Designing Rebate Rules in Public Goods Provision

Appendix

C.1 Additional Analysis

In this section, we provide additional analysis for the remaining three cases not covered in
Section 4.6.

PRT rule
= Shapley rule
PR rule

Case 2
T,
Case 4
i,
Case 5
T,

0.0 25 5.0 7.5 10.0 0.0 25 5.0 7.5 10.0 0.0 25 5.0 7.5 10.0
Xi, Xi, Xi,

Figure C.1: The figure presents the redistribution outcomes r;, across Case 2, Case 4 and
Case 5, with individual contributions z;, on the horizontal axis. Each plot represents the
three rebate rules: PRT (solid line), Shapley (two-dash lines), and PR (dotted line).

Case 2, where one contribution is below ¢; and the other above it, but the total remains
insufficient (z;, + i, < c1), illustrates a key feature of the PRT rule: Once contributions ex-
ceed ¢, rebates grow non-linearly, following the argument presented in Section 4.6—higher
contributors collectively absorb the deficit of the lower contributor.

In Case 4, where both contributors exceed the average cost (x;, > ¢1,xi; > ¢1) and their
combined contribution exceeds the required cost (x;, + xi; > c¢1), the redistribution dif-
fer across rules. The PRT rule grants rebates only after contributions exceed ¢, with a
diminishing MRC.

In contrast, the Shapley rule redistributes surplus based on marginal contributions, leading
to moderate rebates, while the PR rule distributes the surplus proportionally, resulting in
an increase in redistributions for all contributors.

In Case 5, where both contributors exceed ¢; but their total contribution falls short (z;, +
Ziy < c1), all three rules fully refund contributions. However, when the threshold is met,
the PRT rule does not rebate contributors below ¢;, unlike the Shapley rule and PR rule,
which redistribute surplus without considering this contribution threshold.
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C.2 Proofs
C.2.1 Proof of Theorem 1

Proof. We prove Theorem 1 by means of an example. Consider a problem where I = {iy,is},
P = {Py, P}, and c; with x;; < § and zj, = x;, > § with x; + 2, > c1. Suppose ¢
satisfies (ETE), and (CM). Consider (I, P, (zj,,%i,)), we have S = 2 x z;, — ¢1. Since ¢
satisfies (CM) we know that o;, (I, P, (7}, 2i,)) — @i (I, P,X) > i, — x;,, meaning that

@i, (I, P, (7}, 2i,)) > @i, — 2. Since @ satisfies (ETE), we know that ¢;, (1, P, (@], z:,)) =

@iy (I, P, (7}, 2i,)). Therefore, we know that ;, (I, P, (z},,%i,)) > @i, — x;,. We have
@iy (I, P, (w5, 24y)) + iy (I, P, (2], %4,)) > 2 X 3, — 2 X x;;, which is a contradiction since
S=2xXzy —c1 <2 X —2X x5, a8 Ty < F. [ |
C.2.2 Proof of Theorem 2

Proof. Existence: g satisfies (ETE) and (C).

We know that for each i € I, r; = 0. Consider (I, P,x) with 4,5 € I such that i # j
and z; = x;. It is direct that ¢ satisfies (ETE) since ©)(I, P,x) = go?([, P,x) = 0.
Similarly, for any partition P over I such that P = {I’, I"}, it holds that for each i € I,
(I, P,x) > o)(I', P, (;)) = 0 and for each i € I”, ¢}(I, P,x) > ©9(I", P, (x;)) = 0.
Uniqueness: If a rule satisfies (ETE) and (C), then it has to be ¢y.

By contradiction, suppose there exists a rule ¢ that satisfies (ETE) and (C) such that ¢ #
©o. Since ¢ # o, for some problem (I, P,x), there exists ¢ € I such that ¢;(I, P,x) > 0.
Theorem 3 implies that there is no rule such that ¢;(I, P,x) > 0 for some i € I, that
satisfies (ETE) and (C). This concludes the proof. [

C.2.3 Proof of Theorem 3

Proof. We prove Theorem 3 by means of an example. Consider a problem where I = {i;,1i2},
P={Py, P}, z;; > 0,24, >0and ¢; =z, + x;,. Let I' = {i1} and 1" = {is}.

Suppose ¢ satisfies (C) and (PSR). Consider ¢(I’, P, (z;,)). We know that ¢; > z;, > 0
and as ¢ satisfies (PSR), we have that ¢;, (I, P, (z;,)) > 0. Similarly, o(I”, P, (x;,)), we
have ¢1 > z;, > 0 and, by (PSR), ¢;, (I", P, (z4,)) > 0.

