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1. Introduction

International environmental problems have received increasing attention
from economists in recent years. Two basic strands of literature may be dis-
tinguished. The first strand estimates the costs and benefits of various
abatement targets under different cost allocation rules. It also discusses
institutional issues and the design of treaties with respect to their efficiency.
In particular the problem of global warming caused by the so-called green-
house gases (see, for example, Brunner 1991; Cansier 1991; Chapman and
Drennen 1990; Cline 1992a, b; Crosson 1989; Grubb 1989; IPCC 1996a, b;
Manne and Richels 1991; Michaelis 1992; Nitze 1990; Nordhaus
1991a, b, ¢; Schelling 1991; and Welsch 1995) and the ‘acid rain’ problem
due to sulfur and nitrogen oxides (for example, Crocker 1984; Forsund and
Naevdal 1994; Foster 1993; Newbery 1990; Tahvonen et al. 1993; and
Welsch 1990) have been studied in depth.

The second strand of literature has approached the problem of interna-
tional pollution control from a game theoretical perspective (for example,
Alho 1992; Andersson 1991; Buchholz and Konrad 1994; Chen 1997;
Endres and Finus 1998a; Heister 1998; Kolle 1995; Kuhl 1987; Miiller-
Firstenberger and Stephan 1997; Van der Ploeg and de Zeeuw 1992; and
Welsch 1993). The incentive scheme of countries which sign a treaty and
the stabilization of international environmental agreements (IEAs) are
typical issues analyzed by this literature. This book is in the tradition of this
second strand of literature.

Since, broadly speaking, game theory analyzes the interaction between
agents and formulates hypotheses about their behavior and the final
outcome in games, international environmental problems are particularly
suited to analysis by these methods. Global and transboundary emissions
exhibit a negative externality not only in the country of origin but in
other countries too. Hence, there is a high interdependence between
countries and strategic considerations enter the scene. Strategic aspects
are particularly important in international pollution control since there
is no ‘world government’ which could enforce IEAs. Therefore, the free-
rider problem is a distinguishing feature of international environmental
policy. Though countries are usually better off by coordinating their envi-
ronmental policy, cooperation is often difficult to achieve. Since each
country has only a marginal effect on aggregate emissions, it is always

1



2 Game theory and international environmental cooperation

better off letting others do the abatement job, thereby saving abatement
costs.

Consequently, it is interesting to analyze the causes of this free-rider phe-
nomenon and to derive conditions under which IEAs can, nevertheless, be
stabilized. Thus, the central question of this book may be stated as follows:
How can cooperation between countries to fight international pollution be
established? The following analysis will focus on six aspects which crucially
determine the prospects for cooperation. The first aspect concerns the
cost—benefit structure of emission control. As a central result it will turn out
that whenever cooperation generates high global welfare gains, IEAs
achieve only little and are plagued by instability.

The second aspect is related to the time dimension of a game. Most gen-
erally, it will turn out that it is conducive to the stability of an IEA if IEAs
are based on a long-term relationship between governments, if treaty obli-
gations are regularly monitored and if instant reactions to a violation of a
treaty are possible. In contrast, environmental projects suffer from high
instability if they are connected with high sunk costs that involve a substan-
tial time-lag to alter abatement strategies.

The third aspect concerns the punishment options in a game and the cred-
ibility of threats. Of course, the harsher the available punishments are, the
easier it is to neutralize the free-rider incentive. However, it will turn out
that, in the context of international environmental problems, punishments
are normally not only detrimental to the punished but to the punishers as
well. Hence, the question arises: Will a government be deterred by a threat
of punishment which it believes will never be carried out since the punish-
ers would hurt themselves? To use a metaphor: do we believe that a soldier
would pull the pin out of a hand grenade if he will kill himself? The issue
of the credibility of threat strategies will be given particular attention in
this book. It is closely related to the definitions of equilibrium concepts. We
shall discuss several equilibrium concepts which have emerged over recent
years as refinements of the central concept in game theory: the Nash equi-
librium.

The fourth aspect concerns the enlargement of the strategy space and is
closely related to the term issue linkage. In reality it can frequently be
observed that environmental issues are not negotiated in isolation but in
connection with other policy fields. Concessions on one issue are traded
against concessions on other issues. Such package deals may have several
explanations. One is that they avoid possible asymmetric distributions of
the gains from cooperation. Another is that issue linkage may ease the
enforcement of an agreement. A government may threaten to withdraw
from all agreements if one treaty is violated. This may increase the threat
potential and thereby the stability of a treaty. It will be interesting to find
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out in which situations issue linkage is conducive to cooperation (as is com-
monly believed) and whether there are conditions under which issue linkage
should not be recommended to international negotiators.

The fifth aspect deals with the institutional framework in which negotia-
tions take place. This issue evolves around the instrumental choice in inter-
national pollution control. We shall present a simple bargaining game in
which governments bargain on the level of a uniform emission reduction
quota and a uniform effluent charge. It will be shown in various chapters
that the commonly believed superiority of a tax (market-based instrument)
over a quota regime (command and control instrument) no longer holds in
a second-best world where this second-best world is constituted by the fol-
lowing restrictions: the accession to an IEA must be voluntary; govern-
ments settle for the lowest common denominator proposal and agree on
that institutional framework which a majority of governments favor; and
the stability of an IEA must be enforced. The model provides many reasons
for the fact that emission reduction quotas are part of most of the IEAs
signed so far, but as yet no effluent charge has been applied in international
pollution control, although economists strongly advocate market-based
instruments on efficiency grounds.

The sixth aspect is concerned with coalition formation in international
pollution control. The central three questions to be answered are: (a) how
many and which countries sign an IEA? (b) will there be one or several
coexisting agreements? and (c) how effective will agreements be?

The answers turn out to be highly complex since the set of possible
government strategies in an N-country world is almost infinitely large. This
is particularly true in negative externality games since the strategies of a
coalition depend on the strategies of all other coalitions, which in turn
depends on the overall coalition structure in the game. The final objective
is to explain the entire coalition formation process endogenously.

The subsequent analysis assumes transboundary or global emissions
which are summarized under the term international environmental prob-
lems. Typical examples of transboundary pollutants include the aforemen-
tioned acid rain or the salination of the river Rhine due to the potash mines
in France (upstream country) from which Germany (downstream country)
suffers. The first example is a multilateral externality, the second example a
unilateral externality. Typical examples of global pollutants include the
aforementioned greenhouse gases or substances which deplete the ozone
layer.!

Transboundary pollutants are also classified as impure public bads since
the distribution of pollutants is usually uneven across countries.
Accordingly, global pollutants belong to the group of pure public bads since
emissions mix uniformly in the atmosphere and all countries suffer from the
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externality approximately equally.2 According to this classification it comes
as no surprise that, apart from the environmental economics literature, the
literature on the economics of public goods has also investigated the
problem of cooperation and free-riding in the provision of public goods,
though this literature does not explicitly refer to international environmen-
tal problems. The provision of a public good, say x, depends on the sum of
contributions of each agent i, that is, x=2x,, and agent i derives utility
from x, that is, u;(x). If x,is interpreted as abatement or emission reduction
from some status quo, then it is obvious that a public goods model can be
used to describe the structure of international environmental problems
studied in this book. Therefore, some of the approaches in the public goods
literature to explain the voluntary provision of public goods will be inves-
tigated in Chapter 10 in a game theoretical context.

The basic situation which will be analyzed subsequently may be
described as follows. Two or more countries emit a transboundary or global
pollutant. They are currently not cooperating but are considering doing so.
Each government pursues its interests non-cooperatively, that is, it behaves
individually rationally. This implies that governments only cooperate if it
is in their interest, and that they always take a free-ride whenever this seems
profitable to them. Implicitly, we assume that governments maximize some
kind of welfare function that measures the gains from emissions accruing
from the production and consumption of goods and the losses of emissions
accruing from environmental damages. Thereby, the aggregation of welfare
is treated as a black box. That is, we abstract from problems mentioned in
the public choice literature concerning the interaction of interest groups,
voters and bureaucracy and their effect on governmental decisions (Endres
and Finus 1996a, b; Ursprung 1992).

Since there is no international agency which could enforce an agreement
among sovereign countries, any IEA must be self-enforcing. The methods
used to analyze such a situation will be taken from game theory, particu-
larly from non-cooperative game theory.? The approach followed in this
book thereby strongly adheres to the principles of neoclassical economics.

This kind of reasoning has often been attacked as being unrealistic. In
particular, the postulate of rationality has been subjected to severe criti-
cism. The critics question whether human beings are as rational as game
theory typically assumes them to be. However, this critique has also been
raised against neoclassical economics in general. Since arguments in
defense of the postulate of rationality are laid down in mighty words else-
where, it is not necessary to restate them again here. We would only like to
point out that we believe that governments approximately act in a rational
manner. One can, however, disagree about the appropriate arguments
which should be part of governments’ objective function.
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Another popular charge against game theory may be summarized in the
following slogan: “With game theory one can prove any hypothesis — and its
antithesis at the same time, too.” Although this slogan has the charm of
being humorous, it nevertheless is false. In game theory, as in any other
theory, assumptions drive results. Sticking to assumptions once made, one
will never — not even in game theory — find contradictory results. If the
slogan is interpreted in a friendlier way, it can be seen as a claim that
assumptions should be chosen very carefully; that is, they should be based
on some plausibility and should, ideally, be empirically supported.
Obviously, this (pretty trivial) claim is not only valid for game theory but
applies to all theoretical reasoning.

To refute this last general critique, this book will strongly emphasize the
underlying assumptions of the models analyzed. Moreover, the way in
which they drive the results will be revealed explicitly. With a ‘critical dis-
tance’, the assumptions will be evaluated with respect to their aptness to
reflect a particular problem. An overview of the most important assump-
tions is given in Chapter 2, Section 2.3.

There are two types of game theoretical literature with respect to the
mathematical level of the presentation. The first type is highly technical,
which makes it difficult for the mathematically less interested reader to
access the material. This literature has dominated the game theoretical
scene for a long time, which probably explains the fact that widespread
applications to economics have only occurred within the last twenty years,
though the roots of game theory can be traced back to J. von Neumann and
O. Morgenstern (1944). The second type of literature could be responsible
for the rapid expansion of applications of game theory to economics in
recent years.* It explains the central results of game theory intuitively but
applies less rigor to formal proofs. We draw attention in particular to the
books of Eichberger (1993); Gibbons (1992); Holler and Illing (1993);
Kreps (1990); Myerson (1991); and Rasmusen (1995). Simple applications
to environmental economics may be found in Burger (1994); Fees (1995);
and Weimann (1995).

This book is intended to bridge the gap between these two strands of lit-
erature. It starts from the basics of non-cooperative game theory (Chapter
3) and then progresses step by step to the most advanced topics of coali-
tion formation of recent years (Chapter 15). It is aimed at readers with a
basic knowledge of microeconomics and mathematics® and virtually no
knowledge of game theory. Therefore, Chapter 2 introduces the reader to
the most important terms used subsequently; other terms will be intro-
duced in the course of reading the book. The proofs of most propositions
are provided either in the text or in appendices: exceptions are proofs which
are either obvious or would need too much space. Though the intuition of
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all proofs is emphasized, those readers who are less interested in the tech-
nical part of a proof should be able to understand the central idea of all
results from reading the text. Thus, this book has the, surely, heroic aim of
being self-contained.

In what follows, Chapter 2 introduces some important terms of game
theory (Section 2.1) and some frequently used notations in this book
(Section 2.2). The second chapter also provides a taxonomy of game theory
(Section 2.3). In the course of the discussion of this taxonomy it will be
emphasized which parts of game theory are covered in this book.
Therefore, the outline of the book has been left to Section 2.4.

NOTES

—

. For a complete classification of environmental problems, see Siebert (1985, 1992).
2. However, this does not imply that environmental damages are equally perceived and eval-
uated.
. The details of this setting and the terms mentioned will be explained in Chapter 2.
4. In the environmental economics context, see, for instance, the volumes edited by Hanley
and Folmer (1998) and Pethig (1992).

5. Though some proofs may be very long and therefore may look tricky, basic algebra is
sufficient to follow all the proofs.

(98]



2. Important terms, notation and
classification of games

2.1 TERMS

The essential elements of a game are the players, actions, strategies, out-
comes, payoffs, equilibria, the information and the order of the game (see,
for example, Rasmusen 1989, pp. 23ff.). The players are the actors in the
game who take decisions. In the international environmental context the
players are countries or the political representatives of countries, such as
politicians or diplomats. Players can take actions, such as making catalytic
converters for automobiles mandatory or not.

In contrast, a strategy is a complete plan of action for each contingency
which might arise during the game. In a game comprising several stages, a
strategy specifies how a player reacts at each point in time to all possible
actions of fellow players. For instance, a participant to an IEA must specify
an answer if a signatory to an IEA complies with its obligations but also if
it violates the agreement.

A particular combination of actions (resulting from the play of some
strategy combination) leads to the outcome of the game. For instance, in the
catalytic converter example outcomes could be measured as the nitrogen
oxide concentration in the air, which depends on how many and which
governments introduce stricter car regulations. Alternatively, the outcome
could also be measured with respect to some other environmental index.
The choice will depend on the focus of the analysis (Rasmusen 1989, p. 25).

However, since game theory is mainly concerned with predicting which
of the possible outcomes will emerge in a game and which strategies will be
played in equilibrium, it is more important to have information on how
players evaluate these outcomes. Therefore, the outcomes must be trans-
formed into some form of utility. The utility derived from an outcome is
called the payoff'to a player.

If all action combinations and their associated payoffs are known in a
game, the possible strategies for each player can be determined. If each
player chooses an equilibrium strategy, this strategy combination leads to
the outcome and the equilibrium of the game, which is sometimes also called

7



8 Game theory and international environmental cooperation

the equilibrium point of a game.! The prediction of an equilibrium depends
on the assumptions regarding the behavior of players. For this it is impor-
tant to define the exact notion of an equilibrium. For example, it is not
sufficient to say that an equilibrium strategy is a ‘best strategy’ for each
player, delivering the highest payoff. It is also necessary to specify whether
it is a best strategy independently of what other players do, a best strategy
if others also choose their ‘best strategy’, a best strategy with respect to the
overall game, at each point in time during the game, along the equilibrium
path or with respect to each situation which might arise during the play.
Typical equilibrium concepts which will be encountered in this book are
Nash equilibrium, subgame-perfect equilibrium and renegotiation-proof
equilibrium.

Important elements which influence the play in a game are information
and the order of the game.? Information refers to what a player knows about
own payoffs and strategies and those of fellow players. This also covers
whether players can observe actions of fellow players and, if not, how the
players conjecture about unknowns. The order of a game refers to the
sequence in which actions are taken. Assumptions with respect to both ele-
ments crucially influence the formulation of strategies, which in turn affect
the equilibrium in a game.

2.2 NOTATION

We refer to a particular player as player i, j or k where i, j, k € {1, ..., N} and
i#j#k. The set of all players is denoted by I, that is, I={I, ..., N} .3

A particular action is denoted a,, k€ {1, ..., K,} and player /’s action
setis A;={a,, ..., ax}. A player i has K, strategies where the subscript is
necessary since players may have a different number of actions available
(for example, K, #K,). This notation implies that the number of actions
is finite: that is, actions can be counted. The catalytic converter example
mentioned above belongs to such games with discrete action sets. In con-
trast, if the decision is to choose the level of a fuel tax, then players face
a continuous action set. The tax rate could range from zero to some upper
bound which might be given by the choke price at which demand is cut
off.

In the case of an infinite or continuous action set we write A, =[a;, ax ]
where a;; denotes the lower bound and a,; the upper bound of player i's
action space.* Regardless whether A is finite or infinite we denote the set of
all actions A, that is, A=UA.. Since A is the Cartesian product of all
players’ action spaces, it is sometimes also written as A=A XA, X ... X A,.

For reference reasons, we shall use the same notational style throughout
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the book. The set of elements is denoted by a capital letter and the elements
themselves with the same lower-case letter. For indices we use lower-case
letters and the last element of an ordered set is denoted by the same capital
letter as the set itself. The only exception is the index i which runs from 1 to
N (and not from 1 to I). This is because the letter ‘I’ also denotes the set of
players and it has become a notational convention in game theory and
microeconomics to use N for the number of players.

In line with this convention, we denote a strategy by s,, r e {1, ..., R},
where the first subscript refers to the player and the second to the strategy.
S, refers to country i’s strategy space and S is the strategy space of the entire
game where S=S,X... XS, or S=U 8§, (see, for example, Friedman 1986,
pp. 23ff.; and Eichberger 1993, p. 64). The number of strategies may be
finite or infinite.

If each player plays a particular strategy s in equilibrium, we write s* =
(5], ..., sy). If there is a single equilibrium point in a game, we haveS* = {s"}
and if there is more than one equilibrium point this may be expressed by S*
={s"D, 5*@_ . Generally, asterisks will be used throughout the book to
indicate an equilibrium. If the emphasis is on a particular concept, initials
will be used; for example, sV for a ‘Nash equilibrium’.

The payoff to a player derived from some action combination is denoted
w;,1e {1, ..., L}. More explicitly, we may write 7;(«), where a denotes some
action combination. This stresses that a payoff function maps action com-
binations on payoffs. Since the actions which are chosen depend on the
strategies players pursue, we may also write m;(s), with s denoting some
strategy combination.

The payoft set (or payoft space) of player iis II, and the set of all payoffs
I1. If the payoff space is infinite we write Il =[wl, 7V], where 7l denotes the
lower bound and =V the upper bound of player 7’s payoff space.

2.3 TAXONOMY OF GAME THEORY

In this section a brief overview of the taxonomy of game theory is given as
far as it is relevant to this book. Table 2.1 lists the major criteria according
to which the subsequent models can be structured (Finus 1997).

Character of Games

Though not uniquely defined in the literature, in principle a cooperative
game is one in which binding agreements can be signed (Eichberger 1993,
p. 31; Friedman 1986, pp. 20, 89-90, 112; and Rasmusen 1989, pp. 30ff.).
In contrast, if there is no outside party, for example, an international
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Table 2.1 Taxonomy of game theory

1. Character of game (a) cooperative <> (b) non-cooperative

2. Cost-benefit structure  (a) constant sum<>(b) non-constant sum

3. Number of players (a)2<>(b) N

4. Strategy space (a) discrete <> (b) continuous

5. Time horizon (a) static<>(b) dynamic: (i) finite, (ii) infinite
6. Time dimension (a) discrete <> (b) continuous

7. Time structure (a) independent <> (b) dependent

8. Information requirement (a) complete<>(b) incomplete

9. Sequence of moves (a) simultaneous <> (b) sequential

organization, which can enforce an agreement the game belongs to the cat-
egory of non-cooperative games.

Itis important to note that the term ‘non-cooperative’ should not be mis-
interpreted as implying a general conflict between players and that of co-
operative games as an absence of conflict. For instance, most bargaining
problems in game theory, like the division of a cake between players, are
analyzed using concepts of bargaining theory, which belong (predomi-
nantly) to cooperative game theory, though an obvious conflict between
players exists.

Another instance of a non-cooperative game where there is no conflict is
a positive externality game. Imagine customers in a restaurant sitting on a
terrace, enjoying cows grazing in a meadow nearby. Hence, the production
of milk by the farmer exhibits a positive externality for the restaurant
owner (by attracting more customers). If the farmer stops producing milk,
the restaurant owner can negotiate with the farmer about transfer pay-
ments but cannot force him to continue production.

As we stated in the Introduction, since there is no agency at the global
level that is empowered to sanction the breach of a contract (which makes
cooperation in international pollution control so difficult), almost all
aspects of international environmental problems belong to the realm of
non-cooperative games (Congleton 1992; Heister 1997, p. 4). We depart
from this ‘rule’ only in Chapters 10 and 13 since some important contribu-
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tions based on the assumptions of cooperative game theory have emerged
in the literature.’

Generally, it is assumed that players pursue their interests non-coopera-
tively. To phrase it differently, players are assumed to behave individually
rationally (in the sense of neoclassical economics). Nevertheless, under
certain circumstances, it might be possible to reach a ‘cooperative solution’
(for example, joint implementation of an emission tax in several countries
to curb greenhouse gases) in a non-cooperative game. This is particularly
true in dynamic games where players may use threats to enforce a ‘co-
operative outcome’ (Friedman 1986, pp. 90ff.). Thus, one has to be aware
of the distinction between a cooperative game and a cooperative solution.
The former refers to the institutional setting of a game; the latter to the
objective of an agreement.

The term cooperative solution will be used whenever an agreement among
some countries is sought to improve joint welfare compared to some non-
cooperative benchmark, as for instance the laissez-faire status quo. If a
solution is called fully cooperative or socially optimal we mean an agreement
which maximizes aggregate welfare according to a globally rational strat-
egy. These definitions also comprise solutions where some players lose com-
pared to the status quo (although aggregate welfare increases due to the
agreement), and hence we employ the Kaldor-Hicks welfare criterion when
evaluating an outcome (Kaldor 1939; Hicks 1940; see also Feldman 1980,
pp. 142fF.).6 Tt goes without saying that this requires transferable utility
between players and a cardinal measurement of utility.

The assumption that utility can be aggregated across players and meas-
ured cardinally will on/y be made in the following instances when evaluat-
ing the equilibrium of a game, however, not when deriving an equilibrium.
Exceptions are those non-cooperative games in which mixed strategies are
played (see Sections 3.3, 3.6 and 3.7) and the cooperative coalition forma-
tion games in Chapter 13. In the former case, only cardinal measurement
of utility is required; in the latter case an aggregation of utility must also
be possible.

Cost—Benefit Structure

The second criterion in Table 2.1 classifies games as either constant sum or
non-constant sum games (Friedman 1986, pp. 30ff.). In constant sum games
players can only gain at the expense of other players and hence coopera-
tion cannot generate additional welfare. This is why they are sometimes
also called strictly competitive games. A typical example of a constant sum
game is matching pennies: player 1 gains if head-head or tail-tail appears,
otherwise player 2 gains. Since we are concerned with the formation and



12 Game theory and international environmental cooperation

stability of IEAs in this book, international environmental policy games
must belong to the category of non-constant sum games. As will become
apparent, in negative externality games cooperation can generate addi-
tional welfare.

Number of Players

Though most international environmental problems involve several coun-
tries, extending the analysis from two players to N players (N >2) introduces
a bundle of complications. The reason is twofold. First, two-player games
usually ease the graphical exposition of a problem. Second, in an N-player
game the number of possible strategies which have to be considered when
searching for the solution of a game increases more than proportionally.
Once players do not behave as singletons and are allowed to form sub-coali-
tions, strategies of all possible sub-coalitions also have to be analyzed. For
instance, in a game with only three players, already five possible coalition
structures can emerge:

1, 425, 1355, 1L 25, 335, UL 35, 423 ), ({1, {2, 335, {1, 2, 3},

The first possibility assumes that each player forms a coalition by him- or
herself. The next three possibilities are coalitions among two players.
Finally, we have the grand coalition, which is a coalition comprising all
players. Hence, it is easy to perceive that things get rather complicated if N
is large (for example, for N=4 there are 15 possible permutations).
Therefore, some simplifying assumptions may be necessary to determine an
equilibrium in a coalition game. For instance, many papers on coalition for-
mation in international pollution control assume symmetric countries (see
Chapters 13 and 15). Moreover, other plausible assumptions, for example,
about the behavior of countries, can also reduce the complexity of a game,
making it possible to solve the game eventually (see Chapters 13-15).

Due to these complications we shall proceed stepwise. In Chapters 312
we either contemplate only two players or, in the case of N players, stra-
tegic aspects of the formation of sub-coalitions are discarded. Subse-
quently, in Chapters 13-15, the aspect of coalition formation is taken up
separately.

Strategy Space
The fourth criterion refers to whether a game has a discrete or a continuous

strategy space. The difference has already been discussed in Section 2.2 and
therefore no further explanation is needed. A discrete strategy space allows
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one to illustrate many results and concepts of game theory with the help of
simple matrix games. This is why Chapters 3-8 exclusively focus on discrete
decisions, and only from Chapter 9 onward is the analysis extended to cover
continuous choices as well. However, both assumptions are less distinct
than one would assume. By increasing the number of actions, which also
raises the number of strategies in a game, a discrete strategy space trans-
forms gradually into a continuous strategy space. Moreover, when players
are allowed to randomize between strategies (mixing of strategies), that is,
playing several strategies with some probability, a discrete strategy space
turns into a continuous strategy space. In other words, the strategy space
can be convexified through mixing strategies (see Section 3.6).

Time Horizon

One can basically distinguish between static and dynamic games. Static
games are also called one-shot games (Chapters 3 and 9). Dynamic games
can further be divided into finite (Chapters 4, 6 and 10) and infinite
(Chapters 5, 7, 12 and 14) games. In finite games the game is played over
some (limited) time and the termination of the game is known with cer-
tainty. In contrast, in infinite games the game either lasts until perpetuity
or the end of the game is not known with certainty. There is also a partic-
ular type of game which does not belong to either of these categories.
Basically, these are static representations of dynamic games, but where a
time explicit story is missing. Time implicit models are treated in Chapters
10, 13 and 15.

The complexity of dynamic games is higher than that of static games.
This is immediately apparent when recalling the definition of a strategy.
The longer the time horizon, the more contingencies can arise during a
game for which a strategy must specify an action. Hence, it is sometimes
useful to approximate a situation as a one-shot game provided this
simplification ‘preserves’ the structure of the game. For instance, if the
investment in a new and cleaner power plant is associated with high sunk
costs, the investment decision might be modeled as a one-shot game. This
decision is not reviewed regularly by politicians and might be based on the
net present value of the payoff stream of this project.

In contrast, if an industrial country has to decide whether and how much
to contribute to an international environmental fund designed to foster
environmental projects in developing countries, the decision might be
better modeled as a dynamic game.” Each year parliament debates the
budget for the forthcoming year. If this fund has been set up only for a
certain number of years (for example, because it was earmarked only for
the initial stage of an agreement), then the game is finite. However, if this
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fund has been established without any further specification of its resolu-
tion, the game should be viewed as an infinite game.

In the context of dynamic games one can distinguish between two classes
of strategies: strategies that account for past actions, which are called closed
loop strategies (sometimes also called feedback strategies), and those that
ignore the past, which are called open loop strategies (Rasmusen 1989,
p. 100). Though open loop strategies are simpler to analyze, in most games
there is no reason why players should not use historical information.
Therefore, we do not restrict our attention to open loop strategies.

An immediate prerequisite for closed loop strategies is the assumption of
perfect recall of all past actions, that is, complete memory of the history of
the game (Brandenburger and Dekel 1989). This assumption seems to be
justified in the context of international environmental agreements because
all relevant data, as for instance historical emission levels, is statistically
reported.®:?

Time Dimension

The time dimension refers to the feature whether time is counted in discrete
time intervals (t=0, 1, 2, ..., T), also called periods, or whether a game is
viewed in continuous time. Discrete time intervals have two implications.
First, if the violation of a treaty is detected, punishment can take place only
one period later at the earliest and will therefore be delayed. Second, a
country which violates a treaty receives a transitory gain before being pun-
ished, which makes free-riding attractive. In contrast, in continuous time
actions can be taken at each instant (if no time lag is explicitly introduced
into the decision process) and hence free-riding is less of a problem. Since
political decisions usually take time and since we believe free-riding is a
feature by which IEAs are typically plagued, we assume in all time-explicit
models discrete time intervals. Only the time implicit models in Chapters
10 and 13 require a continuous time interpretation.

Time Structure

There is a particular class of games called repeated games. In repeated
games the ‘basic game’, which is called the constituent game or stage game,
is played over several rounds (Taylor 1987, pp. 60ff.; Sabourian 1989, p. 64).
When the same constituent game is played an infinite number of times, the
whole game is called a supergame.1°

In contrast, if the game structure changes over time, that is, a payoff at a
point in time depends on the payoffs received and actions taken in previous
rounds, this is called a differential game (Rasmusen 1989, p. 81). This
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implies that repeated games assume structural time independence, whereas
differential games exhibit a structural time dependence (Friedman 1986,
p. 72). However, this does not imply strategic time independence of repeated
games. Though the same game might be repeated infinitely, strategies can
be based on past actions. For instance, a player may threaten a fellow player
to punish him/her in future rounds if s/he does not comply with some
agreed strategy.

Generally, the analysis of supergames is much simpler than that of
differential games. In fact, differential games have to be analyzed with the
methods of dynamic programming. Since these methods are quite involved
and warrant an extensive treatment in their own right, differential games
are not covered in this book.!!

In Chapters 12 and 14 we model a supergame in the context of an agree-
ment to reduce greenhouse gases. This framework may raise some objec-
tions because greenhouse gases are stock pollutants and not flow pollutants,
that is, they accumulate in the atmosphere. Depending on the amount of
greenhouse gases released each year and the rate of decay in the atmos-
phere, the environmental situation changes over time. Moreover, economic
parameters and environmental preferences might alter over time. All
together, this would suggest that a differential game approach is more suit-
able than a supergame framework. However, because the impact of most
pollutants with respect to their time dimension is rather uncertain, politi-
cal agents may well approximate future payoffs using payoffs received
today, at least if they are risk neutral. For such a supergame the check on
whether a government complies with the terms of an IEA is simplified since
the game looks the same in each period.!2 The check is independent of the
point in time because if it pays for a country to defect, say, at time t =4,
then it will also pay at time #=0. All we have to do is to discount the com-
plete payoff stream of both alternatives (compliance and non-compliance)
to time r=0. By following this approach the number of potential equilib-
rium strategies to be considered in a game is reduced and the task of select-
ing an equilibrium strategy becomes manageable.

To summarize, under the assumption that the situation is the same at
each pointin time ¢, =0, 1,...,%, one can determine whether a country will
comply with the terms of an IEA at =0, though in reality the situation
might well change at a later stage of the game (but this is not relevant to the
consideration at 1=0).

Information Requirement

Games in which all information is known to all players are called games of
complete information. If one piece of information is not available to at least
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one player, then the game is classified as a game of incomplete information
(Selten 1982). Usually, it is assumed that the information allocation in a
game is common knowledge (Brandenburger and Dekel 1989; Fudenberg
and Tirole 1996, pp. 541ff.; Myerson 1991, pp. 63ff.). That is, every player
knows what all other players know and which information is not available
to them.

In incomplete information games it is typically assumed that players
know how their fellow players form expectations about unknowns and how
they process the information which gradually becomes available to them in
the course of the game. This is necessary to determine the strategies of all
players — a prerequisite to solving the equilibrium of a game (Kreps 1989,
1990). If the conjectures of players about unknowns are not evident from
the underlying problem itself, they have to be introduced explicitly into the
game. Obviously, this implies some ad hoc flavor. This is one reason — apart
from the conceptual difficulties of modeling incomplete information — why
most papers analyzing international pollution problems choose a complete
information framework.!3:14 We shall stay in this tradition and treat incom-
plete information only implicitly in Chapter 11. That is, it is assumed that
players just do not use certain pieces of information; but the act of infor-
mation gathering and processing is not itself modeled.

Sequence of Moves

If there is no obvious sequence suggested by the problem itself, then a
simultaneous move game should be assumed. For instance, if two govern-
ments sign an agreement to invest in a cleaner technology, and we have no
further information about the unraveling of the situation, the investment
decision should be modeled as a simultaneous move game. In contrast, the
formation of an environmental agreement may be modeled as a sequential
move game. After a country has decided whether to become a signatory to
an agreement, and signatories have agreed on a joint abatement target, non-
signatories may choose their non-cooperative emission levels in return.
Such a model is described in Chapter 13.

In most games the sequence of moves affects the strategies in a game and
consequently also influences the equilibrium. Often it is advantageous for
a player to move first (see, for example, Sections 4.2 and 10.2).

Remark
From what has been said above it is clear that each criterion of Table 2.1

reflects a polar pair of assumptions characterizing a game. Most generally,
assumption (a) within each category simplifies the analysis, whereas
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assumption (b) makes a game richer and more interesting, but also more
complicated. As a general rule, it seems sensible to follow the motto of ‘no
fat modeling’ — a phrase coined by Rasmusen (1989, pp. 14ff.). This implies
that simple models should be chosen to bring out the gist of the analyzed
problem. Models which are too complicated may distract attention from
the main focus of an analysis. For instance, if the role of time is the main
focus of an analysis, then it might be helpful to consider only two players
in a first step. However, if we are interested in the coalition formation of
countries, then we may start with a static or simple two-stage game model
and gradually extend the analysis to longer-lasting games.

Of course, there is also the danger of using too simple models which may
not capture important features driving a result in reality. For instance, if the
decision on whether to switch off and dismantle a nuclear power plant is
modeled as a static game with discrete strategy space, this may seem an
appropriate simplification. First of all, due to the high sunk costs of the
decision, a possible revision of a taken action can be ruled out and this is
captured by a static game. Second, a discrete strategy space also seems a
good approximation because the choice will be either to dismantle the
power plant or to operate it at a low, middle or high capacity. In contrast,
if countries negotiate an agreement on greenhouse gases this may be better
modeled as a dynamic and continuous strategy space game. Emission
reductions may range from 0 to 100 percent and the treaty might be in force
for a couple of years.

Unfortunately, sometimes assumptions cannot reflect what is the most
appropriate in the particular case, but have to be guided by the necessity
that dropping too many simplifying assumptions makes it impossible to
solve a game analytically, and one has to rely on simulations. Therefore, in
most parts of the book we follow a stepwise approach, altering only one
assumption at a time. However, though we have already ruled out some
assumptions with respect to the criteria displayed in Table 2.1, lack of space
forces us to confine the subsequent analysis further, considering only some
interesting combinations of assumptions in this book. The general struc-
ture of the book is briefly laid out below.

2.4 OUTLINE OF THE BOOK

In Chapter 3 simple two-player matrix games are considered in a static envi-
ronment. The Nash equilibrium and the equilibrium in dominant strategies
are introduced. Pure strategies and mixed (uncorrelated and correlated)
strategies will be distinguished. In Chapter 4 the framework is extended to
a finite dynamic setting and in Chapter 5 to an infinite dynamic setting. The
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concept of a subgame-perfect equilibrium will be laid out for both settings.
Chapter 4 will also give a formal description of strategies in a dynamic
framework. In Chapters 6 and 7 refinements of the subgame-perfect equi-
librium concept will be discussed in finitely repeated (Chapter 6) and
infinitely repeated (Chapter 7) games. These refinements comprise various
forms of renegotiation-proof equilibrium (and derivatives of it) and a
strongly perfect Nash equilibrium.

Based on the central results of the previous chapters, Chapter 8 looks at
issue linkage games in a finite and infinite time horizon.

Whereas Chapters 3-8 illustrate the results with the help of simple matrix
games (discrete strategy space), Chapters 9-15 extend the analysis to a con-
tinuous strategy space by assuming a global emission game. Chapter 9
introduces the basic model and derives important benchmarks which are
used in the subsequent analysis. Again, we begin with a static framework.
Chapter 10 extends the framework to two-stage games and to static repre-
sentations of dynamic games. In this chapter the approaches of public
goods economics will be scrutinized from a game theoretical point of view
with respect to their logical consistency.

Chapter 11 describes a simple bargaining model in which countries nego-
tiate on the level of a uniform emission quota and, alternatively, on the level
of a uniform effluent charge. The bargaining equilibria are compared with
each other and with the Nash equilibrium and the social optimum. This
model and its central results form the basis of Chapters 12 and 14.

Chapter 12 extends the global emission game to a supergame framework
and applies the equilibrium concepts of Chapters 4-7. Particular focus is
given to restricted and non-simple punishment profiles and their effect on
the stability of a treaty.

Whereas Chapters 9—12 either restrict the analysis to two countries or at
least do not consider coalition strategies, Chapters 13—15 deal with strate-
gies in an N-country world. Utilizing the research progress in this field,
Chapters 13 and 14 look at coalition models which assume that there is one
group of signatories while all other countries play as singletons. Chapter 13
starts by discussing coalition models which may be classified as static rep-
resentations of dynamic games. Chapter 14 analyzes the coalition forma-
tion process in a supergame framework. In particular the bargaining
equilibria derived in Chapter 11 are considered with respect to their stabil-
ity in an N-country world. The model endogenously explains the choice of
the policy instrument employed in an IEA, the abatement target and the
size of the signatories’ coalition. Finally, Chapter 15 presents recent devel-
opments in the literature on coalition formation. These concepts allow for
the coexistence of several coalitions. Since these new concepts have hardly
been applied to the problem of international pollution control yet, the
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emphasis in this chapter lies on an evaluation concerning the question
whether these concepts can be usefully employed in future research on this
topic.

NOTES

In order to characterize an equilibrium, it is necessary to list the equilibrium strategies
of all players. Thus, the notion of an equilibrium in game theory is slightly different from
that in economics. For instance, whereas in economics the price resulting from the com-
petition between firms in a Cournot oligopoly is called an ‘equilibrium price’, this is an
outcome in game theory. From a game theoretical perspective, the strategies, which are
the chosen quantities by each firm in the simple static version of this game, would also
have to be listed for a full characterization of the equilibrium.
For details, see Section 2.3.
Generally, the set of players may also be infinite, see, for example, Fudenberg and Tirole
(1996) for examples. However, in this book no such instances will be encountered.
The terms action space and action set can be used synonymously. However, the former
term is used mostly in games with an infinite number of actions.
Many bargaining solutions belong to cooperative game theory, as for instance the Nash
bargaining solution or the Shapley value. In Chapter 11 we argue that those solutions
are based on some assumptions which are often violated in reality and therefore are not
treated in this book.
For a discussion of the problems associated with the aggregation of welfare functions,
see for instance Boadway and Bruce (1993); Just et al. (1982); and Sen (1984).
See, for instance, the Rio Declaration of 1992 and its successor protocols by which the
Global Environmental Facility (GEF) was set up. Industrial countries are supposed to
contribute to the GEF from which developing countries can receive financial support for
environmental projects (see, for example, Bergesen and Parmann 1997, pp. 90ff.; Hanley
etal 1997, pp. 1711f.; Jordan and Werksman 1996, pp. 2471f.; Kummer 1994, p. 260; and
Sand 1994, pp. 98ff.). Contributions by industrial countries to a fund are also required
by the Convention on Biological Diversity (Beyerlin 1996, p. 617; and Giindling 1996,
pp. 806ff.) and the Montreal Protocol on the Protection of the Ozone Layer (DeSombre
and Kauffman 1996, pp. 89ff.; Ladenburger 1996, pp. 72ff.; and Sand 1996, p. 56). A
model analyzing the stability of such transfers is provided by Barrett (1994a).
For instance, statistical reports on historical emissions are issued by the Norwegian
Meteorological Institute in Oslo which provides emission data for the monitoring
program EMEP (Emission Monitoring and Evaluation Program) which is part of the
Convention on the Reduction of Long-range Transboundary Emissions in Europe
(Geneva 1979). In these reports data on SO,, NO,, and VOCs (volatile organic com-
pounds) have been reported since 1980.

Note that the fact of biased reporting by governments, which frequently occurs in
reality, is an issue of incomplete information but not of bounded recall.
The assumption of bounded recall is sometimes introduced into differential games (the
term is explained below) in order to simplify the analysis. A typical open loop strategy
assumed in this literature is a Markov strategy, where only the immediate previous
history is considered. See, for example, Dutta and Sundaram (1993); Hoel (1992b);
Miler (1991, 1992); and Wirl (1994) in the environmental economics context.
Most game theorists follow this definition, implying that the finite repetition of a game
is not called a supergame. This is also how we shall use this term. For a different inter-
pretation, see, for instance, Friedman (1986, pp. 94ff.). He also calls finitely repeated
games supergames.
General references for dynamic optimization problems are Kamien and Schwartz (1991)
and Seierstad and Sydsater (1987). Differential games are treated in Basar and Olsder
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(1982); Clemhout and Wan (1994); and Friedman (1994). In the environmental and
resource economic context they have been applied by Dockner and van Long (1993);
Hoel (1992b); Martin et al. (1993); and Tahvonen (1994).

This is not true for finite games, as we shall show in Chapters 4 and 6.

Exceptions include Chillemi (1996); Laffont (1993); and Steiner (1997).

A particular form of incomplete information is wuncertainty of information (see, for
example, Rasmusen 1989, pp. 52ff.). Uncertainty refers to the particular feature whereby
after a player has moved, ‘nature’ makes a move which is either not completely observ-
able by players and/or cannot be influenced by them (for example, Holler and Illing 1993,
pp. 36ff.). An example is the global warming game where there is great uncertainty as to
how the climate will change in the future. To solve for such a game, assumptions with
respect to the risk attitude of agents (risk averse, risk neutral or risk loving) have to be
made. Though most books on game theory cover incomplete information in general,
they do not treat uncertainty of information since this warrants an analytical approach
in its own right. Exceptions include Chichilnisky ez a/. (1998) and Machina (1989). In
the context of international pollution control, see, for example, Endres and Ohl (1998a,
b); Mohr and Thomas (1998); and Na and Shin (1998).



3. Static games with discrete strategy
space

3.1 INTRODUCTION
The aim of this chapter is threefold:

1. To analyze the effect of the cost—benefit structure on the outcome of a
game. Here we shall deal with the prisoners’ dilemma (Section 3.2), the
chicken game (Section 3.3), the assurance game and the no-conflict
game (Section 3.4) in the two-country context. An extension to cover
the general case of N countries is provided in Section 3.5.

2. To introduce some basic game theoretical concepts such as an equilib-
rium in dominant strategies, a Nash equilibrium in pure and uncorre-
lated and correlated mixed strategies.

3. To demonstrate that by playing uncorrelated or correlated mixed strat-
egies the payoff space in a game can be convexified (Section 3.6). This
is some preparatory work needed for dynamic games in subsequent
chapters. An application of correlated strategies is provided in
Section 3.7.

In this chapter we focus exclusively on simple static games with a discrete
strategy space. The examples assume that governments can choose between
two policy options; however, an extension to cover the case of larger action
sets is straightforward. All games are non-cooperative and non-constant
sum games. Trivially, by the definition of static games the sequence of
moves is simultaneous and the time dimension and time structure are irrel-
evant. With respect to Table 2.1, the games in this chapter can be catego-
rized as: 1b, 2b, 3a (b), 4a, 5a, 8a, 9a. Some aspects discussed in this and
the two subsequent chapters can also be found in the political science liter-
ature, for example, Aronson (1993); Hamburger (1973); McLean (1981);
Oye (1986); Raiffa (1982); Snyder (1971); Taylor (1987); Taylor and Ward
(1982); Snidal (1985, 1988); Stein (1982); van der Lecq (1996); and Ward
(1987, 1993). Most of this literature gives a non-technical introduction to
the problem of cooperation in international policy coordination.

21
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3.2 PRISONERS DILEMMA

The prisoners’ dilemma game, henceforth abbreviated to PD game, is the
most frequently cited game in the literature to explain in a simple way the
difficulties of reaching a stable IEA. Suppose two countries suffer from
transboundary emissions stemming from energy production. If both coun-
tries switch from the old (for example, coal burning) to the new (for example,
hydro power) technology, net benefits in each country would be higher than
in the present situation. However, though such a joint energy policy is
attractive to both countries, it is even more beneficial to a country not to
invest in the new technology if the neighboring country does. The free-rider
enjoys a cleaner environment (though not of the same quality as if both
countries switched to the new technology), but does not have to carry any
investment costs. For the country which unilaterally conducts the invest-
ment this is the worst case: the costs exceed the benefits of the investment.
An example reflecting such a payoff constellation is provided in Matrix 3.1.
Here a; denotes the action ‘invest” (or ‘abate’) and na, stands for ‘not invest’
(or ‘not abate’). The upper entry in each cell is the payoff to country 1 (row
player) and the lower entry the payoff to country 2 (column player). For
instance, if both countries decide not to invest in the new technology and
the status quo remains, each country receives net benefits of 2 units.!

Matrix 3.1 Prisoners’ dilemma

a, na,
3.2 1.4
a,
3.2 4.4
4.4 2
na,
1.4 2

A payoff matrix is a convenient device to summarize all relevant infor-
mation in this game. It is one possibility of the normal form representation
of this game, where this term is defined as follows (Gibbons 1992, p. 4):

Definition 3.1: Normal form of a game
The normal form representation of a game (also called the strategic form
of a game) specifies: (a) the players in the game, (b) the strategy combi-
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nations, and (c) the payoffs received by each player for each possible

strategy combination in this game. For short, the normal form of a game
is given by I'=(1, S, IT).

Note that, due to the assumption of a one-shot game, actions and strate-
gies coincide in this game. It can easily be checked that in the PD game each
country has the dominant strategy ‘no abatement’; that is, regardless what
the neighboring country does, strategy na, delivers the highest payoff. If
country j plays a;, na; delivers a payoff of 4.4 whereas g, leads to a payoff of
only 3.2 to country i. If country j plays na, country i nets 2 by playing na;
instead of 1.4 when playing a,.. Hence, the unique equilibrium in this game
is SP* = {(na,, na,)} where the superscript D stands for ‘dominant strategy
equilibrium’. The associated payoffs are printed in bold in Matrix 3.1. The
equilibrium of this game implies that cooperation fails and both countries
get stuck in the Pareto-inferior status quo. Hence, delegates of both coun-
tries either do not sign an agreement in the first place because they antici-
pate the instability of such a deal, or they sign an agreement but neither
country will comply.2

The predictive power of this kind of equilibrium may be regarded as
quite high. Each player has one strategy which leads under every contin-
gency to a higher payoff than any other strategy. That is, a player can deter-
mine his/her ‘best strategy’ without having to rely on any speculation about
the behavior of his/her opponents. Hence, this equilibrium is also immune
to any kind of strategic considerations of players and can therefore be
regarded as very robust.

Definition 3.2: Equilibrium in dominant strategies?

An equilibrium in dominant strategies is a strategy combination s* = (s,
s* ) for which m(s}, s_)=m(s, s_)Vs,eS, s_;eS_, s,#s; and iel
holds, where s_; denotes all strategies except that of player 7, and s; some
arbitrary strategy of player i. That is, in equilibrium every strategy is a
best response irrespective of the strategies of other players.