Now consider ¢(I”, P,x). Since ¢; = x;, + x;,, project alternative P; is realized and
S = (x4, + xi,) —c1 = 0. Then, ¢;,(I",P,x) = ¢;,(I",P,x) = 0. We therefore have
i, (I", P,x) # 0 and ¢;, (I", P,x) # 0 which contradict that ¢ satisfies (C). [
C.24 Proof of Theorem 4

Proof. By contradiction, suppose there exists a rule ¢ that satisfies (Strong-C) and (FSR)
in a problem (I, P,x) where for each i € I,x; < ¢1, and a project alternative Py # Py is
funded. We know that ¢ > 0, therefore, X — ¢, < X, meaning that there exists i € I such
that x; > ¢;(I, P,x). Without loss of generality, consider a partition such that I’ = {i}
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and I” = I'\ I'. Since z; < ¢1, and ¢ satisfies (FSR), we know that ¢;(I’, P, (x;)) = ;.
Therefore, p;(I', P, (x;)) > ¢;(I, P,x), leading to a contradiction. |

C.2.5 Proof of Theorem 5

Proof. Fix an arbitrary problem (I, P,x) and let Py~ be the funded project alternative.
e ¢ satisfies Equal Treatment of Equals (ETE).

Let 4,5 € I such that x; = z;. If S = 0, we know that ¢;(I, P,x) = ¢;(I,P,x) = 0.
Similarly, if z; < €+, we have ¢;(I, P,x) = ¢;(I, P,x) = 0. Finally, if 2; > ¢;~, we have
Vi, P,x) = (z; — ) — Ei/e{iefz;z::} Ta X 2ivelicla;<a} Okt — Tar- It is direct that

Yi(1, P,x) = ;(I, P,x) since z; = x;j.

e ¢ satisfies Full distribution (FD).

If S =0, we know that ¢;(/, P,x) = v¢;(I,P,x) = 0. If § > 0, by construction, only
individuals who have contributed an amount greater than the average cost of the project
receive a refund. Let I = {i € I : ; > ¢+ } be the set of individuals that contribute more
than ¢;+. We have to show that » . _;¢i(I, P,x) = ;(I, P,x) = S.

Sl Px) =3 | (@i o) - = ;lcﬁ‘%* <> (@ — ) |

iel

il icl ie\I
— E — Ck* — E (Ek* — LL’Z'/)7
il ieI\I
= E x; + E T — (Ek* X |I|)7
il iel\I
= E T; — Cix.
i€l

Since S =}, ;i — ¢+, we know that ¢ satisfies Full distribution (FD).
e ¢ satisfies the Monotonicy of Net Payment (MNP).

Suppose i,j € I, without loss of generality, assume that z; > ;. We have to show that
—?l)i(I,P,X) > Zj _w](lvpax)

e Case 1: If S = 0. Then for each ¢’ € I, ¢»(I, P,x) = 0. Since z; > x; we have that
Ty — 1/}1(], P,X) 2 .fl’,'j — wj(I,P,X).

e Case 2: If S >0, ¢+ > x; > ;. Then ¢;(I, P,x) = (I, P,x) = 0. Since z; > z;
we have that z; — ¢;(1, P,x) > z; — ;(I, P, x).
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e Case 3: If S > 0, x; > ¢ > ;. Then ¢;(/, P,x) = 0. We have to show that
x; — Yi(I, P,x) > ¢ It follows that

B B X; — Ck =
(51— ) > (2 — ) — > i * —— Z (Cp» — ). (C.1)
i'e{ielz; >} L1 — Ck* i'€{i€ Tz <Cpx }

Since x;—;(I, P,x) > x;—(x;—¢+) by equation (C.1), it is direct that x;—(x;—Cp+) >
Cj+, and therefore x; — ¢ (I, P,x) > x; — ¢;({, P, x).

e Case 4: If S >0, x; > x; > ¢~. We have to show that:

x; > T; — QIZ)]'(I, P,X) +¢Z(I, P,X).

T + (I, P,x) — wj(f, P, x)
T; — Cix
= x;+ (z; — Cpx) — . K X Z (Cpx — x41)

PN S
ie{iel:x;>C+ } de{ielz; <cp+}

B X; — Cp* _
— (:L'Z — Ck*) — . — X E (Ck* — .T}i/)
Z Ty — Cpx el Tm <z
ieficlmi>ep )} t'e{icl:x;<cpx}

= X;+Tj— Cpx — X + Cg~

AL R YR
(A

i'e{ielx;>cpx } ie{ic€lx;<cp«}

v — sz — Xy % Z (614* _ xi’)

T — Cpx .
i'e{i€l:x;<cpx}

e{i€l:x;>Cpx }

R Ti — Tj % Z (Ek* _ xi’)

> Tit = Che . .
i'e{i€l:x;>cpx } i'e{i€l:x;<Cpx}

Ti—x;

Since z; > x; we know that 5 > 0. Similarly,

i'e{i€lx; >Cpx } Tjr—Cpx

Eile{ielwigék*}(ék* —xy) > 0. We therefore have

Tp > X — <Z Ho - > X Z (Cx — ir).