Note that for the incentive structure in the PD game (and in all the games
discussed below) it is neither necessary for utility to be measured cardinally
(for example, a payoff of 3.2 gives 3.2/2 times more utility compared to the
status quo) nor that utility can be compared across countries (for example,
a payoff of 4.4 generates higher utility to country 1 than a payoff of 3.2 to
country 2). Also the assumption of symmetric payoffs is not necessary.
With reference to Matrix 3.2, all that is required for a game to qualify as a
(basic) PD gameis ¢;>a,>d,>b.Viel.

However, to make the following analysis interesting from a policy point
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of view, we assume that (1) utility can be aggregated, and that (2) a, +a,>
b,+c,and a, +a,>c, + b, hold. The first assumption automatically implies
that a, +a,>d, +d, (since a,>d,V i € I) and hence together with the second
assumption ‘mutual cooperation’ is globally optimal.

Matrix 3.2 General payoff matrix

a, na,
a, b,
a,
) )
¢ d
na,
b, d,

To set the stage for a comparison of the outcome in the static PD game
with outcomes in other models and settings, we briefly review three main
assumptions which are responsible for the pessimistic result obtained
above.*

First, the discrete strategy space restricts the question of whether to
cooperate on environmental protection to a binary choice. In contrast, in
a continuous strategy space where a country can tune its decision more
finely, more optimistic results can be obtained (see Chapter 9). However,
if the policy options discussed on an international platform are clearly
distinct from each other, a discrete strategy space is the appropriate
setting.

Second, in a static setting no threats and rewards can be used to prevent
a country from seeking its immediate interests. Below, we shall show that
cooperation might be possible if a game lasts longer. However, as pointed
out in Section 2.3, a static setting is appropriate if an action is associated
with high sunk cost and is not reviewed at short intervals.

Third, the cost-benefit structure generates this Pareto-inferior result.
Apart from the free-rider incentive it does not pay a country to contribute
unilaterally to the international public good ‘environmental quality’. In
fact, a unilateral contribution is the worst outcome from the contributor’s
perspective.

Looking at the record of international environmental protection it is
evident that there has been successful cooperation in a few areas, though
for most international environmental problems either less has been
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achieved than would be advisable from a global point of view or no actions
at all have been taken.’ Therefore to be able to capture the broad spectrum
of TEAs, some of the previous assumptions have to be modified and/or the
model has to be extended. In this chapter we start by modifying the
assumptions of the cost—benefit structure.

3.3 CHICKEN GAMES
3.3.1 Pure Strategies

In chicken games the prospects for a cleaner environment are higher (see,
for example, Holler and Illing 1996, pp. 89ff.; Rasmusen 1995, pp. 72ff.).
Still, the free-rider incentive exists. However, the cost—benefit structure is
such that it pays a country to invest unilaterally, though it prefers its neigh-
bor also to contribute to a joint environmental policy. An example is shown
in Matrix 3.3.

Matrix 3.3 Chicken game

a, na,
4.6 2.2
a,
4.6 5.2
5.2 2
na,
2.2 2

From a casual inspection of Matrix 3.3 it is apparent that country 1
prefers to invest, a,, if country 2 does not invest, na,. However, if country 2
invests, a,, country 1 prefers ‘no investment’, na,. Obviously, country 1 has
no dominant strategy and, by symmetry, this also applies to country 2.
Now, a best reply depends on the strategy of the fellow player. The notion
of a Nash equilibrium, henceforth abbreviated NE, takes this into consid-
eration (Nash 1950a; see also Moulin 1986, p. 104).

Definition 3.3: Nash equilibrium
A Nash equilibrium is a strategy combination s*= (s, s* ) for which
w(st,s" ) =m (s, 8" )Vs,#s.,s_,#s ,and i € L hold and where s7, 5, € S,



26 Game theory and international environmental cooperation

and s” e S_,. That is, in equilibrium every strategy is a best response to
the best strategies of the other players.

In the chicken game the strategy combinations (¢, na,) and (na,, a,) con-
stitute such mutual best responses to each other. That is, each player has no
incentive to deviate from his/her strategy, given that the other player does
not deviate. Hence,SN* = {(a,, na,), (na,, a,)}. The payoffs in the two NE
are printed in bold in Matrix 3.3.6

There are basically two interpretations of a Nash equilibrium:

1. Inequilibrium each player’s conjecture about the other players’ behav-
ior is confirmed. Hence, the NE is supported by self-consistent beliefs
and might therefore be viewed as a rational expectation outcome
(Eichberger 1993, pp. 1071t.).

2. Before play, some communication takes place in which a third party or
a player proposes to play an NE. The proposal will be accepted if it is
self-enforcing. This is indeed the case: no player likes to change strat-
egy, given the other players play their equilibrium strategies.

Of course, in the chicken game each country favors that equilibrium
where it can take a free-ride and the other country conducts the invest-
ment.” Thus, without any further information it is not clear which of the
two equilibria will be played. Though this indeterminacy is disturbing in
predicting the outcome of this game, if we consider the complexity of real
world situations it is hardly surprising.

The payoff relations necessary to generate a chicken incentive structure
are ¢,>a;>b,>d, V i € 1. Assuming that mutual cooperation (investment
by both countries) is globally optimal, then @, +a,>b, + ¢, and a; +a,>¢,
+ b, must hold additionally. These two inequalities do not follow from the
basic chicken game but are often and henceforth assumed. For the incen-
tive structure (and therefore for the equilibrium) of the game itself,
however, they are not relevant.

3.3.2 Mixed Strategies

Apart from the indeterminacy of the solution in the symmetric chicken
game, there is another reason why we may feel unhappy with the two NE
(in pure strategies). Though the payoff structure is symmetric in Matrix 3.3,
either of the two NE generates very asymmetric payoffs. In contrast, by
allowing for mixed strategies to be played in the chicken game a more even
distribution of payoffs can be generated. Whereas playing a pure strategy
implies that a player chooses one particular strategy out of his/her strategy
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set, mixing involves playing several strategies with some probability
(Rasmusen 1995, pp. 6711.).

With respect to the chicken game in Matrix 3.3, a mixed strategy implies
that a country plays @, with probability p; and na, with probability (1 — p,).
The expected payoff to country i from playing a; is 4.6-p; + 2.2-(1 —pj).
Alternatively, if country i chooses na, its expected payoff is 5.2 p;+ 2-
(1-=p)). Country i will invest if its expected payoff is higher than that from
not investing:

4.6:p,+22-(1=p)=52-p,+ 2-(1-p) = 1/4=p, 3.1

That is, country i invests if the probability that country j invests is less than
1/4. 1t does not invest if this probability is greater than 1/4, and it is
indifferent between both strategies if this probability is exactly 1/4. Hence,
if both countries invest with probability 1/4, both countries have no incen-
tive to deviate from their strategy and beliefs are mutually confirmed. Thus
p'=(p|=1/4, p5=1/4) is the Nash equilibrium in mixed strategies. The
resulting payoff to each country is 2.8 which is more in line with the sym-
metric structure of the chicken game in Matrix 3.3 than those payoffs
derived from the pure Nash equilibria.?
Let us now define more formally what has been derived above:

Definition 3.4: Mixed strategy

Suppose a normal form game I'=(1, S, IT) in which player i’s strategy set,
S,=1{s;), .... S, » consist of R, pure strategies s,z,, R=1{1,...,R;}. Then, a
mixed strategy of playelg iis a probability distribution p, = (p,,, ..., PiR,) on

S where 0=p, = landzpir =1

r=1

Definition 3.5: Nash equilibrium in mixed strategies

A Nash equilibrium in mixed strategies is a probability distribution
PN =(p], ..., pn) for which w(p;, p )=w(p, p-,)Vp,#p’ and
i e I holds. That is, each player’s mixed strategy is a best response to the
other players’ mixed strategies.

Note that now in the general case p, denotes some probability distribution
of player i and not a probability that a particular strategy s, is played. From
the definition it is obvious that an NE in mixed strategy is a straightforward
extension of the definition of an NE in pure strategies. In fact, a pure strat-
egy is a special case of a mixed strategy which is played with probability 1.
Therefore, pure strategies are a subset of mixed strategies (Eichberger 1993,
pp. 201t.).
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Before dealing with some other games and other technical features of
mixed strategies in the subsequent sections, we shall pause here and briefly
discuss the pros and cons of mixed strategies.

Cons

1. The derivation of a mixed strategy equilibrium requires that utility is
measured cardinally. Recall, this assumption is not necessary when
deriving pure strategy equilibria.

2. For most economic problems the motivation of mixed strategies in the
context of one-shot games is obscure (see, for example, Rasmusen
1989, pp. 72ff.). Why should players randomize between strategies?
This question becomes particularly momentous when recalling that
one argument in favor of a static setting was that the investment is asso-
ciated with high sunk costs and not reviewed regularly. Thus, one
should expect a government to take a clear-cut decision and not to ran-
domize.

3. A mixed strategy equilibrium is very sensitive to a change of payoffs.
Suppose the free-rider payoff in Matrix 3.3 is changed from 5.2 to 5.6.
Then the new equilibrium is p* = (p| = 1/6, p5 = 1/6) instead of p* = (p;
=1/4, p5=1/4). In contrast, such a small perturbation of payoffs does
not upset the pure strategy equilibrium. For most economic problems
it seems sensible to expect that small alterations in payoffs, such as
those caused by small variations in economic fundamentals like prices
and so on, will not change the behavior of players dramatically, and
therefore such variations should be buffered to some extent.

4. A mixed strategy equilibrium is not very sensitive to a change of strat-
egies. If player i plays the equilibrium strategy p;, then player j can
choose any probability 0= Pp= 1 and player i receives the same payoff
(see, for example, Holler and Illing 1993, pp. 70ff.). Clearly, by the
nature of an equilibrium in mixed strategies players are indifferent
between their pure strategies. However, it may be asked why should
player Jj play the equilibrium strategy p and not any other strategy p;*
p if this does not affect his/her payoff7 This is a weak point from a
game theoretical point of view because strategies should be important
for an equilibrium.

Pros
1. The equilibrium probabilities may be interpreted as the likelihood of

an outcome. For the example in Matrix 3.3 we compute the probabil-
ity that mutual investment takes place to be p|-p; = 1/16, the likelihood
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of unilateral investment p} - (1 — p3) = (1 — p})-p5=13/16, and that of no
investment to be (1 —p}) (1 —p3)=9/16. In a wider context of more
than two countries these figures could be interpreted as 50 percent of
the countries invest. This kind of information may judged more useful
than knowing that any of the two pure strategy NE could be played.

2. Though the next remark should be reserved for the chapters on
dynamic games, its intuition is obvious. If a game is played over several
rounds, then the probabilities discussed under point 1 of the cons may
be interpreted as the frequency with which some strategies are played
on average.

3. There are also examples in which randomizing is more convincing than
playing pure strategies. Think of an international body controlling
emissions within some IEA. If control costs cannot be neglected, then
inspectors may decide randomly to audit the emission record of coun-
tries. The random decision may concern which country to audit, the
conciseness and the frequency of audits. In this case, mixing between
strategies seems plausible.’

In the following we shall always assume pure strategies as long as no
explicit reference is made to mixed strategies. Some technical aspects of
mixed strategies will be reconsidered in Sections 3.6 and 3.7. However, since
the main focus of this chapter is on the cost-benefit structure of games, we
first discuss assurance and no-conflict games.

3.4 ASSURANCE AND NO-CONFLICT GAMES

In an assurance and no-conflict game the degree of cooperation is higher
than in the previous games. Whereas in the PD and in the chicken game, no
or only one country invests in the new technology (if only pure strategies
are considered), in the games we discuss in this section both countries (most
likely) invest. Typical examples of both games are given in Matrices 3.4 and
3.5. Again, symmetry is assumed for convenience but is not essential for the
basic incentive structure.

3.4.1 Assurance Games

In assurance games the payoff structure is such that it pays neither country
to invest unilaterally. A country prefers either the status quo or joint invest-
ment. The assurance payoff structure could be generated by economies of
scale in the development and production of new and cleaner power plants.
If the costs of R&D are high, an investment in the new technology might
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Matrix 3.4  Assurance game Matrix 3.5 No-conflict game
a, na, a, na,
9.5 0 9.5 5
a a
9.5 1 9.5 8
1 2 8 2
na, na,
0 2 5 2

only pay if both countries cooperate on this issue. No investment is pre-
ferred by both countries since unilateral investment is so costly.

Another example generating such a payoff structure is the invention of
catalytic converters in the European Union several years ago (Heal 1994).
Suppose that only some governments had required their industry to meet
the stricter EU regulations. Then, on the one hand, the car industry in the
‘environmentally concerned’ countries would have faced the dilemma of
either higher production costs, caused by production for two separate
markets, or losing market shares if they only produced the more costly ‘cat
cars’. Moreover, unleaded petrol had to be provided all over Europe in
order not to restrict travel. Without such a common market, travel would
have become inconvenient and costly.

On the other hand, in countries with less environmentally concerned
governments, the car industry faced the same kind of a dilemma — either
producing for two markets or losing market share. Moreover, if a country
opted not to produce cat cars it would risk falling behind in acquiring tech-
nical know-how. This can turn out to be a disadvantage in the future if, due
to higher environmental awareness among its citizens, tougher regulations
become binding in an increasing number of countries.

Taken together, neither to go ahead nor to free-ride would pay. Only a
joint coordinated environmental policy could improve upon the status
quo.l0

The NE strategy pairs in the assurance game are sN'(U'=(a,, a,) and
sN*@ = (na,, na,). In Matrix 3.4 the payoffs of the Pareto-superior equilib-
rium are printed in bold and the payoffs of the Pareto-inferior equilibrium
are printed in italic. Due to the Pareto-superiority of sN*(, this equilibrium
is the focal point in this game and we expect both countries to invest.!1- 12.13
All that is required is some basic form of communication in order to co-
ordinate the strategies of the players.'4
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With respect to the general payoff matrix (Matrix 3.2), the inequalities
a;>d;, d,>b,and d,>c;V i e I define the basic payoff structure of an assu-
rance game. Though b;<c¢; has been assumed in Matrix 3.4, b,= c; also pre-
serves the incentive structure of an assurance game. Obviously, mutual
investment is globally optimal if utility can be aggregated.

3.4.2 No-conflict Games

No-conflict games have only one equilibrium, which is an equilibrium in
dominant strategies, that is, SP* = {(a,, a,)}. Generally, in a no-conflict
game a;>b,, ¢;>d;, V iel holds. The relation of b; and ¢; remains
unspecified, but b, <c; seems plausible if we follow the assumption that
free-riding generates a higher payoff than unilateral investment. In this
game environmental benefits from the investment are perceived to be so
high that unilateral and joint investment are rational. Hence, cooperation
on joint environmental policy should not prove difficult.

3.5 AN EXTENSION TO N COUNTRIES

In this section we briefly discuss the extension of the previous models from
two countries to the general case of N countries. Analytically, this exten-
sion is straightforward. Conceptually, this is a little more difficult in the case
of a chicken and an assurance game. A simple way to display the incentive
structure in the symmetric N-country case is suggested by Matrix 3.6.

Matrix 3.6 N-country environmental game

0 1 N'—1 N-1
N*~1 _ N-1 )
a;|MB}=MC, | MBl+ MB}~MC, | ...| D' MB/*!=MC, | > MB/*! - MC,
J J
N*—1 N—1 .
na; 0 MB! > MB! > MB/
J J

MB/ stands for marginal benefits and MC, for marginal costs which
accrue to country 7 from the investment in the new technology and the
status quo payoff has been normalized to zero. The term ‘marginal’ is used
to stress that these benefits and costs occur additionally compared to the
status quo. For instance, MB? is the marginal benefit country i receives if
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four instead of three countries contribute to abatement. The number of
cooperating countries is denoted by N”.

In Matrix 3.6 country i is assumed to be the row player, all other coun-
tries to be the column player. The first column represents the case if none
of the N—1 countries cooperates. The second column depicts the case if
one of the N — I other countries cooperates and so on. The payoffs in each
cell are those of country i. The incentive to free-ride is simply computed by
subtracting the first row from the second in each column.

3.5.1 PD Games

An important feature of the incentive structure of PD games is that it never
pays a country to invest unilaterally and that defection from mutual co-
operation pays. If this incentive structure is to be preserved in the N-country
case, then MB/*!<MC;orall i e I and all j= {0, ..., N— 1} must hold. If we
assumed that marginal benefits decrease in the number of contributors N*
(as economic wisdom would suggest), that is, IMB// dN* <0, then the free-
rider incentive would be particularly strong in columns to the far right.

Moreover, a basic prerequisite that cooperation is attractive at all is
SMB/*1>MC; if country i cooperates too, and SMB/>0V ieland 1=;
=N - 11if country i does not cooperate.

3.5.2 No-conflict Games

The incentive structure of no-conflict games implies that the only NE,
which is at the same time an equilibrium in dominant strategies, has all
countries investing. Hence, we have to require MB/*! >MC, V i and j and
MB/>0 V iel and 1=j=N—1. These conditions also ensure that co-
operation is attractive and full cooperation globally optimal.

3.5.3 Assurance Games

In its ‘pure’ version the incentive structure of assurance games implies that
either all countries or no country invest. Moreover, joint investment is pre-
ferred among these two options. For such an incentive structure SMB/+1 <
MC,; for all i eI and j<N —1, and ZMB/*!>MC, and MB/>MC, for j=
N—1 and all i el is required. Since in an assurance game cooperation
among some countries never pays a country as long as not all countries
cooperate — even though it does not contribute anything to joint abatement
— XMB/<0 for all 1 =j<N—1 must hold. That is, only if all countries
invest will marginal benefits exceed a threshold so that the investment is
beneficial to country i and globally optimal.
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In the context of the economies of scale argument we presented in
Section 3.4, IMB//9N* >0 seems plausible,'> however, it is not necessary to
generate this result (though MBY>MC,;>0>MB/*!V j<N—1 is neces-
sary).

In a modified version of the assurance game the following scenario could
also be constructed. If a certain number of countries invest, say N*, payoffs
to these countries are higher than in the status quo and defection does not
pay. However, if the number of countries contributing to abatement falls
short of N, countries prefer not to invest. This implies that if
OMB/ /g N* >0 holds, then SMB/ ™! <MC, for alli e  and j<N"—1, and
SMB/"!1>MC, for all j= N*—1 and i e I. Then, of course, it is also an NE
ifN“+1,N"+2, ..., N countries contribute to abatement. However, a focal
point argument should put us in the position to select among those multi-
ple equilibria.

3.5.4 Chicken Games

An important feature of two-country chicken games is that a unilateral
contribution to abatement is preferred to no abatement at all but a country
prefers not to invest in the new abatement technology if the other country
does. In an N-country game this implies that country i does not invest as
long as it expects that at least N* countries will invest, but it invests if it
expects the number of contributors to fall short of N*. Thus, the incentive
structure for all i would be MB/*!>MC,V j=N"—1 and MB/*!<MC, V
Jj>N*"—1. SMB/"! >MC, for all i and j and MB/>0 for all i and 1 =j=
N-1 ensures that cooperation is always beneficial compared to the status
quo.

The assumption dMB//ON" <0 is in line with the requirements (though
not necessary) and the number of countries contributing to abatement in
equilibrium, N*, depends on the relation of marginal benefits to marginal
costs. As in the two-country chicken game, there will be multiple equilibria.
For instance, if N=3 and N* =1, there are three equilibria in pure strate-
gies, each with one of the three countries investing unilaterally. In the case
where N"=2 each equilibrium has a combination of two countries
({1, 2},{1, 3} or {2, 3}) investing. Departing from the symmetry assump-
tion may reduce the number of multiple equilibria. For instance, assume a
mix of a chicken and a PD game. The ‘chicken’ group of countries might
value environmental benefits from the investment higher than the PD group
and are therefore the signatories to an IEA.
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3.5.5 Discussion

From the discussion it is evident that with the help of the simple models
presented in this chapter an environmental agreement ranging from zero to
N participating countries can be depicted by varying the relation of margi-
nal benefits to marginal costs. For example, observing that a pollution
problem is not regulated within an IEA, one may suspect that the
benefit—cost structure is that of a PD game. Many authors argue that for
most international problems, in particular global ones, marginal costs
exceed marginal benefits on a country basis. This could explain why so far
not much success can be detected regarding the problem of global
warming. In contrast, if an effective IEA is in operation with some but not
all countries participating, a chicken or modified assurance game is a pos-
sible incentive pattern underlying the problem. Following the main opinion
in the literature, judging the Montreal Protocol as a relatively successful
treaty, the ozone problem could be such an instance.

However, though the models in Chapters 13-15 on coalition formation
confirm that the cost-benefit structure is a crucial variable for the success of
a treaty, for a final evaluation we first have to analyze whether modifications
of the assumptions made so far can also explain partial or full cooperation.
Since free-riding is a problem, particularly in PD and chicken games, the
analysis in Chapters 4-8 is confined to these two types of games.

3.6 CONVEXIFICATION OF PAYOFF SPACE

Since most of the results of dynamic games presented in subsequent chap-
ters are formulated in terms of equilibrium payoffs, we must deal in this
section with the convexification of payoff space to provide a general plat-
form for this discussion. This term refers to the fact that by playing mixed
strategies any linear combination of pure strategy payoff vectors can be
generated in a game. To show that this is possible in a/l games, we have to
extend the definition of mixed strategies to comprise correlated strategies
as well (Rasmusen 1995, pp. 75ff.). An application of correlated strategies,
showing how a consultant or an arbitrator can improve upon the outcome
in a game, though he/she is not equipped with enforcement power, will be
provided in Section 3.7.

3.6.1 Uncorrelated Strategies

The convexification of payoff space is illustrated for the chicken game in
Matrix 3.3. In Figure 3.1 the two-dimensional convex payoff space of this
game has been drawn.



Static games with discrete strategy space 35

9 4
8 A
7
6 -

(2.2,5.2)
5 4 (4.6, 4.6)
4 - «—— Pareto frontier

3 4

2 2,2) (5.2,2.2)

0 1 2 3 4 5 6 7 8 9 m
Figure 3.1  Payoff space of the chicken game in Matrix 3.3

All possible payoff combinations of this symmetric one-shot chicken
game are represented by the shaded area. A point at each corner of this area
is a payoff tuple resulting from a pure strategy combination. In order to
generate other payoff tuples, mixed strategies have to be played. By varying
the probability p; and p; of playing the first strategy (and accordingly 1 —p;
and 1 —p; of playing the second strategy), the discrete strategy spaces of
countnes i and j become continuous. Thus, mixing strategy @, and na; is like
increasing the number of strategies from two to an infinite number of strat-
egies and the payoff space, [I=1II, XII,, becomes a convex set as drawn in
Figure 3.1. For example, if p, =p,=0.5, then the payoff tuple 74 can be
generated.