. . o~ ;1 — Clx*
veficla>ep} k i'e{iel:x;<cyx}

This implies that z; > z; — ¥;(I, P,x) + (I, P,x).
e ) satisfies Weak-Consistency (Weak-C).
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By definition of (Weak-C), we only need to consider the partitions in which Py is funded
and k = k*. Suppose by contradiction that there exists ¢ € I such that, without loss of
generality ¢ € I’ and ¢;(I', P,)x') > 0 and v;(I, P,x) = 0. We know that the project
alternative Py« is funded in (I, P,x’). Let ¢). = T},*l It follows that €. > Cg+. If z; < €.,
we know that ;(I’, P,x") = 0 which contradict ¢;(I’, P,x’) > 0. Suppose x; > ¢}.. Since
Py« is funded, and ¢;(I', P,x") > 0, we know that S’ > 0.

Claim 1. If S > 0 and x; > €=, then ¥;(I, P,x) > 0.
Proof. By definition,

i(I,P,x) = (z; — ) — % x X,

= (x; — Cp~) X (1—§>.

Since S > 0 we know that X > X implying that § < 1. Therefore, (1 — %) > 0. As
x; > ¢k, it follows that (I, P,x) > 0. |

We know that S > S’ therefore, S > 0. Since x; > €. > ¢+, by Claim 1 we have that
Gi(l, P,x) > 0.

e 1) satisfies Weak-Contribution Monotonicity (Weak-CM).

Let ¢ € I such that =} > x; > ¢}, and Py be the funded project alternative in problem
(I, P, (x—i,x})). We have to show that

7

X x X_;
wi(lvp> (X_i,l’;))—l/)i(I,P,X) > (ZC;—.TZ)X 1- - . i )
(X_Z- + ) —Ek*> X (X—i + T —Ek*>

if Ppr = Pyr.
By construction of ¢ we know that:

wl(lv Pa (sz}x;)) - %(L Pa X)

/ = —
= Ly — Crr ; _ Xj — Cp -
—(l’;—Ck*)—AZ/XX—((CL'Z—C]C*)—AZXX>
X i+, —Cp X_ i+ x; —Cp=
/ p— p—
> T, — Cl* Ty — Cl*
=z —m— X x [ — - =
X+ l‘; — Cp* X_ i +x;—Cpx

oy % [ ) X (i = @) = (@ =) X (Xt 2]~ )
- ; X :
Z (X—i+ @} — Chr) X (X + 2 — Cp)
= 35; — T — Xx
(x; — i) X (X*i + @i — G ) + (T — Cpr) X (X—z' + x; — Cgx)
(X 4+ —Cpe) x (X + 25 — Cpr)
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+

—(x — ) X (X g + @i — ) — (2 — 7)) X (i — Cpr)
(X,i —|—CL‘; _Ek*) X (sz + x; _Ek*)

_ :L’; g X x (l‘; T $2) X (sz + x; _?k* — (aj‘z iEk*))
(X + CL‘; —Cpr) X (X i + x5 — Cpr)

’ X XX,i
= (2f—xi) x | 1 - — P 5 —
(X,i + x; *Ck*) X (sz +x; — Ck*)

Which concludes the proof.
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CHAPTER | 5

Conclusion

In this thesis, we study three models of public goods provision, each addressing distinct
economic contexts through complementary methodological approaches.

Chapter 2 introduces a behavioral economic model to explain experimentally observed devi-
ations in public goods provision. We derive conditions for stable coalition formation based
on these observations. Unlike standard rational choice theory, our behavioral model incor-
porates the idea that players do not act a priori as single agents in the decision-making
process (Capraro, 2013a). Incentives from rational choice theory remain integral but are
embedded within a risk-incentive trade-off. Hence, the model goes beyond pure utility max-
imization, allowing forecast reasoning where agents mentally simulate how coalitions might
form if they act collectively and then behave according to their most optimistic forecasts.
This approach complements traditional game theory, which is fundamentally normative,
prescribing what rational players should choose (Von Neumann, 1959; Von Neumann and
Morgenstern, 2007; Luce and Raiffa, 1957). In contrast, behavioral game theory seeks to
explain real-world decision-making (Colman, 2003). We empirically validate and simulate
our theoretical contribution using the case of the provision of supranational public goods,
through the application of the European Sky Shield Initiative (ESSI). By introducing a
novel threat factor, we examine how perceived threats influence individual payoff functions
and coalition stability. The results align with recent political developments of the ESSI,
predicting both stable and unstable coalitions under various scenarios.