3.6.2 Correlated Strategies

In some games the convexification of payoff space is less straightforward
than in the chicken game. In such games it does not suffice to play ‘only’
mixed strategies, that is, to play uncorrelated mixed strategies as assumed so
far; instead, in these games correlated strategies have to be played to con-
vexify the payoff space. Whereas uncorrelated strategies imply that the
probability distributions of players are independently chosen, correlated
strategies imply that the probability distributions are related to each other
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(1,5)

3- TEA:(3’ 3)

Figure 3.2 Convex payoff space of the matrix game in Matrix 3.7

in some way. Consider the simple example in Matrix 3.7 which is illustrated
in Figure 3.2. The example is chosen for illustrative purpose only and is not
economically motivated.!®

This game has two NE in pure strategies, that is, SV = {(a,,, a,,) (a5,
a,,)}, where the associated payoff tuples, that is, @V (=(5, 1) and
wV*@ =(1, 5), are printed in bold in Matrix 3.7. There is also NE in mixed
strategies, that is, p" =(p; =1/6, p/ =5/6), with associated payoff tuple
wN*G3) =(5/6, 5/6).

Suppose we want to find an uncorrelated mixed strategy to generate the
payoff tuple w4 =(3, 3) which is an element of the convex payoff space II.
This implies that the following two equations must be satisfied:

Spip, + (1 =p)(1—p,) =3 (3.2)
PPy + S(1=p)(1—p,)=3. (3.3)

However, solving this inequality system by adding (3.2) to (3.3), dividing
through by 6, and rearranging terms, shows:

(P]Pz _p1)+(P1P2 —p,)<0 (3.4



Static games with discrete strategy space 37

Matrix 3.7 Matrix 3.8 Matrix 3.9
ay) ay ay) ay ay) &%)

5 0 1

ap apn B 0 ap Z Z
1 0
0 1 1

ap ap 0 B ap Z3 Z4
0 5

due to 0=p, =1 and 0=p,=1. Hence, the payoff tuple w4 cannot be gen-
erated using uncorrelated mixed strategies.

However, suppose that both parties agree to use some random device
which picks the probabilities of the various strategy combinations. For
instance, both parties agree to flip a coin and play their first strategy if
heads shows up and play their second strategy if tails shows up. In other
words, both parties agree to correlate their strategies. Because of an equal
winning chance, the two players play the strategy combination (¢, a,,) and
(a5, a,,) with a probability of 50 percent. Based on these probabilities of
outcomes (see Matrix 3.8), the expected payoff to each party is 3.

More generally, by choosing the probabilities of correlated strategies
accordingly, any payoff tuple in the convex payoff space II (shaded area in
Figure 3.2) can be generated. For reference reasons, we denote the corre-
lated probabilities z,, u € {1, ..., R}, where R=R,XR.is the number of
strategy combinations and Xz, =1. Thus, z, is an element of a probability
distribution z=(z,, ..., zz). The notation is visualized in Matrix 3.9 above.

3.7 COORDINATION THROUGH CORRELATED
STRATEGIES

Whereas it was the aim of the last section to demonstrate that in some
games correlated strategies are necessary to convexify the entire payoff
space, we are now concerned to show how correlated strategies can be used
to improve upon a non-cooperative status quo. By constructing an appro-
priate random device, global welfare can be raised in some games which
would not be possible by using pure strategy or an uncorrelated mixed NE
only. Before studying the details, we wish to clarify two issues first:
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1. How can the play of correlated strategies be motivated?
2. What are the necessary conditions to ensure that both parties comply
with playing correlated strategies?

3.7.1 Motivation

Suppose that playing a particular set of correlated strategies is stable and
that both parties benefit from the agreement. Then, one could think of the
randomizing device as a third party; say, a coordinator who is in charge of
making recommendations. In the environmental context the coordinator
could be an international agency. Thus, instead of agreeing to play a par-
ticular strategy combination, parties agree to hand over the decision power
to the coordinator. For instance, in the chicken game in Matrix 3.3 we have
two NE in pure strategies — each of them favored by one party.
Consequently, both parties will find it difficult to agree on one of those
equilibria. If each player insists on playing its preferred equilibrium, it is
not unlikely that they end up playing (na,, na,), each receiving a payoff of
only 2. Moreover, also in the mixed uncorrelated strategy NE each party
receives a payoff of only 2.8. Therefore, coordination may be attractive to
both parties if they can find an appropriate ‘coordination device’.

3.7.2 Compliance

A basic prerequisite that players agree to make a third party responsible for
coordination is that the rules according to which these recommendations
are given are common knowledge. Moreover, due to our fundamental
assumption of a non-cooperative game, this coordinator has no enforce-
ment power. Hence, the recommendations must be self-enforcing and the
correlated strategies must constitute a Nash equilibrium in correlated strat-
egies. We define:!7

Definition 3.6: Nash equilibrium in correlated strategies

Let z be a probability distribution over all strategy combinations. Then,

a Nash equilibrium in correlated strategies is a strategy tuple s* and a
R

recommendation of the coordinator z* for which E o (s;, s)=

R u=1
D ms, s )V s #s], s #s",and i e L hold.

u=1
From the definition it is evident that an NE in correlated strategies is a
straightforward extension of our previous definition of an NE in pure or
uncorrelated mixed strategies. This equilibrium is characterized by the
strategy tuples s and z*. However, since the coordinator recommends
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playing a particular pure strategy combination with probability z, z* con-
tains all relevant equilibrium information.

3.7.3 Application

Now we want to find out which stable correlated probability distribution
generates the highest aggregate payoff in a chicken game (Holler and Illing
1993, pp. 90ff.). For instance, in the chicken game in Matrix 3.3 aggregate
payoffs in either of the two pure NE are 7.4 and in the mixed uncorrelated
strategy NE the payoff is 5.6. Thus we look for a correlated equilibrium
which brings about an aggregate payoff above 7.4.

It turns out that in the example the correlated equilibrium which gener-
ates the highest aggregate payoff is z* = (z] = 1/7, z; = z; = 3/7) with aggre-
gate payoff 2 (z") =7.656. More generally we have:

Proposition 3.1

In a two-player chicken game there is a Nash equilibrium in correlated
strategies with aggregate payoffs higher than in the pure and uncorre-
lated mixed strategy equilibria.

Proof: See Appendix I. Qe

3.7.4 Discussion

The example shows that in games where no enforcement mechanism is
available to achieve a cooperative solution, coordination can increase
aggregate welfare. This result is particularly interesting because coordina-
tion takes place in a purely non-cooperative setting.

Whether it is possible to use a coordination device to improve upon a
non-cooperative situation depends crucially on the particular game. For
instance, it is easy to check that in a prisoners’ dilemma game no correlated
Nash strategy exists which could improve upon the Pareto-inferior
outcome. In contrast, in an assurance game z = 1 is an equilibrium which
confirms that coordination should prove easy in this game. Generally, it
would be interesting to find out whether it is possible to classify games into
those in which correlated strategies can improve upon the pure and mixed
NE and those in which this is not possible. Moreover, it seems promising to
investigate whether and how it is possible to transform a game so that a
coordination device can be successfully established. Finally, future research
has to shed light on the question of which correlation devices are the most
appropriate with respect to certain environmental conflicts. It seems that
the environmental economics literature has not recognized this issue so far.
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NOTES

The game derives its original name from the following situation (see, for example, Luce
and Raiffa 1957, pp. 95ff.): Two suspects are arrested for some serious crime. The police
lack sufficient evidence to convict the suspects unless one confesses. Therefore, the police
confront the suspects with the following alternatives. If neither confesses, then both will
be convicted for some minor offenses and sentenced to a short period in jail, say one year.
If both confess, both will be sentenced to jail for five years. If one confesses and the other
does not, the one who confesses will be released and the other will be sentenced to jail
for ten years. If both prisoners were to agree not to confess, both would be released after
one year. However, such an agreement is not stable; both prisoners will confess and will
be sentenced to five years in jail.

If there existed an authority (in the sense of cooperative game theory) which was able to
enforce international treaties, then the problem could be solved trivially. Holler and Illing
(1993, pp. 23ff.) call this the Mafia solution to the PD game. In the original game (see
the previous note) this implies that both prisoners do not confess because of fear of
being killed by the Mafia members.

The following definitions assume the general case of possibly more than two players.
The degree of cooperation in experimental PD-type situations is reported in Axelrod
(1984); Feeny et al. (1990); Gardner and Ostrom (1991); and Ostrom et al. (1990, 1994).
A report of the US government identifies 170 multilateral IEAs (USITC 1991). Up until
now only political scientists have launched and conducted comprehensive empirical pro-
jects on the evaluation of the effectiveness of those IEAs. Due to different evaluation
methods the results are rather ambiguous; see, for example, Benedick and Pronove
(1992); Haas et al. (1993); Sand (1992); Victor et al. (1998); Werksman (1997); and Young
and von Moltke (1994).

From the definition of a Nash equilibrium it should be clear that a dominant strategy
equilibrium is always a Nash equilibrium too, that is, SP*C SN*. (However, the opposite
does not hold.)

The chicken game derives its name from the following situation which has become
famous in the movie Rebel without a Cause (see Rasmusen 1995, p. 87). Two young rebels
race in their cars towards a cliff. The player who jumps out first is the chicken and the
other the winner. The game is constructed such that each wants to be the winner, but
prefers to be the chicken instead of being killed. Also, both players prefer to be embar-
rassed when they either both back out before the race or jump out of the car simultane-
ously. In the original game the strategies are continuous and therefore more complicated.
However, the discrete representation as given in Matrix 3.3 preserves the basic incentive
structure (¢, would be the strategy ‘take no part in the race’ or ‘jump out first’; na; would
represent the strategy ‘jump out last’).

The expected payoff is computed from 0.25-0.25-4.6+0.25-0.75-2.2+0.75-0.25-0.25-
0.25+0.75-0.75-2=2.8.

In the context of incomplete information there are more interpretations of mixed strat-
egies (see Gibbons 1997; and Harsanyi 1973).

Of course, the example requires expanding the analysis to N countries. However, this
extension is straightforward, as we argue in Section 3.5.

The term was coined by Schelling (1960). He used this term in games with several equi-
libria, where an equilibrium (or some equilibria) is (are) more convincing than others.
The criteria which define a focal point are rather vague and, strictly speaking, do not
follow from the game itself. They require some additional story, for example, psycholog-
ical or sociological motives and so on. In the present context it seems obvious that the
players play the Pareto-superior equilibrium because it is in both countries’ interest. For
a discussion of this point see, for example, Rasmusen (1989, pp. 36ff., pp. 228ft.).

There is a third Nash equilibrium in mixed strategies in which each country invests with
probability p] =p3=2/10.5. However, this would generate a lower payoff to each player
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(w;=1.8) than in either of the two pure strategy equilibria. Therefore, using the focal
point argument, this equilibrium can be discarded.

In Chapter 6 and the subsequent chapters we discuss the equilibrium concept of a strong
Nash equilibrium (Aumann 1959) which would pick sN*() as the only equilibrium in the
assurance game. Roughly speaking, in a static context this concept requires a Nash equi-
librium to be Pareto-efficient. In many games, however, this requirement implies that no
equilibrium exists at all, as would be the case in the PD game. In the chicken game all
pure uncorrelated strategy Nash equilibria are also strong Nash equilibria; this is not so,
however, with the mixed strategy equilibrium.

The term ‘assurance game’ is probably due to the fact that players like to ‘assure’ each
other of their interest in cooperation, so that they can coordinate on sN*(1) instead of
getting stuck in sN*@).

Of course, alternatively, economies of scale could be expressed by dMC,/ dN* <0 instead
of 8MB/*1/ 9N">0. This also applies to the subsequently discussed cases.

This game is basically a version of what is known in the literature as the ‘battle of the
sexes’; see, for example, Rasmusen 1989, p. 34.

As a matter of terminology, henceforth, when talking about a Nash equilibrium, we are
referring to a pure strategy Nash equilibrium. With mixed Nash equilibrium we shall
refer to an uncorrelated mixed Nash equilibrium and reserve the term correlated strat-
egy Nash equilibrium for a Nash equilibrium in which correlated mixed strategies are
played.



4. Finite dynamic games with discrete
strategy space: a first approach

4.1 INTRODUCTION

In Chapter 3 it became apparent that in a static PD or a chicken game a full
cooperative outcome cannot be achieved due to the free-rider incentive.
Now, in a dynamic context, we have to investigate whether contingent co-
operation can be established by using threats and punishments. The term
‘contingent’ emphasizes that it can never be an equilibrium strategy to
cooperate unconditionally as long as there is a free-rider incentive. In order
to establish contingent cooperation two requirements are necessary: first, it
must be possible to check compliance; second, in case of a deviation from
an agreed strategy, an appropriate punishment must be available to players.

Due to the assumption of complete information, the first requirement is
satisfied by definition, though in reality it may only partially be fulfilled.
Whether the second requirement can be satisfied depends basically on two
questions:

1. How severe and credible is the punishment?
2. Does it pay to forgo an immediate gain from free-riding in order to be
rewarded by cooperation?

For the first question the punishment options in a game are important.
Obviously, the harsher the punishment, the higher is the potential of deter-
rence from cheating. However, if the player conducting the punishment
also suffers some loss because of the punishment, credibility becomes an
important issue. In the game theoretical literature the problem of credibil-
ity has attracted great attention and we shall deal with this issue through-
out this book, gradually strengthening the definition of credibility.

The second question has to be answered by comparing the sums of peri-
odically accruing payoffs. This is done by means of discounting with the
following implications: the lower the discount rate, also called time prefer-
ence rate, the lower are short-term gains from free-riding weighted against
the long-term gains from cooperation; also, the lower the discount rate, the

42
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more weight potential punishments receive. Consequently, a low discount
rate is conducive to cooperation.

Though non-cooperative game theory only requires equilibrium strate-
gies to be self-enforcing and abstracts from the question why a particular
strategy combination is played, in the following we have implicitly in mind
that countries coordinate their strategies. This coordination could be done
in a (not modeled) preliminary stage in which countries’ representatives
negotiate and agree to pursue jointly a particular strategy which could be
formalized by a treaty. This interpretation seems suggestive since, as it turns
out below, there are often many equilibrium strategies in repeated games
and some coordination device should therefore be expected.

For the interpretation of all results obtained in this chapter it is impor-
tant to keep in mind that the time horizon is finite; that is, though the game
may last a very long time, the definite end is known to all participants. The
example given at the beginning of Chapter 3 in which countries decide
whether to invest in a new energy production technology, is a possible sce-
nario applying to the two-stage games discussed in Section 4.2. The only
difference is that countries move sequentially instead of simultaneously.
For the longer-lasting games (repeated games) the example has to be
modified. Now, for instance, cooperation implies that filters in the power
plants have to be renewed at regular intervals so as to meet certain emission
standards. The general feature of examples described by dynamic games is
that it is possible to alter a decision after some time.

In the following we start with an informal introduction to finite dynamic
games, considering a two-stage sequential PD and chicken game in
Section 4.2. Subsequently, in Section 4.3, we give a more formal definition
of important terms and concepts which are needed in this and subsequent
chapters. Sections 4.4 and 4.5 derive some theorems which generalize the
preliminary results obtained in Section 4.2.

4.2 SOME EXAMPLES AND FIRST RESULTS

Consider a two-stage sequential chicken game with no discounting and only
pure strategies. In a first step country 1 has the move and in a second step
country 2. Thus, decisions have to be taken at two points in time. This is
why this game is classified as a dynamic game, though the real duration of
the game might be rather short. The normal form of this game is given in
Matrix 4.1, where payoffs of Matrix 3.3 are assumed.

In Matrix 4.1 country 1 is the row player and country 2 the column
player. Country 1 has only two strategies: either to invest, s,,, or not to
invest, s,,; whereas country 2 has four strategies: that is, S, = {s,,, ..., $,4}.
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| stands for ‘provided that ...” or ‘conditional on ...". For instance, s,, =
(ay|a,; nay|na,) reads as ‘invest provided country 1 invests and do not invest
if country 1 does not invest’. For country 1 strategies and actions coincide
(as in the one-shot game) since it moves first; however, for country 2 actions
and strategies differ since it can condition its decision on country 1’s behav-
ioT.

A routine check reveals that there are two (pure strategy) Nash equilib-
ria in this game: SV = {s¥V =(s,,, 5,,), sN® =(s,,, 5,,)} of which the payoffs
are printed in bold in Matrix 4.1. However, the question arises whether the
second equilibrium involves credible strategies. It implies that country 2
plays a strategy of ‘unconditional no investment’ and country 1 gives in to
this threat. That is, country 2 threatens to play na, if country 1 chooses na,
even though its best reply is a,.

Matrix 4.1  Two-stage sequential move chicken game?

$21
a,|a; na,|na,

S22
na,|a,; a,|na,

523
a,|a; a,|na,

S24
na,|a,; na,|a,

4.6 2.2 4.6 2.2
Si=a
4.6 5.2 4.6 5.2
2 5.2 5.2 2
§,=na,
2 2.2 2.2 2

Note: *  Assumption: Country 1 moves first.

From the game tree in Figure 4.1, which emphasizes the sequence of
moves, the argument is even more transparent. Whereas a matrix is one way
to represent a game in normal form, a game tree is frequently used to rep-
resent a game in extensive form which is defined as follows (see, for example,
Eichberger 1993, pp. 144f.; Gibbons 1992, pp. 115ff.):!

Definition 4.1: Extensive form of a game

The extensive form representation of a game specifies: (a) the players in
the game; (b) when each player has the move; (¢) the actions available to
a player at each decision node; (d) the information each player has if s/he
has the opportunity to move; and (e) the payoffs to each player at each
possible end node.
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< subgame |

<« subgame 2

Figure 4.1 Two-stage sequential move chicken game

In Figure 4.1 the threat of country 2 entailed in the second Nash equi-
librium is indicated by the broken line whereas country 2’s best replies in
the second stage are represented by the dotted lines branching off from
nodes 2 and 3. Since (due to the assumption of complete information)
country 1 knows country 2’s strategies, it can solve the game for country 2
(in particular it knows that country 2 cannot do any better than to play a,
if it plays na,) and can use its first-mover advantage to enforce its preferred
equilibrium s¥U. In other words, the threat contained in sV is disclosed
as an empty threat. Thus in the sequential chicken game, though there are
two Nash equilibria (NE), only the first equilibrium s¥) is credible, that is,
it is a subgame-perfect equilibrium (henceforth abbreviated SPE), that is,
sSPE=¢N() Hence, in a two-stage sequential move chicken game, the
outcome (unilateral investment) does not differ from the one-shot chicken
game, though equilibrium strategies differ.

The concept of subgame-perfect equilibrium is due to Selten (1965) and
derives its name from the concept’s requirement that in equilibrium a strat-
egy must be a best response in every subgame of the game. Simply speaking,
a subgame is a part of a game which can be viewed as a game in its own
right. For an extensive form representation a subgame can be defined as
follows:
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Definition 4.2: Subgame in an extensive form game

A subgame begins at a decision node which is a singleton in every player’s
information partition and includes all subsequent nodes following this
node including the terminal nodes.

For the understanding of this definition two more definitions are necessary
(Rasmusen 1989, pp. 481t.):

Definition 4.3: Information set

An information set of a player comprises all decision nodes at a partic-
ular point in the game where the player knows that s/he has to move, but
does not know which node has been reached.

Definition 4.4: Information partition

A player’s information partition at a particular point in the game com-
prises all his/her information sets such that (a) each path is represented
by one node in a single information set in the partition, and (b) the pre-
decessors of all nodes in a single information set are in one information
set.

Thus, the information partition refers to the information set of a player at
a particular stage of the game. For example in Figure 4.1, nodes 2 and 3 are
members of the same information partition but nodes 1 and 2 are not. The
information partition after the first move contains two information sets
with one single node. Hence, there are two subgames beginning at the
second stage of the game (see Figure 4.1). Definition 4.2 implies that
the entire game, starting at node 1, is also a subgame (not encircled) besides
the two subgames shown in Figure 4.1.2

In contrast, in a simultaneous move chicken game there is only one
subgame comprising the entire game. Its extensive form representation is
shown in Figure 4.2, where the broken elipse around nodes 2 and 3 indi-
cates that country 2 does not know at which node it is.3- 4 That is, its infor-
mation partition contains only one information set with two nodes. Only at
node 1 player 1’s information partition contains a single node, player 2’s
information partition contains nodes 2 and 3 and therefore only the entire
game is a subgame.

With these elaborations an SPE may now be defined as follows (Selten
1975):

Definition 4.5: Subgame-perfect equilibrium (SPE)
A subgame-perfect equilibrium is a strategy combination constituting a
Nash equilibrium in every subgame of the entire game.
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4 4.6,4.6

72,2

Figure 4.2 Simultaneous move chicken game

The concept implies that a strategy is only subgame-perfect provided it is
not only a best response on the equilibrium path, that is, the path which is
actually played (for example, (na,, a,) in Figure 4.2), but also a best response
off the equilibrium path (for example, na, if a, were played). A threat to
enforce a particular path is only credible provided it is really carried out if
tested, though the challenge is off the equilibrium path. The definition
above may be contrasted with an NE in a dynamic game:

Definition 4.6: Nash equilibrium (NE) in a dynamic game

A Nash equilibrium is a strategy combination including strategies
which are best mutual responses to each other with respect to the entire
game.

The definition implies that it is necessary to distinguish between an NE of
the entire game (Definition 4.6) and a stage game NE. The distinction is
important since, as will become apparent below, there are repeated games
in which an NE (and an SPE) does not necessarily require the playing of a
Nash strategy in each round.’

Comparing both definitions, it is evident that the set of SPE is a subset
of the set of NE in a game. Hence, subgame-perfection is a refinement of
the concept of Nash equilibrium which makes predictions about the
outcome of a dynamic game more reliable.
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The example highlights the usefulness of the extensive form representa-
tion. In particular, in sequential move games, the strategic interaction
between the players is more transparent than in a normal form representa-
tion. However, once the number of stages is large (and/or the number of
players and actions is large), a game tree may become intractable and one
is led back to the normal form representation.

Let us now turn to the question of whether it is possible to obtain more
positive results if the chicken game is played repeatedly; that is, the constit-
uent game as described by Figures 4.1 and 4.2 is played several times.
Assume first simultaneous moves, three rounds and that players agree on
the following strategy: cooperate in the first round, that is, (¢, a,), and play
the two pure (stage game) strategy equilibria, that is, (a, na;), in turn in the
last two rounds, which implies a ‘good’ equilibrium for one player and a
‘bad’ equilibrium for the other player (LHS payoffs in the inequalities in
(4.1)). If a player deviates (which, by the definition of a stage game Nash
equilibrium, will only happen, if at all, in the first round), the punishment
involves playing that player’s ‘bad’ equilibrium for the rest of the game
(RHS payoffs in the inequalities in (4.1)). Since:

a;+ b+ ¢;>¢;+ b+ bie=a>banda, + ¢+ b>c¢; + b+ bisa>b,
(4.1)

hold — using the general payoffs of Matrix 3.2 — this is an equilibrium strat-
egy. In fact, it is an SPE since the threat implies playing an NE in every
remaining subgame. The play of a stage game NE in the terminal rounds is
necessary for two reasons:

1. In the last round a stage game NE must be played in any case since
deviations cannot be punished.

2. The alternation between the two Pareto-undominated NE in at least
two terminal rounds is necessary because if countries played the same
equilibrium twice one (potential) deviator could not be punished.