Our key contribution is characterizing conditions for stable coalition structures, which we
extend by integrating insights from behavioral economics—originally validated at the in-
dividual level—to predict strategic behavior at the level of sovereign countries. We pro-
pose a novel method for computing Average Benefit Shares (ABS), specifically applied to
supranational goods such as the ESSI. For the provision of supranational public goods, we
incorporate heterogeneous ABSs and an exogenous threat factor to determine countries’ in-
centives to contribute. We argue that this approach delivers a more nuanced understanding
of the provision of supranational public goods. This framework identifies stable coalition
structures characterized by partial, rather than full, cooperation in the provision of supra-
national public goods, such as the ESSI. The model explains why certain coalitions fail
and identifies the conditions under which stable cooperation can emerge. These findings
offer concrete insights for the institutional design of collective action without centralized
enforcement.
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In Chapter 3, we empirically examine European NATO and NATO members, contributing
to the burden-sharing literature foundational to Chapter 2.1 It requires both contributions
and benefits in order to assess whether a country over- or undercontributes. As benefits
are not directly observable, they must be approximated. The burden-sharing literature
suggests that countries align their military expenditures with the benefits derived over
time (Sandler and Shimizu, 2014). We propose a novel benefit approximation specifically
for European NATO, examining various approximation methods.? Political developments,
particularly the changing US commitment to NATO, further motivate our focus on the
European NATO.

Our key contributions are threefold. First, we examine various weighted ABS measure for
European NATO that incorporates GDP, population, and novel proximity-based threat ex-
posure, offering a more nuanced approximation of benefits. Second, we introduce two novel
proximity-based threat measures capturing spatial vulnerability to Russian aggression, al-
lowing for a dynamic reassessment of threat exposure over time. Third, we update and
extend the empirical analysis of European NATO and NATO burden-sharing from 1993 to
2022 using refined panel data. These innovations enable a reassessment of intra-European
burden-sharing patterns, with particular relevance for European NATO and recent initia-
tives such as the ESSI. We argue that ABS 2 provides the closest statistical match to defense
burdens within European NATO and may therefore serve as a suitable proxy when evaluat-
ing initiatives such as the ESSI, which can be seen as a functional counterpart to European
NATO. We construct a composite ABS 4 that integrates the defined proxies—ABS 1, 2,
and 3. ABS 4 fails to exhibit statistical concordance with defense burdens, when tested
using the Wilcoxon signed-rank test. However, the combination of these three approxima-
tion methods yields a more comprehensive estimator. This is because the individual threat
factors underlying ABS 1-3—each a core component of the composite—jointly capture the
multidimensional nature of threat exposure more effectively than any single proxy alone.
While this outcome points to potential free-riding incentives within European NATO, it
does not, by itself, constitute evidence of strategic under- or overcontribution by coun-
tries. The question of whether the statistical concordance of ABS 4 constitutes a more
comprehensive measure remains open for future research. In doing so, we compare NATO
and European NATO purely as different subsets of the same alliance—not to evaluate how
Europe might compensate for the absence of US and Canadian contributions.

In Chapter 2, we established the conditions for stable coalitions; this estimating the benefit of each
country from the European Sky Shield Initiative. The groundwork for Chapter 2 was done in Chapter 3.

2This Chapter naturally follows from Chapter 2, where ABS was necessary to establish coalition stability
in ESSI.
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In Chapter 4, we investigate redistribution rules addressing overcontribution to public goods
provision. We examine rules that strike a balance between fairness, participation incentives,
and contribution incentives to ensure that contributors are treated equitably. We identify
fundamental limitations in the design of rebate rules by demonstrating the impossibility
of simultaneously satisfying participation incentives, contribution incentives, and a fairness
criterion. To address these constraints, we propose the Proportional Rebate with Thresh-
old (PRT) rule. Beyond satisfying a weaker version of these axioms—Weak-Consistency
(Weak-C) and Weak-Contribution Monotonicity (Weak-CM)—this rule also satisfies Equal
Treatment of Equals (ETE), Full Surplus Redistribution (FSR), and Monotonicity of Net
Payment (MNP).