Obviously, in longer-lasting games cooperation can be established for the
first T-2 rounds, and only in the last two rounds must an NE be played.
Now consider a sequential move version of the chicken game. Again, we
approach this problem by the method of backwards induction; that is, we
consider first what happens in the last round and then work back to the first
round. From the discussion of the two-stage game version of this game it
is clear that in the last round the only (stage game) SPE is sSPE =MD =(5,,,
5,,) —country 1’s preferred equilibrium. Hence, it is not possible to punish
country 1 in the penultimate round subgame-perfectly if it deviates from
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the agreement on (a,, a,). In other words, there is no reason for country 1
to follow a contingent cooperative strategy and to sacrifice a free-rider gain
since such behavior is not rewarded. Consequently, the stage game equilib-
rium sV will also be played in the second last round and, due to the sym-
metric structure of the game, in any previous round. Thus, the only SPE in
this game involves the repeated play of sV,

However, since sM? =(s,,, s,,) is a stage game NE, cooperation can be
established as a Nash equilibrium by using strategy sM1 against country 1
and strategy s¥@ against country 2 as a punishment in case it deviates, as
in the simultaneous move version.

The results may be summarized as follows:

Proposition 4.1

In a finitely repeated simultaneous move two-player chicken game which
is played for T periods, assuming payoff relations ¢,;>a; > b, > d; Vil
(see Matrix 3.2) and no discounting, cooperation can be supported as a
subgame-perfect equilibrium (in pure strategies) for the first T-1 rounds.
In a sequential move chicken game, cooperation can only be established
as a Nash equilibrium.

From the previous information it is easy to solve for the equilibrium in a
PD game. From Chapter 3 it is known that in a one-shot game sP =sV=
(na,, na,) is the only equilibrium in this game. In contrast to the chicken
game, in a two-stage sequential move PD game the first mover cannot
enforce its preferred outcome since the second mover has a dominant strat-
egy. That is, the first mover, say, country 1, will play na, since it knows that
country 2 will play na, in any case. With respect to Matrix 4.1, adjusting
payoffs for the PD game accordingly, sV =(s,,, s,,) is the only NE, imply-
ing that both countries will not invest.

This result carries over if the PD game is played repeatedly. Regardless
of whether countries move simultaneously or sequentially, in the last round
a stage game NE (which is also an SPE in the sequential move version) will
be played. Hence, cooperation does not pay in any previous round and the
only equilibrium is the repeated play of the stage game NE (Holler and
Illing 1993, p. 141).

Proposition 4.2
In a finitely repeated PD game the only equilibrium of the whole game
is the T-fold repetition of the Nash equilibrium of the stage game.

Taken together, playing a chicken game for more than one period can
resolve the deadlock caused by the free-rider incentive. If the number of
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stages is large enough (and time is not discounted), the fully cooperative
outcome can approximately be obtained. If moves occur sequentially co-
operation can only be established as an NE; if they are taken simultane-
ously cooperation can be supported as an SPE. In a PD game the only
equilibrium (SPE and NE) involves the repeated play of the stage game NE
and cooperation fails.

4.3 THE CONCEPTUAL FRAMEWORK

4.3.1 Preliminaries

From the chicken game example it appeared that results may depend cru-
cially on whether moves occur simultaneously or sequentially. This is true
whether the constituent game is played once or repeatedly. However, the lit-
erature on repeated games either implicitly or explicitly restricts attention
to simultaneous moves only. This restriction may be defended on two
grounds: first, from a conceptual point of view, including sequential moves
renders definitions more complicated; second, from a motivational point of
view, one may argue that in longer-lasting games players move simultane-
ously ‘on average’. In particular, if the problem itself does not suggest a
certain order of moves, simultaneous moves seem a ‘natural’ assumption
(see Chapter 2). Acknowledging these arguments, we shall continue to
stress the difference between simultaneous and sequential moves only in the
subsequent parts of this chapter, implying that the subsequent definitions
and theorems are more general than those typically found in the literature.
From Chapter 5 onwards, however, the term repeated games is exclusively
reserved for simultaneous move games.

From the previous section it appeared that a distinction can be made
between strategies played within a stage game and strategies which are
played in the overall game. From Chapter 3 it is known that by playing
mixed strategies any payoff tuple in the convex payoff space can be
obtained. This is also possible in dynamic games. However, in order to
avoid dealing with incomplete information games, the mixing device must
be assumed to be publicly observable. Moreover, now, there is an additional
possibility of generating convex payoff tuples if different stage game strat-
egies are played in various periods. This amounts to mixing strategies
between stages and not only within a stage. However, departing from the
assumption of stationary strategies implies that payoffs differ between
stages and simple strategy profiles in the sense of Abreu cannot be con-
structed when testing for an equilibrium (Abreu 1986, 1988). Therefore,
non-stationary strategies are not treated in the following.
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For simple strategies it suffices to construct a two- or at most three-phase
strategy to check whether a payoff tuple can be backed by equilibrium strat-
egies. This implies that a game can typically be divided into a cooperative
phase (also called a normal phase), in which the agreed strategy is played,
and a punishment phase. The latter phase is a theoretical device to test that,
provided a player deviated from the equilibrium play (cooperative phase),
a credible punishment would be possible. Depending on the equilibrium
concept and the number of players, the punishment phase may be further
divided into subphases.

Moreover, simple strategies often use strategy profiles which punish all
deviators in the same way and/or specify the same degree of punishment
independently of the kind of deviation. On the one hand, apart from sim-
plifying the analysis, this may be defended by noting that too complicated
strategy profiles will hardly be realized by players in reality anyway. They
require high computational effort and the transparency of threats may
suffer. On the other hand, intuition and international law suggest that pun-
ishment should be conducted according to the severity of the crime.

In the following we restrict our attention to simple punishment profiles
since many proofs of the subsequent theorems would get rather messy by
introducing such complications. However, in Chapter 12 we shall analyze
the effect of relative and restricted punishment profiles on the stability of
an IEA in the context of renegotiation-proof strategies. Moreover, for
notational simplicity, the following definitions are restricted to pure strate-
gies, though an extension to the more general case of mixed stationary
strategies is straightforward.

4.3.2 Important Terms and Definitions

History and subgame in a normal form game

Suppose a constituent game of T'(I, S, II) and complete information is
repeated T times. Let the number of stages within a constituent game be v.
Hence the total number of stages is V=T 1.6 The game starts at time ¢ =0.
After each stage actions are observed by all players; after each period
payoffs are received, which occurs for the first time at = 1.7 The history of
a game at stage V, 1Y, comprises the sequence of all action combinations
played up to stage V. For instance, in a two-period simultaneous move PD
game (V=T =2; v=1) in which the stage game NE is played twice, hl =
(na,, na,) and h> = ((na,, na,), (na,, na,)). h° is empty by definition. The set
of possible histories up to period 7 is therefore the 7-fold Cartesian product
of the set of possible action combinations of the stage games, thatis, 7-A,
X...XAy=t-A.Inarepeated sequential move stage game, where  periods
have been played and in the 7+ 1 stage, say, two moves have been made, the
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set of histories would be given by 7- AX A, X A,. A history-dependent strat-
egy of player i, o, is an instruction for each possible history in the game,
that is, o, = (s;,(h}),5,(h)), ..., 5, (h3), ..., s, (hY7), ..., 5, (h¢})).® The superscript
V, of hY, refers to the last stage where player i has a move in the game, the
subscript m to the history at stage V, me{l, ..., (1} where Q=A
(T—1)XA,X...XA,_,. If each player chooses a strategy o,, this strategy
combination o =(o,, o_,) leads to the path of play from which payoffs m; (o)
at time ¢ are received by player i.

With this notation we can also define a continuation history of hY,
denoted 1Y (hY), V' >V, as any history that follows 4, and where the action
combinations of /Y have been played previously to V' (see Eichberger 1993,
pp. 220ff.). Thus, a subgame may alternatively be defined as follows:

Definition 4.7: Subgame in a normal form game

A subgame in a normal form game at stage V is a continuation history
hV'(hY) following a history /Y. For each possible history up to stage V a
subgame starts.

Accordingly, a continuation strategy of player / after history /" is defined
as o ()= (s, (hy " 1(y)), s, (hy "2 (hY ), .oy 5, (YT (RY))).

Discounting®
There are three reason for assuming that agents value a payoff received today
higher than one at some future date: (a) agents are impatient; (b) future
payoffs are uncertain by their nature: there is always a risk that these payofts
will never be realized for some reason; (c) payoffs received today can be
invested to yield interest: hence, delayed payoffs involve opportunity costs.

Discounting makes payoffs received at different stages of a game com-
parable. Since information about optimal strategies is required right from
the beginning of a game, it is advisable to discount all payoff streams to the
initial stage of a game. The net present value of a payoff stream received
over T periods at time # =0 is computed by using the discount factor 8, 8, =
1/(1+p,) and 0=8,=1, where the index refers to the player. p, denotes the
discount rate or time preference rate. For example, a discount rate of 10
percent implies p,=0.1 and 8,=0.909.

Omitting the subscript i (denoting the player) for convenience, we have
the following relations (see, for example, Eichberger 1993, p. 211; Holler
and Illing 1993, p. 140):

T-1 T-1
=+ dmy AT =S §ir E&’z%(l 8N if m,=... =mp
t=0 =0

4.2)
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o

T T
w0 =dm, +8m,+ .+ 3T =D wa,;Eszl _8(1—6T) ifm=..=m
=1 t=1
' 4.3)
1 T-1 T-1
'Fr8=T_1 'ES”:T,;T' E'n't ifd=Lmif m,=... = (4.4)

Est t=0 =0
t=0

In (4.2) the net present value at time # =0 is computed when payoffs are
received at the beginning of each period, starting at t=0. Alternatively, it
is the net present value at time 7 =1 if payoffs are received at the end of each
period and for the first time at 7=1. (T — 1 has to be replaced by T if players
receive payoffs in the last round.) In (4.3) the net present value of a payoff
stream at time =0 is computed, when payoffs are received at =1 for the
first time, and then after each stage.

Sometimes it is convenient to express payoffs as average payoffs 7
because this makes the payoffs received in a dynamic game comparable to
those derived in a one-shot game (see (4.4)). For large T, with T — o at the
limit, the average payoff is defined as:

W=(1-98) > dmif s<l;mif d<landm =..=mp. (4.5
=0

Since average payoffs may not be defined for 8=1 (see, for example,
Eichberger 1993, p. 211; Holler and Illing 1993, p. 140), we usually assume
d to be strictly smaller than 1, though & might be close to 1.

Normal form

The normal form of a repeated game, in which the constituent game
I'(I, 11, S) is repeated T times, may be written as I'T(I, IT, =, A, T), with I the
set of players, I1 the set of payoffs, == {X,, ..., Z} the set of history-depen-
dent strategies (o; € X,), A=1{3,, ..., 8, the set of discount factors, and T
the number of stages which may be finite, that is, T =T, or infinite, that is,
T =c0. Alternatively, the normal form of a dynamic game may be written
as I'I(I, T1?, ) or I'I(I, I1®, =), where I1? is the set of discounted payoffs and
IT® the set of average payoffs.

Nash and subgame-perfect equilibria in repeated games
The definitions above allow us to define an NE and an SPE in a straight-
forward and compact way:
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Definition 4.8: Nash equilibrium (NE) in a repeated game

A Nash equilibrium in a repeated game I'I(I, II3, 2), T=T or T=, is a
strategy combination ¢ = (a7}, o7 ) for which w¥(c7}, 0% )= wd(0,, 0 )V
ieland o;#0; holds.

Definition 4.9: Subgame-perfect equilibrium (SPE) in a repeated game

A subgame-perfect equilibrium is a continuation strategy combination
T

o (hY)=(o1(hY), ..., onhY)) for which E diar (o (hY), 0™ (hY)) =

m m
=g

T
Eﬁfwit(ai(h,\,;), o (hW)WViel,me{l,.. Q) ge{l,...T}and o (hY)#

m

=g
a’;(hY) holds for each possible history /Y.

It is important to note that the continuation strategy at time ¢ (stage V)
must be a best reply with respect to al// possible histories m and not only
with respect to the path played up to period ¢ (stage V). That is, if player j
deviated from the equilibrium path, player i’s strategy must still be optimal.

To prepare the following discussion, we have to define four terms:
minimax, maximin, maximax and defection payoff. They are defined with
respect to the payoffs in a stage game.

Minimax payoff
If player j punishes player i, the minimax payoff to player i is defined as
follows:10

M

H —m;jn mgiix LS, sj). (4.6)
That is, given player i chooses an optimal response to the punishment of
player j, s/he can guarantee him- or herself a payoff of wM. We denote the
minimax strategy of player j when punishing player i by m]’ and the best
reply of player i to the punishment by mi. Thus the superscript denotes the
player who is punished and the subscript a player’s strategy. We write
M =aM(m], mi) for short. However, sometimes it is necessary to distin-
guish between mM@ and wM@ where M@ = wMand the latter payoff refers
to the punisher ;s payoff when minimaxing player i.

Maximin payoff

In contrast, the maximin payoff of player i, which is also called his/her
security level, is the lowest payoff a player can guarantee him- or herself in
a stage game. It is defined as:

= max Irslin (555 5,) 4.7)
i J
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where mM=m$C holds. As an auxiliary device, minimax and maximin
payoff may be distinguished with respect to the sequence of moves
(Rasmusen 1989, pp. 103ff.). According to maximin, player i moves first,
whereas this would be player j under minimax. Under maximin player i
chooses his/her best reply first, assuming that player j wants to get him/her.
Under minimax player j chooses a strategy to punish player i, taking into
account player i’s reaction, but moves first.

In the PD and the chicken game, minimax and maximax payoff are iden-
tical. This is also true in the extended PD game I in Matrix 4.2, where the
basic PD game has been extended to include a third ‘punishment action’ p,.
In Matrix 4.2 it is assumed that if player j punishes player i, the best reply
of iis a, resulting in a minimax payoff of 1. Moreover, by playing a,, player i
can guarantee a payoff of 1 if player j wants to punish him/her and there-
fore security level and minimax payoff coincide. In contrast, in the extended
PD game II in Matrix 4.3 the minimax payoff is 1, whereas the maximin
payoff is 0.

Matrix 4.2 Extended PD game I Matrix 4.3  Extended PD game 11

a, na, D, a, na, D,
3.2 1.4 1 3.2 1.4 0
a; a;
3.2 4.4 0 3.2 4.4 0
4.4 2 0 4.4 2 0
na, na,
1.4 2 0 1.4 2 0
0 0 0 0 0 1
V4 P
1 0 0 0 0 1

Thus, in a simultaneous move repeated game, playing the minimax strat-
egy at every stage game is the harshest possible punishment player j can
inflict on player i. That is, player j can only guarantee to put player i down
to mM in the long run, though other strategy combinations may lead to a
lower payoff to player i. This implies that in such games each player must
receive at least the minimax payoff as an average payoff to take part in the
game. All payoffs for which ;=M hold are therefore called individually
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rational. The convex payoff space defined by w,=wM V i el is called indi-
vidually rational payoff space and denoted TTIR,

In a sequential move repeated game, player j may have an even stronger
punishment available if s/he moves after player i. In this case, player j can
put player i down to his/her maximin payoff. Then IT'R = {7 |7, =w’C and
m,=aM}. Since mM=75C this implies that the first mover may have a dis-
advantage in a repeated game, though s/he has typically a first-mover
advantage in a two-stage game as demonstrated for the chicken game. We
return to this point later.

Note that in the extended PD game I country ;s payoff when minimax-
ing country i is lower than its own minimax payoff, that is, 17}\’[(j)>7rjM(i).
This is not what one would normally expect when thinking of a punish-
ment; however, this possibility cannot be ruled out a priori. In a broader
context, one may think of trade sanctions used to enforce an environmen-
tal agreement, which, depending on trade flows and terms of trade, can
hurt the punisher more than the free-rider.

In the extended PD game II the payoffs in the ‘bad’ NE are equivalent to
the minimax payoffs, and punisher and punished player receive the same
payoff.

Maximax payoff
The maximax payoff of a player i is defined as:

U_ )

! —II}Y?X H}S‘?X (5 sj) (4.8)
where the superscript U stands for upper boundary. Basically, this payoff is
derived if all players make an effort to maximize player i’s payoff. In other
words, it is the highest payoff to player i obtainable in a particular game and
therefore lies on the Pareto frontier. For instance, in both extended PD
games the maximax payoff is Y =4.4.

Deviation payoff

The deviation payoff, denoted P, which may also be called the free-rider
payoff, is the maximum payoff a player can achieve in a stage game if s/he
deviates from an agreed strategy and the other player complies with the
agreement. Suppose s; and 5; denote some agreed strategy combination,
then we have:

P = max (s, 5)) (4.9)

which may alternatively be written as =P = m(s,(s;), s;) where s,(s;) denotes
the best reply (deviation) of player i if player j plays strategy 8j. Obviously,
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wP=mwYViel, thatis, w" is an upper bound for wP. For instance, in a one-
shot version of the extended PD games I and 11, if players agree on playing
action combination («,, a,), the deviation payoff is 7P =4.4.

44 SOME GENERAL RESULTS

With the definitions of the previous sections we are now prepared to derive
some theorems, some of which are a generalization of the results we
obtained in Section 4.2. Theorem 4.1 is useful in that it forms the basis for
many strategy profiles below:

Theorem 4.1

If a simultaneous move constituent game I' has a Nash equilibrium sV,
then the repeated play of sV in every stage game is a subgame-perfect
equilibrium of the repeated game I'T. That is, the strategy combination
a(ht)y=(sN(h 1Y), sN(h' Y (hY), ..., sN. (hT(h'))) forms a subgame-
perfect equilibrium for any 8, [0, 1] and # € {1, ..., T}. In a sequential
move game the repeated play of a stage game subgame-perfect equilib-
rium constitutes a subgame-perfect equilibrium of T'T.

Proof: Theorem 4.1 is rather simple and a proof obvious.!! Assume
simultaneous moves and that player i plays some other stage game strat-
egy s,/ instead of s%, but all other players choose continuously sV, s,/ # s
in at least one stage game implies ,(sV, sV,)= (s, sV,). Consequently
we have:

T T T-1
MmN =m s, V) + D s M) = S atmsh V)V g € {1, ., T
=g

=g t=g+1

(4.10)

Replacing the superscript V by SPE above, the case of sequential move
games is covered as well. QED

Theorem 4.2

In a finitely repeated simultaneous move game I'T with a unique stage
game Nash equilibrium sV, the only subgame-perfect equilibrium of the
whole game is the strategy combination oSPE(h")=(a$PE(A)(s), ...,
oXPE(h)(sy)); that is, the stage game Nash equilibrium strategy is played
by all players in every period. In a sequential move game with a unique
subgame-perfect stage game equilibrium the only subgame-perfect equi-
librium sSPE is the repeated play of sSPE.
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Proof: The proof is obvious (see, for example, Binmore 1990, pp. 353ff.;
Eichberger 1993, p. 224; Myerson 1991, pp. 309ff.). According to back-
ward induction in the last period T, subgame-perfection requires that a
player plays his/her best stage game response strategy. This is true
whether no deviation occurred in previous rounds or whether some pun-
ishment strategy is played as a response to defection. Thus, in period T
each player must play o?PE(hT)=sV in a simultaneous move game or
o$PE(hT) = sSPF in a sequential move game.!> Hence, in period T—1, no
other strategy than oM(AT-!)=sV (oN(h""')=sPE) can be played
because no adequate threat is available. Obviously, this holds also for any
period previousto T—1. QED

With respect to the concept of NE, a similar theorem to Theorem 4.2 can
be established; however, the statement has to be slightly altered (see, for
example, Eichberger 1993, pp. 224ff.; Friedman 1986, pp. 95ff.):

Theorem 4.3
In a finitely repeated simultaneous (sequentially) move game I'T with
unique Nash equilibrium sV of the stage game I' and where
wMN(sV)=mM holds for all iel (w]N(sV)==3C for the first mover and
wMN(sV)=mM for the other players), the only Nash equilibrium of the
entire game is the strategy combination o¥(a(s{¥"), ..., a(s¥")), that is,
the stage game Nash equilibrium strategy is played in every period ¢ =
L..,T

In games in which wN(sV)>wM holds for all i e I (w]N(sV) > =3C for the
first mover and m/(sV)>aM for the other players), any payoff vector in
IT'R can be obtained as an average payoff vector for large T and discount
factors close to one playing Nash equilibrium strategies.

Proof: The first part of Theorem 4.3 simply follows from the fact that in
the terminal round sV has to be played and if no harsher punishment is
available than the Nash payoff no other strategy combination can be
enforced in previous rounds. The proof of the second part of Theorem
4.3 is only briefly sketched since it is similar in spirit to the proof of
Theorem 4.4 below (see van Damme 1991, pp. 195ft.; Sabourian 1989,
pp. 75-6). First, one constructs a trigger strategy!'® which calls for mini-
maxing a deviator until the end of the game. Second, one shows that for
discount factors close to 1 the payoff stream from cooperating for some
time ¢*, and then playing the stage game NE for the rest of the game (¢
+ 1 until T) is higher than when deviating at any time /=1, {°</", and
then being minimaxed for the rest of the game. Third, one determines the
limit of the average payoff for large T if players follow the equilibrium



Finite dynamic games with discrete strategy space I 59

path which approaches the stage game payoff sustained in the finitely
repeated game for 1* periods. QED

Theorem 4.2 and the first part of Theorem 4.3 cover the PD game in its
simultaneous and sequential move version. Since w¥=mM=mx5C in this
game no other strategy tuple than the stage game NE will be played.
Theorem 4.2 also covers the sequential move chicken game where there is
only one stage game SPE which has to be played throughout the game if
one requires strategies to be subgame-perfect. A typical example which
illustrates the second part of Theorem 4.3 is the extended PD game I in its
simultaneous move version where w¥=2>mM =1. To see this, assume that
the game is played three times and assume no discounting. In the first round
the parties agree to play (a,, a,), and in the second and third rounds to play
the stage game NE (na,, na,). The payoff stream of such an agreement is
3.2+2+2=7.2. If a player deviates s/he will be minimaxed afterwards
which delivers the payoff stream 4.4+ 1+ 1 =6.4. Since 7.2 > 6.4, free-riding
can be deterred by such a strategy. Accordingly, by increasing the number
of repetitions, only in the last two rounds must the stage game NE be played
and hence for large T (T — o0) the average equilibrium payoff converges to
the stage game payoff from mutual cooperation, that is, 3.2. With discount-
ing the same can be shown provided the discount factors are sufficiently
close to 1. Of course, the above strategy is only an NE of the entire game
and not subgame-perfect as follows from Theorem 4.2.

Though we cannot refer to an example to which the second part of
Theorem 4.3 applies in the case of sequential moves, it should be evident
that in repeated games payoff tuples which imply a payoff above the
minimax payoff to all players except the first mover, who may receive only
a payoff above his/her security level, can be sustained in the long run.
Moving first may in this case be a disadvantage since the other players
have a harsher punishment (in the sense of NE strategies) available to
them.

The next result is an extended version of a theorem derived by Friedman
(1985):

Theorem 4.4

Let I'T (I, IT®, =) be a finitely repeated simultaneous move game with at
least two strictly Pareto-undominated stage game Nash equilibria, that
is, wNO(sND) # 7NO)(sV2) ¥ i € 1. Then for large T and 3, close to 1 any
average payoff vector "= (m;, ")) for which ; (s) = wN(s") V i € I holds,
where w/(s') denotes the lowest Nash payoff to player 7, can be obtained
in the T-fold repeated game by playing subgame-perfect strategies. In a
sequential move game at least two Pareto-undominated subgame-perfect
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stage game equilibria must exist so that any payoff vector }(s) = wHPE(s")
can be obtained in the finitely repeated game.

Proof: See Appendix II. QED

Though the proof of Theorem 4.4 is straightforward, it is rather messy.
Therefore, we consider only two examples to illustrate the idea of the proof,
the second of which has been discussed before. For instance, consider the
extended PD game II in Matrix 4.3 and assume simultaneous moves. This
game has two stage game NE, that is, s¥ = (na,, na,) and s¥® = (p,, p,),
where N (sMD) > N2(s¥?) V i e T holds. Assume three stages and that
it has been proposed to play (@, a,) in the first stage and (na,, na,) in the
second and third stages. If a country deviates, it will do so in the first stage
and is punished afterwards by the stage game NE resulting (which is SPE
strategy by Theorem 4.1) from the action combination (p,, p,). Thus, com-
pliance pays, provided:

3.24+25,+202=4.4+5,+82=8,=dmn=0.704Viel  (4.11)

holds. That is, the proposal is an equilibrium if players are not too impa-
tient. We denote 3™ the ‘minimum discount factor requirement’ to estab-
lish cooperation. That is, §,=3M" V ;e is a necessary and sufficient
condition to establish cooperation as SPE.

Increasing the number of stages at the end of the game in which a player
can be punished, 8™ decreases and cooperation becomes easier.!4
Alternatively, looking at it from a different angle, if discount factors are
close to 1 and the number of stages T is large, then the number of co-
operative stages ¢* can be chosen rather large. At the limit for T — o, w=
t*/T approaches 1 from below. That is, the fraction of cooperative stages
compared to the total number of stages, w, is large. Consequently, the
average payoff along the equilibrium path approaches the stage game co-
operative payoff m; = 3.2.

The simultaneous move chicken game is another example covered by
Theorem 4.4. Here wMU(sND)>mNA(sN?) for player i and wMY
(sNy < wj].V(z)(sN(Z)) for player j. Though in Section 4.2 no discounting was
assumed, it should be obvious that the same result could be established with
discounting. The only problem in games in which a sequence of alternat-
ing stage game NE in the terminal rounds is required is that punishment
may be delayed. This leads to high discount factor requirements, though for
discount factors close to 1 Theorem 4.4 still holds at the limit, as demon-
strated in Appendix II.

Of course, as discovered before, the sequential move version of the
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chicken game is not covered by Theorem 4.4 since there is only one stage
game SPE. To cover the NE strategy of alternating stage game NE in the
terminal rounds as laid out in Section 4.2, Theorem 4.4 must be weakened
in that Nash equilibrium strategies are also allowed to be played in the
entire game.

For completeness, note finally that there is an even more general result
than Theorem 4.4. Benoit and Krishna (1985) show that Theorem 4.4 does
not only hold for payoff vectors which give each player more than in his/her
worst stage NE but extends to all individually rational payoff vectors. Since
the proof requires far more complicated strategy profiles than those used
above, it is omitted here.

NOTES

1. According to Rasmusen (1989, p. 46), the only difference between an extensive form rep-
resentation and a game tree is that in (e) the word ‘payoffs’ is replaced by ‘outcomes’.
Thus, for our purposes, we can use both terms more or less interchangeably.

2. Some authors exclude the starting node in the definition above (see, for example,
Gibbons 1992, pp. 122ff.). However, this is only a matter of terminology. Definition 4.2
only implies that in a one-shot game an NE could also be called an SPE. Nevertheless,
we reserve the term SPE for an equilibrium in a dynamic game.

3. Of course, by the symmetry of a simultaneous move game, also country 2 could move
first.

4. 1If players are not completely informed about the history of the game this is referred to
as imperfect information. Consequently, a simultaneous move game is always a game of
imperfect information. Moreover, a game of incomplete information is automatically a
game of imperfect information, though the opposite is not implied.

5. In a simultaneous move repeated game, the terms ‘stages’ and ‘rounds’ are used synon-
ymously. A similar term is ‘period’. In sequential move games this is different. Each move
is one stage of the game. If after the last move in a constituent game (also called a stage
game), the same game is played anew, we refer to this as the second round or second
period in the game. Thus, in a sequential move game there are several stages within a con-
stituent game. -

6. In asimultaneous move game V=T and v=1 by definition.

7  In the general case of mixed strategies, observability of past moves requires that the
random device of each player is common knowledge. This is the standard assumption in
the literature, though it lacks an intuitive explanation for why this should be the case.
Departing from this assumption, however, complicates the analysis tremendously.

8.  For notational convenience, we refrain from indexing ;. Of course, a player has as many
history-dependent strategies as there are possible histories in a game.

9. For an extensive discussion on discounting see, for example, Mohr (1995), Pearce et al.
(1989, ch. 6).

10. ‘Player ;” may comprise one but also more players.

11. Of course, a similar theorem can be established for Nash equilibrium strategies in a
dynamic game (see, for example, Eichberger 1993, p. 212, Theorem 8.1). However, since
every subgame-perfect strategy is also a Nash equilibrium, Theorem 4.1 is a stronger
result.

12. If this were not true, then for any history /4T such that o,(hT) #sN(o,(hT) # s5FF), there
would be at least one player who could improve his/her payoff in period T without any
effect on the payoffs in previous periods. Therefore, we must have oy(hT) =sN(o,;(hT) =
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s$PE) for all players 7, implying that the stage game strategy in period T will be chosen
history independent.

The trigger strategy is sometimes also called grim strategy (see, for example, Dasgupta
1990; Rasmusen 1989, p. 91). It refers to a strategy which calls for punishment until the
end of the game once a deviation occurs, regardless of what the deviator plays after-
wards.

For example, adding a fourth stage to the game, it is easily checked that 8" ~=0.61.



5. Infinite dynamic games with discrete
strategy space: a first approach

5.1 INTRODUCTION

In Chapter 4 it was demonstrated that in finitely repeated simultaneous
(sequential) move games with a single stage game Nash equilibrium (NE)
(subgame-perfect equilibrium (SPE)), only this equilibrium will be played
throughout the game. In negative externality games, like the PD game, this
implies that cooperation cannot be established. In this section, we start
again by considering a PD game and generalize the results subsequently. As
pointed out in Section 4.3, we shall assume from now onwards simultane-
ous moves for simplicity, though in most cases an extension to cover the
case of sequential moves is straightforward. In contrast to a finite setting,
we cannot use backwards induction to solve the game. Though this may
seem a disadvantage from an analytical point of view, it is this very fact
which is responsible for obtaining more ‘optimistic’ results in an infinite
time horizon. Since the end of the game is not known with certainty, a
player must always reckon with a costly and long-lasting punishment if s/he
takes a free-ride. This might enforce compliance (Holler and Illing 1996,
p- 22; Rasmusen 1995, p. 123; Taylor 1987).

Generally, there are two interpretations of infinite games: either, as the
name suggests, the games last until perpetuity, or the end of the game is not
known with certainty. The latter interpretation implies that there is a prob-
ability — though this might be very small — that the game continues
(Gibbons 1992, p. 90; Osborne and Rubinstein 1994, p. 135). Of course, in
the context of IEAs players have finite lives and therefore the first interpre-
tation of supergames does not apply (Maler 1994, pp. 360ff.). However,
most IEAs do not specify the termination of the contract. Moreover, it is
common practice for successor governments to recognize obligations
signed by their predecessors and therefore the second interpretation
(approximately) applies. Thus, a supergame may be a good approximation
of the continuing relationship between countries (Barrett 1990).

To accommodate the interpretations above, we have to change the
definition of the discount factor slightly. It now comprises, apart from the
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discount rate p,, also the probability that the game continues, p, 0=p=1, so
that 8,=p/(1+ p;). Thus, a low probability that the game continues shows up
in a small discount factor. Since for 8,=1 the average payoff may not be
defined, we assume in what follows discount factors strictly smaller than 1,
though they may nevertheless be very close to 1.! To compute the net present
value of an infinite payoff stream, we can use formulae (4.2)-(4.4), replac-
ing T by « (Gibbons 1992, pp. 90, 97). For convenience, the formulae are
reproduced below (subscript i, denoting the player, has been omitted):

1T8:'1T1+61T2+...+8°°1T00:EO S’w[;%if ™ =T,= (5.1)
1=
S — 2 o — < 1, . 8“ 3 — —
wO=98m, +d8*m,+...+3 TFT—ESTFI,mlf m=m=... (5.2)
=1
ﬁ3=(1—8)-28fﬂtif8<1;1’r8=TrifTr1=1'rz=.... (5.3)
=0

Now, if we want to check whether cooperation is possible in a PD super-
game, we have to think about an adequate strategy profile which could do
the job. Since we have already encountered the simple trigger strategy in
Chapter 4, we may try whether this strategy can be used in the present
context as well (for example, Osborne and Rubinstein 1994, pp. 143ff.). The
only difference in comparison to the trigger strategy used to prove
Theorem 4.4 is that now there is only one stage game NE and that defec-
tion triggers the infinite play of the stage game NE. Formally, we have:

s;if inany h'(0) ... A'(t=1)=(s}, s_)); h'(0) ... h'(1=1)=(s}, s)
h(0)... (1= 1) = (s}, s7) or W(0)...h"(t = 1) = (s}, s}, s7,) V 1=0...0

s;in t=0

s, if inany A'(0) ... h(t—1)=(s, s_)Vt=0..1—1 (5.4)

i

where s, is the agreed ‘cooperative’ stage game strategy, s/ is the punishment
strategy against player j where in the PD game s/=s). Moreover, s}isj,
s}f * s]/ and 5} # s/, are some arbitrary strategies of player j or k respectively.
h(0) ... h'(t—1)=(s, s/ ) and 1'(0) ... h'(t—=1)=(s7, s/, s,) are only men-
tioned for completeness but are unlikely events because the best reply to
sh = s{vj is s]/ = st by definition (see Appendix I1 ). Hence, deviation during
the punishment pays neither for the punishers nor for the punished player.
Moreover, from Theorem 4.1 it is known that to play a stage game NE in
every period throughout a game is an SPE. Hence, it remains to be shown
that deviation from the cooperative strategy does not pay either and there-
fore 0=(0,, o_;) is an SPE, that is, 0 = ¢PF. Hence:
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O Ns)
>l +17
UL By

1 1

w=(1-8)mP+dmY

.
& 3 =dnin= B ’VzeI (5.5)
™ 1
must hold. The first inequality is expressed as net present values, the second
inequality in terms of average payoffs. This is to stress the equivalence of
both approaches. The first inequality implies that the net present value from
complying (LHS term of the inequality sign) must be at least as high as
when taking a free-ride (first term on the RHS of the inequality sign) and
then being punished for the rest of the game (second term on the RHS of
the inequality sign).

Thus, for given discount factors 3, and 8M"=3.<1, w; == must hold
for all 7, so that stability can be guaranteed using the trigger strategy above.
Since in the basic PD game playing the stage game NE for the rest of the
game is the harshest punishment players can inflict on a free-rider, that is,

wN=mM, there is no other strategy which could deliver a lower dMin.
Therefore 8,=dMn V i e I may be regarded as a necessary and sufficient con-
dition for stability.

For instance, if we assume payoffs of the PD game as given in Matrix 3.1,
and that mutual investment shall be sustained, then 1TlD:4.4, Tr:f=3.2,

=2 and, consequently, 3™"=0.5. Of course, other payoff vectors (for
example, resulting from playing mixed strategies within a stage or from
alternating between pure strategies in different stages) could also be sus-
tained as long as they give each player at least an average payoff of 2.

From (5.5) it is evident that the larger the free-rider incentive =P — r},
the more difficult it is to ensure stability. In contrast, a harsh punishment
in the form of a low value of ¥ is conducive to cooperation (8" will be
lower).

The ‘actual’ discount factor of players itself has also a great influence on
the stability of an agreement. In a politico-economic context, one would
expect that, if politicians seek short-term success, the value of p, would be
high and therefore stability may be jeopardized. Though it is common prac-
tice to assume that the discount factor remains constant over time, an
assumption we shall follow throughout this book, it is nevertheless conceiv-
able that short-term success is particularly important before elections
(Hahn 1989).2 Hence, long-term commitments may be particularly jeop-
ardized during election campaigns.

Moreover, though one may think of p as an objective probability, it may
also be a subjective estimation by agents about the uncertainty of future
events. In the latter case, p could be indexed as well and p, may reflect a
bundle of factors, for example, the general risk attitude of politicians; the
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evaluation of political stability in neighboring countries; the expectations of
politicians about the chances that the partners with whom they strike a deal
will be re-elected, and so on. Thus, for instance, civil war, social unrest or
any kind of political instability in country j would imply the representatives
in country i putting a low value on p,. Consequently, 8, will be rather low,
and this is a source of instability. In contrast, regular meetings of politicians
of different states may increase the mutual confidence of partners that the
game will continue and therefore will improve upon the stability of treaties.

A further interpretation of the discount factor arises by noting that a
payoff 7 received at time =1 is worth 8w at time =0 in discrete time,
whereas if it is continuously discounted it is worth me™P2 where A is the
length of the time span (Bac 1996). Thus 8 in discrete time is equivalent to
e~PA in continuous time. By reducing A, e~P2 becomes bigger. Thus, the
shorter the time span of a stage, the higher the (equivalent) value 8, and
hence the higher the chances of cooperation. This suggests that short dis-
crete time intervals are particularly important for the stability of an IEA if
time is discounted very much. A short time span has two advantages: first,
punishment has a higher threat potential since action can be taken imme-
diately: in a wider context this implies that a short time span A reflects the
possibility of immediate discovery of free-riding; second, transitory gains
from free-riding are smaller.

5.2 FOLK THEOREMS

In this section, we want to put the preliminary results of Section 5.1 on a
more general footing.? Though we interpreted the strategy profile in (5.4)
in terms of the basic PD game, we have already used a general notation in
the previous section. Therefore, the first folk theorem* which is due to
Friedman (1971) can be stated immediately:

Theorem 5.1: Folk Theorem I

Let I'” be an infinitely repeated stage game I" with a stage game Nash
equilibrium sV and an associated payoff vector mw¥. Then each payoff
vector 7" of the one-shot game I' for which w; == V i e I is true can be
sustained in the infinitely repeated game I'* by playing subgame-perfect
strategies provided discount factors of the players are sufficiently close
to 1 (that s, §,=8M" V j, where 87" € [0, 1], is a critical value) so that each
player receives an average payoff of ;.

Proof: From (5.5) it is evident that if =, approaches 7 from above, dmi»
approaches 1 from below. Thus, provided 8, is sufficiently close to 1,
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8,=dMMin is possible. Since the cooperative strategy vector s delivers 7 in
each period, the average payoff is 7’ (see (5.3)). QED

It should be evident that Theorem 5.1 holds irrespective of the number
of stage game NE in a game. The minimum requirement is only that each
player receives at least his/her worst NE payoff when playing the coopera-
tive strategy. For example, in the extended PD game II in Matrix 4.3, each
player must receive at least a payoff of 1.

The following Folk Theorem II has been known in the literature as the
classical ‘folk theorem’ since the 1950s. The theorem derives its name from
the fact that it was well-known among game theorists for a long time before
there was published a reference. In contrast to Folk Theorem I, there are
two modifications: first, with respect to payoffs, it comprises a larger set of
payoffs by extending the payoff space to include all individually rational
payoff vectors; second, with respect to the equilibrium concept, the
theorem relies only on Nash equilibrium strategies (see, for example,
Fudenberg and Tirole 1996, pp. 154fT.).

Theorem 5.2: Folk Theorem II

Any individually rational payofT vector of the stage game I', w* e IR,
can be sustained in the infinitely repeated game I'* by playing Nash equi-
librium strategies where each player receives an average payoff of 1, pro-
vided that discount factors of all players are sufficiently high.

Proof: The proof of Folk Theorem II is very much in the spirit of the
proof of Folk Theorem I. It also uses a trigger strategy. Along the equi-
librium path each player plays the stage game strategy s, which generates
the payoff vector (s, s_;)=wM(mi, m’ ) V i e 1. Once a player i deviates
— either in the cooperative or the punishment phase — that player is mini-
maxed by all players for ever. Thus, by contrast with Theorem I where
si=sN, now si=m/V i, ], k € I (for example, s/ , =m/ ; and so on) in (5.4),
and in (5.5) w}¥ has to be replaced by w} and the same arguments to
prove Theorem 5.1 apply. QED?

Since Folk Theorem II comprises a larger payoff set than Folk
Theorem I but uses a weaker equilibrium concept, it comes as no sur-
prise that scholars in game theory tried to establish a folk theorem which
combines elements of both theorems. As a first step, Aumann and
Shapley (1976) and Rubinstein (1976) showed successfully that each indi-
vidually rational payoff vector can be sustained by playing subgame-
perfect strategies. However, their proof is only valid for games without
discounting.
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Theorem 5.3: Folk Theorem III

Any rational payoff vector " € IT'R of the stage game I" can be obtained
in the infinitely repeated game I'” — giving each player an average payoff
of 7 — using subgame-perfect strategies if there is no discounting.

Proof: Two basic types of game have to be distinguished. In the first type
each player minimaxing player i derives a higher payoff than when s/he
is minimaxed him- or herself, that is, w]M(i) > M0, Once defection occurs,
either during cooperation or punishment, then the punishment involves
the infinite punishment. Since 1T;F21T]M(i) deviation does not pay during
cooperation. Because of the prospect of being punished forever, no
player deviates when punishing a player i, and by the definition of a
minimax payoff the punished player i does not deviate either. Thus the
punishment is an NE of the subgame beginning at time =m+ 1 when
the deviation occurred at time 7 =m.

In the second type of game a punisher receives less than when s/he is
minimaxed him- or herself, that is, ﬂ]M(i)SﬂMU), and an infinite punish-
ment is not possible according to the notion of subgame-perfection.
Now, if player i deviates, the other players minimax him/her only for
some time until the gains from the deviation are wiped out. Then, all
players return to the ‘cooperative phase’. If player j among the players
minimaxing player i deviates from the punishment, then s/he is mini-
maxed by all the others for an even longer time span. This hierarchy of
successively higher-order punishments is used for any further deviation
(which is not not simple, in the sense of Abreu). The existence of the
cooperative phase at the end of the punishment makes the strategy cred-
ible in the sense of subgame-perfection. If a player j deviates from con-
ducting the punishment of player i s/he receives a deviation payoff w2but
is then punished by the others for ¥ periods. Since there is always a tfj’.>
% in the infinite time horizon for which:

P M(i) *— D4 P _M() *
faMO+ > mzap+ e+ > @ (5.6)
t:zII’H t:t},’+1

is true, the punisher j will comply with his/her punishment obligations.
QED

An example of the first type of game is the extended PD game I in Matrix
4.2. The extended PD game II in Matrix 4.3 belongs to the second category
of game, though it is a ‘knife-edge’ case because the minimax payoff and
the payoff when minimaxing other players coincide for all players.

Though these hierarchical punishment strategies work in the case of 8, =
1, one may not be able to use them in a game with discounting. The problem
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can arise in games of the second type where the punisher receives less than
his/her minimax payoff. Then, if a player deviates from conducting the pun-
ishment, the threat to punish him/her for some time might not be sufficient
to deter deviation. Due to discounting, punishment payoffs in the future
become less of a deterrent and the punishment hierarchy may stop working
at some higher order. Put differently, with discounting, arbitrarily long
punishments are not arbitrarily severe since far-off punishments are rela-
tively unimportant (see Fudenberg and Maskin 1986 for details).

It took exactly ten years for Fudenberg and Maskin (F/M) to extend
Folk Theorem III in 1986 to games with discounting. The proof is partic-
ularly straightforward in the two-player case. In the general case of N
players, slightly more complicated strategy profiles have to be used and
some restrictions on the payoff structure have to be imposed. In the follow-
ing we proceed stepwise: first, we prove F/M’s folk theorem for two players
(Folk Theorem I'V) and then, second, we cover the general case of N players
in Folk Theorem V.

Theorem 5.4: Folk Theorem IV (Fudenberg and Maskin 1986,

Theorem 1)

In a two-player game any individually rational payoff vector 7" € IT'R of
I can be sustained in the infinitely repeated game I'* by playing subgame-
perfect strategies provided the discount factors of all players are
sufficiently large so that each player receives an average payoff of .

Proof: Consider the following strategy:

mlif inany h'(t = %)..h'(t=1)=(s;, 57), or h'(t = 1*)...h'(t =1)=(m], 5)

o,=
s;if in any A'(t1— ). h'(t=1)=(s,, 5;), or h'(t —1°)..h'(t = 1)=(m{, m})
(5.7)

where /(1 —1P) ... (1 — 1) means all #* periods previous to period 7, /f =
15 =1P. The strategies imply that the game may be divided into a cooper-
ative and a punishment phase. In the case of compliance, the cooperative
phase continues and players choose strategy s,. The minimax strategy m/
is played if there is either a deviation in the cooperative phase of the
game or a deviation in the punishment phase. Thus, the strategy implies
that players ‘agree’ to minimax each other mutually for * periods in the
case of a deviation where w§(m/, m}) =aM(mi, m)V i e T holds. Thus, the
severity and length of the punishment is independent of the degree of
deviation and of the player who deviates. That is, the strategies are simple
in the sense of Abreu. For an SPE three basic conditions have to be
satisfied which are reflected in (5.8)—(5.10).
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Subgame-perfect equilibrium conditions in a two-player game:
m=(1-3)mP+8mP (5.8)
mP=aM (5.9)
Vieland m* e II'R where:
wf=(1—8§P)1TiG+8§PTr;‘. (5.10)

1. Deviation in the cooperative phase does not pay, due to subsequent
punishment. Therefore, in (5.8) the average payoff in the cooperative
phase, 7;, must exceed the average payoff received in the deviation
period, (1 —38,)wP, and the payoffs in the subsequent periods of the
punishment phase, 8mF.

2. If a player gets punishment s/he must have an incentive to go along
with the punishment. That is, this player ‘cooperates’ during the pun-
ishment in order to return to the cooperative phase after some time
(because otherwise punishment is continued). Since each player can
secure a minimax payoff, the average continuation payoffin the pun-
ishment phase, =P, must exceed ™M (see (5.9)).

3. The punisher him- or herself must have an incentive to conduct the
punishment, and therefore the punishment strategy must constitute
a best reply for him or her. Due to the simple punishment strategy of
mutual minimaxing, this condition is also expressed in (5.9). The
punisher conducts the punishment, otherwise the punishment phase
will be prolonged and s/he receives M instead of wF.6

Now we have to show that for sufficiently high values of the discount
factor, that is, 1>8,= 8", the strategy o, always satisfies conditions (5.8)
and (5.9), as long as w;=wM V i e I. This is done as follows.