Our key contribution is the introduction of the Marginal Rebate Contribution, which cap-
tures the increase in rebate when an individual’s contribution increases. We demonstrate
that the PRT rule sustains a higher level of redistribution in cases of overcontribution com-
pared to rebate rules typically used, such as the Shapley rule and the Proportional Rebate
rule. More precisely, under these latter rules, when individuals increase their contributions,
a significant portion of their additional payment is redistributed to other contributors. We
argue that the PRT rule mitigates this effect, making it a more effective rule for balancing
incentives and fairness. We show that the PRT rule generates higher redistributions when
an individual increases contributions. We argue this strengthens the incentive to contribute.

In conclusion, this dissertation contributes by establishing conditions for stable coalitions,
developing a fair and robust burden-sharing method for the ESSI and European NATO,
and introducing a redistribution method for the provision of public goods that balances
desirable axioms, thereby strengthening incentives to contribute to public goods.

Future research avenues include extending Chapter 2 to broader European security contexts,
such as customs enforcement and border control, and potentially extending the model to
become an explanatory and predictive model for coalitions outside Europe. The conditions
for stable coalition structures could also be examined in the context of (non-supranational)
public goods. Chapter 3 invites future research work on hybrid threat factors and a dynamic
model of European NATO security, replacing the fixed 2% military spending target with
a more flexible, well-founded benchmark. The experimental validation of Chapter 4, par-
ticularly under conditions where information about provision costs is withheld, could lead
to contributions that better reflect the true valuations of individuals and might even be a
solution for the provision of public goods for the challenges of cities with budget constraints
or deficits.
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A Tale of Neighbors, Cooperation and a Streetlight

This section offers a intuitive reflection on the central themes of this dissertation. It is
inspired by the idea that the essence of complex problems can often be captured through
simple stories—accessible to a broader audience.

Imagine two houses facing each other on a dark street. When the residents return home
at night, they feel uneasy because there’s no streetlight. The two neighbors talk and quickly
agree that installing a light would benefit both—it would make the street safer. However,
disagreement arises over who should pay. One lives closer to the lamp and expects the other
to contribute more; the other insists on splitting the cost 50/50. One is willing to pay €400,
the other €500 — but only if the first matches the amount. They fail to agree, and the lamp
wsn’t installed. The public good remains underprovided.

| pay 500€,
# you pay 500€

too
/D/\

Two neighbors fail to agree on cost-sharing for a streetlight.
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Let’s assume there is no state to solve the problem. Next, we extend the example: there are
large and small houses. Some benefit more from the light—because they are closer to the
lamp—others less. What’s especially important is that the entrance of the street must be
illuminated, as walking there in the dark would be unsafe.

Which houses voluntarily contribute to the financing of the light?

In my first research paper, I ask: Which houses voluntarily contribute to the financing of the
light and under what conditions? I focus on situations where some do not contribute—uwhile
others still do. But even those contributors may eventually ask themselves: “Why should I
pay alone if others don’t?”

I also take two key factors into account: first, the season—it’s darker for longer in win-
ter—and second, how much light each house actually receives. The light that reaches each
house depends not only on its own contribution but also on the house’s location (how much
light it gets) and the contributions of others. From this, I develop my model.

- 184 —



a8

B m o A w
& (&

Some houses benefit more than others—depending on location.

In the second research paper, I develop a method to determine how much each house benefits
from the light. I consider factors such as the size of the house, the number of its residents,
and the distance from the light source. As you can imagine, the results from this paper are
used in the first one to account for how much light each house actually receives.

In the third research paper, I focus on the case where voluntary contributions lead to excess
funding. Now you might be wondering — didn’t I say in the introduction that public goods
are typically underfunded due to voluntary contributions? Correct. But here, I focus on
what happens when too much is contributed, and how that surplus is redistributed.

That matters, because how the collected funds are redistributed influences willingness to
contribute—especially when the cost of providing the light is unknown and contributors are
refunded in the case of underfunding.

I develop a rule that determines how the money is redistributed or refunded. I also analyze
what properties a “good” rebate rule should have. Simply put: someone who contributes more
should receive more back than someone who contributes less.
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undercontributed
fair rule

exact

Redistribution-
mechanism

overcontributed

€ voluntary
contributions

When the project is overfunded, how should the surplus be redistributed?

This story is simple, but it reflects the heart of the problem. Public goods—whether street-
lights or supranational defense—require institutions that make cooperation possible. They
require mechanisms that reflect who benefits, who contributes, and how surplus or shortfall
1s shared. This dissertation explores these issues through formal theory and empirical anal-
ysis. But beneath it all, it remains a story of neighbors, cooperation, and the question: Who

will pay for the electricity?
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