First, substitute (5.10) into (5.8) and rearrange terms to have:

M_ -G M_ -G
T 1R 1ms ™
P i i . i I — 1
= o g=C= L =3 (5.11)
i i i i

where, due to m; >7M, the RHS term of each inequality is smaller than
1 and C, is a necessary condition for an SPE since §,< 1, /=1, and there-
fore 8,=3!.

From (5.9) it follows that wF should be as small as possible which, con-
sidering (5.10), is equivalent to minimizing 8,‘.P . Thus, if we choose the
punishment time /* such that:
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P=t= { L
logd,
then wP=mMand (5.9) becomes binding.” Upon substitution, (5.8) reads:
m=(1-8)mP+dmM = Cy: 8= — =87 (5.12)
all—

where 87 =< 1 due to ;>mM. Taken together, C, and C, are necessary con-
ditions for the discount factor so that the strategy in (5.7) is an SPE.
Hence, these conditions provide the starting values of &M since
dmin=max(3!, 8?) holds. The actual 3™ is determined as follows.

Since /P =1, we may start by assuming =1, choose 8, =max (3!, 5?)
(see C, and C, above) and insert this in (5.8). If (5.8) is satisfied, then we
have finished and ™" =max(3/, 87). However, if (5.8) fails to hold, that
is, wP is too big, consider raising ¢F. Thus, eventually, (5.8) will be
satisfied. However, this may imply that w7 <M and hence (5.9) is no
longer satisfied. Thus, we have to raise 3, so that (5.9) can still be satisfied.
Eventually that 8, which makes (5.9) binding is 3", Since for large 3, =
declines almost continuously with increasing /', the minimum discount
factor we arrive at by this procedure comes close to the ‘true’ 87", Thus
if §,=3dmin, then (5.8) and (5.9) can be satisfied. Consequently, since it is
always possible to find such a 3™ (probably very close to 1), all payoffs
in IR can be sustained as SPE provided the discount factors of all
players are close to 1.  QED

An example will clarify the determination of ™. Suppose payoffs as in
the extended PD game I in Matrix 4.3 and that both countries agree to play
the cooperative strategy a,/a,. Hence, w;=3.2, wP=4.4, w6=0 and
wM=1. Inserting this in (5.11) and (5.12) gives 8! =0.3125 and 8? = 0.2 and
therefore 8" =max(3}, 87)=0.3215 is the starting value. Inserting this
value in (5.8) gives 3.2 =3.3375, which is obviously not true. Therefore, we
choose ;= dM"=0.375 so that (5.8) is satisfied. A routine check reveals that
choosing alternatively *=2 leads todM"=0.56 and this alternative can
therefore be discarded.

From (5.8) the following corollary is readily proved:

Corollary 5.1

For 8,—0 the payoff space which can be sustained by subgame-perfect
strategies converges to the Nash equilibrium payoff space of the stage
game I, that is, [ISPE= (N1, ).
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Proof: For 3,—0, (5.8) becomes (s, sj) =7P(s, (sj), sj), which can only
be true if = (s,, s)=mN(sY, sN). N, . refers to the general case that
there might be more than one NE. QED

Let us now consider the case of more than two players. The proof of Folk
Theorem IV was based on the punishment strategy of mutual minimaxing.
With this strategy we killed two birds with one stone: on the one hand, the
deviator was punished; on the other hand, the punisher had an incentive to
conduct the punishment. For both players the incentive to go along with
the punishment is the prospect of returning to cooperation as soon as pos-
sible. Now, in the case of more than two players, mutual minimaxing might
not be possible any more. That is, some punishers might receive more than
their minimax payoff during the punishment phase if they deviate from
punishing. To render this a non-beneficial option, a three-phase strategy is
needed which may be summarized as follows.

Players cooperate in phase 1 if no player deviates. If a player deviates,
phase 2 starts in which the deviator is punished by being minimaxed for
some time. The deviator must be punished long enough for the gains from
the deviation to be wiped out. If a player deviates in phase 2, this phase is
started anew. If there is no deviation in phase 2, phase 3 starts in which the
punishers are rewarded who went through with the punishment. In this
phase the punishers of phase 2 receive a payoff which by construction
exceeds their minimax payoff.

This three-phase strategy allows us to state the following Folk
Theorem V, which is proved in Appendix III:

Theorem 5.5: Folk Theorem V (Fudenberg and Maskin 1986,

Theorem 2)

In an N-player game any individually rational payoff vector m" of the
stage game I can be obtained as an average payoff vector in the infinitely
repeated game I'* using subgame-perfect strategies, provided the dis-
count factor of each player is sufficiently close to 1 and the payoff space
is of full dimensionality (that is, of dimensionality N).

Proof: See Appendix III. QEDS

5.3 DISCUSSION

In contrast to finite games, cooperation is less of a problem in supergames.
In fact, the set of SPE is very large and one could even talk of an abun-
dance of equilibria, which makes predictions about an outcome difficult.
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Basically, there are two approaches to tackling this problem. First, one
thinks of whether it is possible to develop the definition of an equilibrium
concept further, for example, by defining more restrictively what is meant
by a credible threat and punishment strategy. This is the route we follow in
Chapters 6 and 7. Second, a bargaining stage is added to the game in which
the negotiation of players to settle for an equilibrium is modeled.
Moreover, in richer games the problem itself may suggest some restrictions
on the set of possible equilibria. For instance, in a second-best world insti-
tutional restriction may exclude some equilibria. We shall encounter such
examples in Chapters 11-14.

We wish to end this chapter with two remarks. First, as noted already in
Chapter 4, when mixed strategies are played, it has to be assumed that the
mixing device is known to all players, otherwise incomplete information
must be modeled explicitly, which is more complicated. Second, in the case
of two players the mutual minimaxing strategy, though it is a feasible
subgame-perfect strategy from a game theoretical point of view, seems a
rather curious kind of punishment when thinking of applications.
Basically, it implies that if one player free-rides and the other player does
not conduct the agreed punishment, s/he in turn is punished by the free-
rider. It seems rather paradoxical to expect a player to punish someone if
s/he does not get punished him- or herself. Therefore, the three-phase strat-
egy in the context of more than two players appears to be more convincing.
Players agree on a penalty code according to which each party is required
to participate in the punishment. Since enforcement itself is a public good
(since punishment is costly), potential punishers have an incentive to ensure
that all parties fulfill their punishment obligations. This is done by estab-
lishing a two-stage hierarchy of punishments.

However, the difficulties in international politics of reaching stable agree-
ments suggests that it is not always that easy to establish an incentive-com-
patible punishment code. The failure of many trade embargoes may serve
as an example. The available second-order punishments are obviously often
not severe enough to overcome the incentive of some potential punishers
to trade with the country on which a boycott is imposed and therefore a
successful punishment code (including first-order punishments) cannot be
established. In particular, receiving only slightly more than the minimax
payoff may not be a strong enough incentive for players to penalize a free-
rider. This concern is taken up in the next two chapters.
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OTES

. This assumption does not affect the generality of the subsequent proofs. As will become

apparent, if a payoff can be backed by equilibrium strategies for discount factors close to
1, this will be even more true for a discount factor equal to 1.

. This idea is elaborated in various models of political business cycles. For a survey see, for

example, Willet (1988) and the literature cited therein.

. A survey of the issues treated in this section can be found in Pearce (1992) and Sabourian

(1989).

. For an explanation of the term ‘folk theorem’, see below.
. Of course, though mt is a best reply to m’_, and hence a punished player will ‘comply with

his/her punishment obligations’, the punishers could do better than playing m’ ; and hence
this strategy is not an SPE.

. (5.10) states that the average continuation punishment payoff comprises the mutual mini-

maxing payoff received for ¥ periods and the cooperative phase payoff which is received
afterwards if there are no deviations durmg the punishment phase. Note that '1TP decreases
in the punlshment time ” because 'n'G receives a higher weight compared to ;.

. Of course, =" is only a first dppr0x1mdt10n since # must be an mteger leue
. The assumption of full dimensionality requires that all payoff vectors in a game are inde-

pendent so that any feasible payoff combination in the N-dimensional payoff space can be
generated. If this does not hold, TTSPE may only be a subset of TI'R. This assumption is
needed in phase 3, so that all punishers receive at least slightly more than their minimax
payoffs, but at the same time the punished player is held down to his/her minimax payoff.



6. Finite dynamic games with discrete
strategy space: a second approach

6.1 INTRODUCTION

In Section 4.4 we demonstrated that in games with two or more stage game
Nash equilibria (NE) all payoff vectors can be sustained by subgame-
perfect equilibrium strategies which give each player more than in his/her
worst NE provided discount factors are close to 1. Such an abundance of
equilibria was also found in supergames where even weaker conditions
must be satisfied to derive folk theorem type of results. Thus, although we
strengthened the equilibrium concept for dynamic games by requiring
strategies not only to be an NE but also to be a subgame-perfect equilib-
rium (SPE), the set of equilibrium payoffs remains large.

A concept which is capable of reducing (though not eliminating) this lack
of predictability in repeated games is the concept of renegotiation-proofness.
Though there emerged many versions of this concept, in the context of
finite games the interpretation seems not very controversial (Benoit and
Krishna 1993; Bergin and MacLeod 1993; Bernheim ez al. 1987; Fudenberg
and Tirole 1996, pp. 174f1.). The subsequent discussion is based on Benoit
and Krishna’s definition which is restricted to two-player games. In this
case their concept coincides with Bernheim et al.’s definition of coalition-
proof equilibria, which we discuss in Chapter 15.

In the above-cited literature it is argued that threats which imply a lower
payoff to deviators and punishers alike will be subject to renegotiations and
therefore lose their credibility. If defection occurs, it is in the interest of all
players to treat bygones as bygones, and punishment will not be carried out.
Three examples will illustrate the idea. In each of them no discounting is
assumed and only pure stage game strategies are considered.

6.1.1 Extended PD Game II
Suppose that the extended PD game II in Matrix 4.3 is played three times
and assume no discounting. Both countries agree to cooperate in the first

round by playing (a,, a,) and subsequently playing the good equilibrium

75
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(na,, na,) twice. Defection in the first round will be punished by playing the
bad equilibrium (p,, p,) until the end of the game. Since 3.2+2+2>4.4+
1 +1 this strategy is subgame-perfect. However, suppose a country deviates
in the first round; then, before period 2, the deviator will suggest that the
punisher forget about the past and play the good NE in the last two rounds.
Obviously, since there is no reward phase, it is in the punisher’s interest to
accept the proposal. Since a ‘potential’ free-rider knows this before round
1, s/he will not be afraid of the punishment and will take a free-ride.
Therefore, the only renegotiation-proof equilibrium, henceforth abbrevi-
ated RPE, in this game will be the thrice-repeated play of the good stage
game NE (na,, na,). (The bad NE (p,, p,) is no RPE because it is Pareto-
inferior to (na,, na,).)

Since this result holds also if the game is repeated more than three
periods, it also holds for the limited case of T— . Hence, the set of average
equilibrium payoffs shrinks from ITR =TISPE (which includes all payoff
tuples which give each player at least a payoff of 1 in the example) to the
single payoff tuple ITRPE = FRPE = (2, 2) if we require equilibrium strategies
to be renegotiation-proof and not only subgame-perfect. Hence, IIRPEC
IISPE or in the more general case IT>RPE CTISPE where 8. <1 and T is not
necessarily large. Though in the following we concentrate mainly on equi-
librium payoffs, it should always be kept in mind that the above relation has
its analogy with respect to strategies, that is, SRPE C ISPE,

From the example it is evident that though renegotiation-proofness
requires equilibrium strategies to be subgame-perfect and to be Pareto-
efficient, renegotiation-proof equilibria, also known as Pareto-perfect equi-
libria may not be efficient with respect to the set of all SPE (Fudenberg and
Tirole 1996, p. 177).

6.1.2 Extended PD Game III

Next consider the extended PD game III in Matrix 6.1 where the associated
payoff space is displayed in Figure 6.1. This game has three-stage game NE.
Here p/ denotes a punishment strategy of player 7 to punish player j. The
best reply to this has player j choose pjf. For this game it is easily checked
that the minimax payoffs in this game are wM =2V i e I which correspond
to the worst NE payoff to each player. Hence, ITSPE = {mr; e IISPE | ;=2 V
i e I}. What about the renegotiation-proof payoff space TTRPE?

In order to determine the equilibrium path in this game, we start from
T =1 and successively increase the number of stages. If T=1, only an NE
can be played. Since none of the three NE Pareto-dominates the other, any
of them may be played. Now if T =2, the following SPE payoff tuples can
be obtained:



Finite dynamic games with discrete strategy space IT

Matrix 6.1 Extended PD game 111

1

a, na, 2] P
6 1 0 0
a;
6 7 0 0
7 3 0 0
na,
1 3 0 0
0 0 0 4
2
D
0 0 0 2
0 0 2 0
i
0 0 4 0

Matrix 6.2 Extended PD game IV

1

a na, P> 25}
6 1 0 0

a;
6 7 0 0
7 0.5 0 0

na,
1 0.5 3 0
0 3 0 4

»
0 0 0 2
0 0 2 0

i
0 0 4 0
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<~ Pareto frontier

0 12 3 4 5 6 7T1m
Figure 6.1 Payoff space of the extended PD games Il and IV

IISPE(T =2): (4, 8), (8, 4), (5, 7), (7, 5), (6, 6), (9, 9)

where payoffs are summed over the two stages and IISPE stands for the set
of (total) SPE payoffs. The first two tuples result from payoffs (2, 4), (2, 4)
or (4, 2), (4, 2); the second two from (3, 3), (2, 4) and (3, 3), (4, 2); the fifth
from (3, 3), (3, 3); and the sixth from (6, 6), (3, 3). Whereas the first five
payoffs result from the play of stage game NE, and therefore the underly-
ing strategies are automatically subgame-perfect, the last payoff vectors can
be obtained by using the threat strategy to play the NE (pi, pj’f ) against devi-
ator i. Since a deviator can net a gain of 1 and loses 1 through punishment,
deviation does not pay (assuming no discounting).
Requiring the SPE to be efficient, leads to:

Eff(ITSPE(T =2)): (9, 9)

where Eff stands for weakly efficient.

Next consider T = 3. Since it is known that in the last two periods (¢, a,)
and (na,, na,) is the only efficient SPE path, free-riding cannot be punished
in the first period and, hence, one of the stage game NE must be played.
Hence, for T=3, at t=1 a strategy combination leading to payoff vectors
in Eff(TTSPE(T = 1)) must be played and Eff(ITSPE(T = 3)) = Eff(IISPE(T =1))
+(9, 9). Thus, we have:
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Eff(ITSPE(T =3)): (11, 13), (12, 12), (13, 11).

Continuing with this kind of reasoning, it is evident that in longer-lasting
games, the same sequence ((¢,, a,), (na,, na,)) is played repeatedly. If T is
odd, then this sequence is played T/2 times; if T is uneven, then this
sequence is repeated (T — 1)/2 times and in the first round one of the three
NE is played. Consequently, for large T the average payoff to each player
approaches 7RPE=4.5. Thus, as in the extended PD game II, the renegoti-
ation-proof space shrinks to a single point, though the subgame-perfect
payoff space is large. Also note that, again, the renegotiation-proof payoff
vector is not efficient and lies below the Pareto frontier.

6.1.3 Extended PD Game IV

Finally, consider the extended PD game IV in Matrix 6.2. Compared to the
extended PD game III, it has only two (asymmetric) Pareto-undominated
Nash stage equilibria — everything else remains unchanged. Now the
sequence length must be increased from two to three periods. In the last two
periods of this sequence the players must alternate between the two Nash
equilibria. Thus, for T =3, we would have the sequence (6, 6), (2, 4) and
(4, 2). If a player deviates, s/he nets a gain of 1 but is punished by a loss of
2 which, at best, s/he suffers two rounds later (receiving only a payoff of 2
instead of 4). It is straightforward to check that for larger T (and again 8, =
1 V iel), the sequence in the case of T=3 is repeated. Denoting the
sequence length by m, that is, m =3 in the example, and the ‘remaining
stages’ by R, then:

R(m, T)=T —m[T/m] (6.1)

is the number of rounds at the beginning of the game in which one of the
stage game NE is played, followed by [T/m] times in which the sequence of
length m is played.! Therefore, for large T, the average payoff to a player in
the extended PD game IV approaches 4. Compared to the extended PD
game III, the lack of a symmetric Nash equilibrium causes the equilibrium
average payoff to be lower in the extended PD game IV because the
sequence length has to be extended to three periods.

6.2 SOME GENERAL REMARKS AND RESULTS

From the introductory examples it is evident that the concept of renegoti-
ation-proofness is quite powerful in reducing the number of equilibria (and
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equilibrium average payoff tuples). Though it was rather simple to deter-
mine the set of RPE in these examples, in other games this task can become
a tricky one. Therefore, the restriction to pure strategies is commonly used
in this literature. However, since some games have mixed-strategy equilib-
ria that Pareto-dominate pure-strategy equilibria, this restriction is not
innocuous.?

A central feature of RPE is that in repeated games the future is given
more weight (and, consequently, the past less weight) than in SPE and NE
(Farrell and Maskin 1989a, p. 331). Of course, if the past were treated as
sunk and assumed to be irrelevant to future behavior, then threats could not
be used and (conditional) cooperation must fail. Thus, history must be
given some weight. The Nash equilibrium concept gives the past much
weight. In fact, it goes as far as to assume that the history of the game can
overcome players’ individual incentives to optimize in the future. The
concept of SPE is an intermediate assumption: history cannot overcome
players’ incentive to optimize but affects the choice of the equilibrium con-
tinuation payoff, even to the extent that this can lead to Pareto-dominated
continuation payoffs. The RPE concept is in between ‘history does not
matter’ and the SPE concept.

Whereas in an SPE a deviation may trigger a punishment for the rest of
the game, in an RPE the possible negative future implications for the pun-
isher are also considered. This seems plausible as long as we do not assume
that the punisher receives some additional utility from taking revenge.3 In a
wider context this may be taken as a reason why, for instance, trade sanctions
or boycotts have hardly been successful in the past. As long as those coun-
tries which boycott the supposed ‘culprit’ for some wrong-doing also suffer
from these restrictions, announcements of boycotts are non-credible threats.

Since renegotiation-proofness combines subgame-perfection with the
idea of Pareto-optimality, it can be (in the case of finite games) defined
recursively like subgame-perfection. Let Eff(IT) denote the set of weakly
efficient points in IT, and let II3SPE(z =T) be the set of discounted payoffs
of pure-strategy SPE of I'T with typical element wd=3X8!m, (a$ E(h?)).
Moreover, let IT>RPE(;=T) denote the set of discounted payoffs of RPE
and T the length of the game.

Renegotiation-proof equilibria in finite games.

Set:
T:=1
X(T)=II>SPE(T),
HB,RPE(T) — Eff(H&SPE(T)).
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For T>1:
T:=T+1

X(T) = {IT>SPE(T) | all continuation payoffs I1-SPE(g(/!)) specified for
™1 lic in TIPRPE(T — 1)}

Continue until T=T".

In words, the process works as follows. First, determine the set of SPE
payoffs in the last round. Second, select the efficient ones among them.
Third, increase the number of rounds by 1 as long as T<T" and find for
this game those SPE payoffs, given the continuation RPE payoffs in the
rounds succeeding the first round. Choose the efficient SPE payoffs deter-
mined for I'T. From then onwards the procedure is repeated. The definition
also covers the general case of discounting, examples of which will be pro-
vided below.

We now summarize and generalize the results of the PD game examples
in the introductory section. PD game II is covered by Theorem 6.1, PD
games III and IV by Corollary 6.1 below.

Theorem 6.1

In a finitely repeated game I'T, where there is either a strictly Pareto-dom-
inant stage game Nash equilibrium or only a single stage game Nash
equilibrium, the only renegotiation-proof equilibrium is the T-fold rep-
etition of the Pareto-dominant Nash equilibrium or the single Nash
equilibrium respectively.

Proof: Consider, first, games with a strictly Pareto-dominant stage game
NE. In the last stage the Pareto-efficient Nash equilibrium must be played
in any case. Denote the payoff to a player derived from this equilibrium
frrﬁ\’*“). If in any previous round a stage game strategy different from the
Nash equilibrium were to be played, then there would be an incentive for
at least one player to deviate, that is, *n'l].l)(si(sj), s/.) —(s)>0. In order to
deter free-riding, it must be possible to punish deviation. Since the punish-
ment path must be Pareto-efficient, only the Pareto-efficient Nash equilib-
rium can be used. Since 7}(s) —wN (V) =0 V i must hold — otherwise
the alternative strategy combination s is not Pareto-efficient — deviation
cannot be deterred efficiently.

Since the case of a single NE is a special case of games with a
Pareto-dominant NE, the same kind of reasoning applies. Since the
unique NE will be played in the last round, there is no punishment
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strategy which can deter free-riding. Any other punishment strategy
different from the NE is either not subgame-perfect or implies a lower
payoff to the punisher. QED

An immediate implication of Theorem 6.1 is summarized in the following
corollary:

Corollary 6.1

In a finitely repeated game I'T at least two weakly undominated stage
game Nash equilibria must exist to establish a stage game strategy com-
bination different from the Nash equilibrium.

Proof: Follows from Theorem 6.1. QED

Since this corollary is just a negation of Theorem 6.1, it suffices to stress
its validity by giving a ‘knife-edge example’. For instance, consider the
example T=2, VD =(4, 2), ?N'®=(2, 2), 7" =(5, 2), 7P =6 and 7P =
(m,=2) where only player 1 can gain from deviating. In this case player 1
gains 1 in the first period, but if in the second period the second equilib-
rium is played s/he receives only 2 instead of 4. Since player 2 is indifferent
between both NE, free-riding can be deterred efficiently as long as 8, =1/2
holds.

In the PD game examples discussed above, the set of average RPE
payoffs contained only a single element (assuming large T and no discount-
ing) which did not lie on the Pareto frontier. This is a first category of games
identified by Benoit and Krishna (1993). However, there are also games of
a second category in which the (closed) set of RPE payoffs is a subset of the
points lying on the Pareto frontier. Benoit and Krishna show that all games
belong either to the first or to the second category.

Theorem 6.2

In finitely repeated games I'T with no discounting and large T, the average
equilibrium payoff tuple is either unique and lies in the interior of the
payoff space or the set of average payoff tuples is a closed and connected
set lying on the Pareto frontier.

Proof: Omitted. See Benoit and Krishna (1993).

Since the proof is quite involved and rather lengthy, we skip it here, but
provide an example of the second category of games below. Assume that
cooperation will be established in a chicken game where both countries
invest in abatement technology (action ;) and receive a payoff of a;, (see
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Pareto frontier

d, b, a, c, T,

Figure 6.2 Renegotiation-proof equilibrium payoffs in a finitely repeated
chicken game

Matrix 3.2). Recall that there are two strictly undominated (pure strategy)
Nash equilibria in this game. Like in the extended PD game 1V, these equi-
libria have to be played in turn in the last two periods. However, in the
chicken game, the Nash equilibria are Pareto-efficient and can therefore be
played at any time and for any duration. Moreover, the payoff in the Nash
equilibria is for one player superior to the cooperative payoff (¢; > a,) and
may therefore be used as punishment. Hence, in contrast to extended PD
games III and 1V, no sequence has to be played involving playing a co-
operative strategy in one period followed by playing Nash equilibria sub-
sequently. Consequently, total equilibrium payoffs are given by (T —2)-¢,
+¢;+b;and (T — 2)-a;+ b+ ¢; with average payoffs ii"E=q; Vielif Tis
large.

An immediate implication of the arguments presented above is that to
play: (a) always one of the two NE; (b) a combination of (4, @,) and one
NE, or (¢) a combination of NE, are also an RPE as long as average payoffs
lie on the Pareto frontier. Playing only one Nash equilibrium throughout
the game leads to an average payoff tuple at the boundary of the Pareto
frontier (either w4 or w8 in Figure 6.2). A combination of («,, a,) and one
Nash equilibrium implies a payoff tuple on the segment A or B of the
Pareto frontier. A combination of the two NE may, depending on the
specific payoffs, lead to average payoff tuples lying on the Pareto frontier.
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However, due to our (restrictive) assumption in Sub-section 3.3.1 that in the
chicken game (a,, a,) is socially optimal, that is, a,+a;>b;+¢;and a;,+a;>
¢;+ b, the Pareto frontier is strictly convex. Hence, a combination of NE
will lead to an efficient payoff tuple lying on the line segment C which is
(strictly) below the Pareto frontier. Hence, given this restriction, the alter-
nation between both NE is not an RPE.

However, the RPE path described in (a) and (b) above is sufficient to gen-
erate any payoff tuple on the Pareto frontier (line segments A and B). Thus
the chicken game is a member of the second category of games in which
the set of renegotiation-proof average payoffs is a closed subset of the
Pareto frontier.* The result may be summarized as follows:

Theorem 6.3

In finitely repeated chicken games the set of renegotiation-proof average
payoffs comprises all points on the Pareto frontier provided discount
factors are close to 1.

Proof: The proof basically follows from the discussion above. It remains
to stress the validity in the case of discounting. First, deviation does not
pay if an NE is played in some stage. Second, if (a, a;) is played, then
deviation may occur. The weakest threat is if the equilibrium play involves
playing a Nash equilibrium for ¢* periods in which the potential deviator
receives only a payoff of b, subsequent to the deviation. This implies that
punishment is delayed by at least ¢* periods. After these ¢* periods either
the last two terminal rounds have been reached in which an alternation
between the two NE would be played in equilibrium, or the game does
not terminate after the #* periods and equilibrium play involves resum-
ing the play of al./aj. In the former case the ‘worst’ case implies that the
deviator suffers a loss of ¢;—b, from the punishment only in the last
round. In the latter case, the lower bound of the loss due to punishment
is a;—b; in period r*+1. Thus, deviation does not occur if either
8,=[(c;— a)l(c;— b)) =gmin or §, = [(¢; — a;)/(a,— b,)]*+1) = gmin
hold. Both inequalities can generally be satisfied provided discount
factors are sufficiently large. QED

It should be evident that, in the case of the extended PD games III and
IV, RPE can be derived in the presence of discounting. Generally, however,
it should be noted that, though discounting does not change the main
results for considerations at the limit (sufficiently high discount factors), the
discount factor may very well affect equilibrium play in a game and hence
the average payoffs obtainable in a game. This will be briefly demonstrated
for the extended PD game III.
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In the extended PD game III discounting implies that the sequence
length m =2 where (a,, a,) and (na,, na,) is played has to be increased. Since
the gain from a deviation of 1 can be punished by a loss of 1 per period in
the subsequent rounds, deviation can be deterred provided:

m—1 _

E di=1 @mzm:zmmm. (6.2)

In(3,
(6.2) can only be satisfied if 5,>1/2. Suppose this to be the case, then it is
straightforward to show that 9m™/93,<0. That is, the lower the discount
factor, the longer will be the sequence m in which the symmetric NE must
be played m —1 times. Since in this game the cooperative payoff strictly
Pareto-dominates the Nash equilibrium payoffs, this implies that with
decreasing 8, the average payoff to each player decreases. For §,—1/2
and large T, we have >RPE— 3 whereas for §,=1 we found >RPE=4.5
above.

Summarizing, the concept of renegotiation-proofness reduces the
number of equilibria and average payoffs sustainable in repeated games
compared to subgame-perfection. Renegotiation-proofness defines cred-
ible threat strategies more narrowly. It requires that during the punish-
ment (that is, off the equilibrium path) the punisher receives at least the
same continuation payoff as along the equilibrium path. To sustain a
cooperative outcome for some time, a game must have at least two undom-
inated stage game NE. Whereas this is true in the chicken game and the
extended PD games III and IV, this does not hold in the ordinary PD
game and the extended PD game II. In the case of no discounting, the
equilibrium average payoff either reduces to a single point below the
Pareto frontier or comprises a closed set of average payoffs on the Pareto
frontier.

6.3 EXTENSION: STRONGLY PERFECT
EQUILIBRIA

In the previous sections it became apparent that, though renegotiation-
proofness requires equilibrium strategies to be Pareto-efficient, equilibrium
payoffs may not be Pareto-efficient with respect to the entire payoff space.
The reason is that renegotiation-proofness requires that only among the
subgame-perfect continuation strategies are the efficient ones played but
not with respect to all possible continuation strategies. The extended PD
game versions discussed above are typical examples.

A concept which rules out inefficient continuation payoffs is the concept
of strongly subgame-perfect equilibrium (SSPE), or for short, strongly
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perfect equilibrium.> According to this concept, only efficient strategies are
allowed to be played at each point in time, implying that the average SSPE
payoff must be an element of the Pareto frontier. The basic idea is that
players never agree on strategies which deliver them payoffs below Pareto-
efficient levels. This is true for equilibrium payoffs but also for payoffs off
the equilibrium path, for example, for punishments in the case of a devia-
tion.

Let P(H) denote the Pareto frontier, then, using our previous notation to
define an RPE, an SSPE may be defined as follows:

Strongly subgame-perfect equilibrium

Set:
T: =1

P(II) = Eff(IT%(T)),
T13-SSPE(T) = SPE(P(II)).

For T>1:
T:=T+1

P(IT) = Eff(TTX(T)),

[13:SSPE(T) = {SPE(P(IT)) I TI(1) CP(IT) and all average continuation
payoffs IT2SSPE(T)(o(h!)) prescribed on I'T~! lie in P(IT)}.

Continue until T=T".

Thus, in contrast to the recursive definition of a renegotiation-proof equi-
librium, it is convenient (though not necessary) to express all payoffs as
average payoffs, so that regardless of the discount factor we can write
P(IT) = Eff(I13(T)). SPE(..) means subgame-perfect and hence SPE(PIT3(T))
denotes the set of Pareto-efficient subgame-perfect payoffs.

Since the above definition imposes very strong requirements on equilib-
rium strategies, an SSPE does not exist in many games, as in all PD game
versions we considered above. In contrast, in the chicken game both stage
game NE lie on the Pareto frontier (and are individually rational) and can
be used as a punishment. Therefore, in this game all RPE average payoffs
are also in the set of SSPE average payofs, that is, II>:RPE =[]5.SSPE_ These
findings may be summarized in the following two theorems:
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Theorem 6.4
In the finitely repeated PD game and its extended versions II, 11T and IV
no strongly perfect equilibrium exists.

Theorem 6.5

In the finitely repeated chicken game the set of strongly perfect equilib-
rium average payoffs comprises all points on the Pareto frontier provided
discount factors are close to 1.

Proof: Follows from SSPE = Eff(RPE) where the RPE have been derived
above. QED

6.4 DISCUSSION

Like an RPE, an SSPE requires from an equilibrium that it is not chal-
lenged by any other subgame. However, unlike an RPE, it also allows a
challenge by another subgame, even though the payoffs of this alternative
subgame may require playing strategies which are not self-enforcing.
Therefore, one may wonder whether the SSPE requirements are not unduly
restrictive. Of course, if there are efficient punishments with respect to the
entire payoff space, we would expect them to be played. However, if such
strategies do not exist in a game, renegotiation-proof punishment strategies
seem a pragmatic solution. They ensure that the punisher will carry out the
punishment and so free-riding can be credibly deterred. In particular, one
may wonder why players would not partially cooperate in an extended PD
version, just because of a possibly inefficient punishment.

However, the RPE concept also has shortcomings. First, the cyclical
cooperation in the case of the extended PD game versions has no immedi-
ate interpretation. It is difficult to see how cyclical cooperation could be
transformed in an IEA. It is hardly conceivable that governments would
cooperate in one year, not cooperate in consecutive years and then resume
cooperation. Of course, as in the case of mixed strategies, one may inter-
pret the outcome of cyclical cooperation as an ‘average result’ over a certain
period of time. But nevertheless, some doubts remain.

Second, the reason for playing such sequences or cycles involving
inefficient payoffs is that it must be possible to punish a deviator incentive-
compatible at any time. This requires that the punishment delivers a payoff
to the punisher at least as high as when the play continued along the equi-
librium path. To make this possible, and only for this reason, equilibrium
play requires an inefficient strategy in some stages. Thus, one may wonder
why players would forgo a possible cooperative welfare gain just so that
punishment could be constructed incentive-compatible.
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The advantage of both concepts is that they nicely demonstrate an
important dilemma in international policy coordination. To establish
partial cooperation as an equilibrium, the minimum requirement is for two
undominated stage game NE. That is, it must be possible to punish non-
compliance by strategies which are at the same time incentive-compatible
for the punisher. This is a condition which might not be met in reality and
stresses an important problem frequently encountered in international pol-
itics. We have already pointed out the problem of using trade sanctions to
discipline governments, but the basic problem pertains also with respect to
other measures which might be used to enforce an IEA.

NOTES

. The bracket indicates an integer value.

. An extension to mixed strategies can be found in Benoit and Krishna (1993, s. 6).

. If this were the case, this would have to be modeled explicitly in the utility functions of the
players.

4. In other games the RPE average payofs are a true subset of the Pareto frontier. See Benoit

and Krishna (1993).

5. For games with more than two players, SSPE requires more than subgame-perfection and

Pareto-efficiency of all continuation payoffs. See Chapter 15. The basic idea of this equi-

librium concept has been formulated by Aumann (1959) for static games. A definition for

dynamic games may be found in Rubinstein (1980).

S S N



7. Infinite dynamic games with discrete
strategy space: a second approach

7.1 WEAKLY RENEGOTIATION-PROOF
EQUILIBRIA

7.1.1 The Concept!

In Chapter 6 it became clear that by requiring strategies to be
renegotiation-proof the number of equilibria in repeated games could be
substantially reduced. Moreover, requiring strategies to constitute a
strongly perfect equilibrium reduced the set of equilibria even further.
However, it turned out that for many games for which a renegotiation-proof
equilibrium exists, no strongly perfect equilibrium can be found.

For finite games an obvious way to define a Pareto-efficient subgame-
perfect strategy involved a recursive definition. Now, in an infinite time
horizon, such a definition is not available, which leaves some leeway for
finding an adequate formulation of what renegotiation-proofness means
for supergames. Since Farrell and Maskin’s (1989a, b) definition has prob-
ably found the most widespread application in the literature, we concen-
trate exclusively on their concept of weakly and strongly renegotiation-
proof equilibria.2 It should be mentioned that the authors exclusively
restrict the validity of their concept to two-player games and we follow this
assumption in this chapter too. The possibility of an extension to N-player
games will be discussed in Chapter 14.

Farrell and Maskin’s definition of a weakly renegotiation-proof equilib-
rium (WRPE) takes up the central idea of the previous chapter that an equi-
librium strategy should have no Pareto-dominated continuation payoff in
any subgame. In particular, in the ‘punishment subgame’ the punisher
should not find it attractive to skip the punishment.

Once more, it turns out that in order to check whether a payoff vector
can be backed by weakly renegotiation-proof strategies it suffices to use a
simple strategy profile ¢ la Abreu. Like the check for a subgame-perfect
equilibrium (SPE) (see in particular the proof of Fudenberg and Maskin’s
Folk Theorem 5.4, pp. 69-71), the game may be divided into a cooperative

89
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and a punishment phase. In the cooperative phase (equilibrium path) both
players comply with the agreed strategy s = (s, sj). If player i defects (off the
equilibrium path) in one period and chooses his/her best deviation strategy
s,.(sj), which follows from max (s;)m(s;, sj), player j starts the punishment
from the next period onwards with a strategy s]’ Player i has two possibil-
ities for reacting: either to accept the punishment and play strategy s’ for
the punishment duration ¢ (repentance phase) or not to give in and con-
tinue with defection, playing his/her best response to the punishment si(s})
which follows from max (s;),(s;, s}). In the first case, the players go back to
the cooperative phase after the punishment. In the second case, the punish-
ment is prolonged (retaliation phase).

Of course, by symmetry, the same strategy profile is played against player
Jj. In particular, if player j deviates during the punishment, s/he will be pun-
ished. Formally, the strategy may be summarized as follows:

siif inany (=) .. (1 =1)=(s;, 5)), or h'(t=¢}) . . h'(t=1)=(5], 57)
o=

s;if inany 't —1f) .. hi(t=1)=(s;, 5), or W't —1f) .. h'(t=1) = (s}, 7).
(7.1)

Strategy o;is a WRPE strategy, where the stage game strategy s = (s, sj)

is played along the equilibrium path and where players receive the payoff

; as an average payoff, provided the following conditions are satisfied (see
Farrell and Maskin 1989a, pp. 335ff.):

Weakly renegotiation-proof equilibrium conditions in a two-player game

(55> ) =(1=3)mP(s,(s)), 5,) + 8w (s,(s5), %) (7.2)
(st S/, 55 ) = mE(s(s)), 5)) (7.3)

(s 5)=(1=8)mP(s,(s)), 5,) +d,F (s, s, 5, 5,) (7.4)
(s 8;) =TR(sE, 51) (7.5)

Vie{l,2} and (m;, ) e [I'* where:
P = (1= 80)mR(s], 1) + 815, 5,)- (7.6)
Here payoffs are expressed as average payoffs of the infinite game (dis-

counted payoffs are multiplied by (1 —3,)) assuming 3,# 1 (see Section 5.1).
Inequality (7.2) states that the discounted payoff from cheating, wP (best
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deviation payoff),> and subsequently receiving the ‘retaliation phase
payoff’, €, must be lower than the payoff in the cooperative phase, 7. This
deters deviation in the first place.

Inequality (7.3) ensures that a potential cheater has an incentive to
accept the punishment after his/her deviation. Therefore, the average con-
tinuation payoff if a player complies with his/her punishment, wF, must be
at least as high as when punishment is continued. Thus if deviation
occurred and punishment followed, it would ensure that there was an incen-
tive to resume cooperation.*

Inequality (7.4) guarantees that it is also not profitable for player i to
deviate in the cooperative phase and then to accept the punishment after-
wards.

Condition (7.5) ensures that the punisher has no incentive to renegotiate
the agreed punishment. For this the payoff when conducting the punish-
ment, 'n'jR(sf, sjl.'), must be at least as high as in the cooperative phase.’ This
last condition in particular represents the central idea of the WRPE
concept and distinguishes it from the SPE concept.

Finally, (7.6) represents the continuation punishment payoff !’ of player
i at the beginning of his/her repentance phase. It is a linear combination of
the repentance payoff, mR, and the cooperative continuation payoff, .
Thus, the continuation punishment payoff rises as the punishment pro-
ceeds.

Looking at inequalities (7.2)—(7.4), it is evident that, because of (7.3),
(7.4) is a stronger requirement than (7.2). Hence, we can drop inequality
(7.2) and we are left with three inequalities.

Moreover, note that for §, close to 1 (8/—1) (7.3) and (7.4) reduce further
to:6

(55 8;) > (s (57), 87) i ;% 5,(5;)
(5 ) Z=WE(s (1), 81) if 5= 5,(s)). (7.7

Taken together, a strategy tuple is weakly renegotiation-proof for &, close
to 1if it satisfies (7.5) and (7.7) simultaneously Vie I and (7.3)(7.5) Viel
if 8,<<1. In the former case, Theorem 7.1 below is an immediate implica-
tion:

Theorem 7.1 (Farrell and Maskin 1989a, Theorem 1)

Let w" = (m}, m,) € II'® be an individually rational payoff tuple from some
cooperative stage game strategy combination s=(s,, s;). If there exists a
strategy tuple s'=(si, s/) such that w(sl, 51 =m;(s;, s;) and wR(s},
sj’.' ) zTr;f(s,., sj), then the payoff tuple 7" can be backed by weakly renegoti-
ation-proof equilibrium strategies for sufficiently large discount factors.
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Proof: Follows immediately from derivation of conditions (7.5) and
(7.7). QED’

An immediate implication of Theorem 7.1 is that there is no existence
problem of a WRPE in all games for which a stage game Nash equilibrium
exists. For mV = and w¥ =7 the conditions above reduce to & =N and
11']3 = 11';\’ and are therefore trivially satisfied. Since Nash equilibria are typ-
ically Pareto-inefficient for negative externality games (see, for instance, all
the PD game versions), it is evident that a WRPE is not necessarily efficient
with respect to the entire payoff space. This is similar to the result we found
for renegotiation-proof equilibria in finite games and we shall therefore
present some extensions of the WRPE concept below. Before doing so in
Section 7.2, however, we shall first discuss some other results with respect
to WRPE and also illustrate the concept with some examples.

Another immediate implication of the WRPE conditions (7.2)—(7.5) is
summarized in the following corollary:

Corollary 7.1
For 8,— 0V i the set of weakly renegotiation-proof equilibria converges
to the set of stage game Nash equilibria.

Proof: Since (7.2)—(7.6) are continuous in 8, the set of equilibria satisfy-
ing these WRPE conditions for 8,—0 V il converges to the set for
8, = 0 Vi eI which contains only stage game Nash equilibria. For 8,—0
Viel, (7.4) becomes P =m; V i e 1. Hence, 5,=s,(s;) and s;=s5,(s;) from
which sV = (s}, sV) follows. QD ' '

Thus, Corollary 7.1 is analogous to Corollary 5.1 in Section 5.2, where this
result has been shown to apply to subgame-perfect strategies.

To see what changes are needed if equilibrium strategies are required to
be weakly renegotiation-proof instead of subgame-perfect, we consider
some examples below. We start by assuming 8, —1 V i e I and hence condi-
tions (7.5) and (7.7) apply (Sub-section 7.1.2). Subsequently, we consider
discount factors strictly smaller than 1 and therefore conditions (7.3), (7.4)
and (7.5) must be satisfied (Sub-section 7.1.3).

7.1.2 Discount Factors Close to 1

Extended PD game V

Consider the extended PD game V in Matrix 7.1, the payoff space of which
has been drawn in Figure 7.1. This PD game version is basically the same
as the extended PD game I (Matrix 4.2), except that now the punishment
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0 1 2 3 4 5 m

Figure 7.1 Payoff space of the extended PD game V

option delivers a payoff of 0 to both players alike instead of 1 to the player
being punished and 0 to the punisher. Strategy na; is a dominant strategy in
this game and IT=IIT"R which corresponds to the area A, B and C (includ-
ing the hatched triangles) in Figure 7.1. Consequently, according to Folk
Theorem IV, the entire payoff space can be backed by subgame-perfect
strategies, that is, II=TISPE. What about the weakly renegotiation-proof
payoff space ITWRPE?

To capture the entire payoff space, we allow for mixed strategies. Then
WRPE conditions (7.5) and (7.7), assuming player 1 to be the potential
deviator, may be written as:

T"rz’ﬂ'f:(ﬁppz, QL (15) (7.8)
m=7R(pl pl. 4l, 4)). (7.9)

Since we know that any payoff vector " =(w], ;) can be generated by
mixed strategies, the probabilities on the LHS of both inequalities have
been omitted as arguments. The probabilities on the RHS refer to the strat-
egies in Matrix 7.1. Again, superscripts refer to the player who gets pun-
ished.®
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Matrix 7.1 Extended PD game V

a2 I’l(lz p2
(g1 (¢ (I—=q,—qy)
3.2 14 0
al(Pl)
3.2 4.4 0
4.4 2 0
na,(p,)
1.4 2 0
0 0 0
pi(1=p,—=py)
0 0 0

First note that p, = 1 is a dominant defection strategy in this game and
hence p; =0and 1 —p, —p,=01in (7.8). Moreover, irrespective of player 2’s
strategy, (7.9) is ‘most easily’ satisfied if player 1 plays strategy a, with prob-
ability p] = 1. Since we are interested in the outer boundaries of the WRPE
space, we set pl = 11in (7.9). Thus, inserting this information into inequal-
ities (7.8) and (7.9) and using the payoffs of Matrix 7.1, we get:

™ =4.4q] + 24} (7.10)
w=3.2¢) + 4.44). (7.11)

From (7.10) it is evident that to determine the lowest WRPE payoff to
player 1, g} should be low compared to ¢}. From (7.11) it is evident that to
find the highest payoff to player 2 which can be backed by WRPE strate-
gies a high value should be chosen for ¢} compared to ¢}. Thus, we may well
assume ¢} = 0in (7.10) and (7.11). Then, assuming (7.11) to be binding, we
can solve for ¢} = w3/4.4. Inserting this into (7.10), we obtain the first
WRPE condition C;:

Cp=m= % (7.12)
Of course, a similar condition can be derived assuming player 2 to be the
potential deviator:
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Cy=mh=""1 (7.13)

Both conditions are drawn in Figure 7.1. All feasible payoff tuples which lie
to the right of C, and to the left of C, can therefore be backed by WRPE
strategies. Therefore, [IWRPE corresponds to the area denoted B in Figure
7.1 which is a (true) subset of TTSPE,

Ordinary PD game

Let us now turn to the ordinary PD game and check for the WRPE payoff
space. Denote p, the probability that a, is played and ¢, the probability that
a, is played. Assume payoffs as given in Matrix 3.1, the payoff space of
which is drawn in Figure 7.2. The entire payoff space, IT, comprises TT'R
and, additionally, the areas A and B (including the hatched triangles).

T

6.

0 1 2 3 4 5 6 m
Figure 7.2 Payoff space of the PD game

Again, players have a dominant defection strategy and hence p, =0 (¢, =
0) if player 1 (player 2) deviates. Moreover, in the punisher 2 (1)’s inequal-
ity pl = 1 (¢3 = 1) delivers the highest possible payoff. Hence, assuming
player 1 to be the potential defector, the WRPE conditions are given by:

m =2+ 244! (7.14)
=44 - 1.2\, (7.15)
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Since the minimax payoff in this game is 2, we assume the first inequality
to be binding and solve for ¢. We get ¢} = (w] —2)/2.4 and substitute this
into (7.15) which delivers:

Clzﬂ;ss4—%;czzw’;ss4—% (7.16)

where the second WRPE condition follows from symmetry.

Both conditions are drawn in Figure 7.2, from which it is evident that
both conditions are non-binding. All payoff tuples in IT'? are below the C,
and C, line and hence ITSPE = [TWRPE Thus, the PD game is an example
where the WRPE concept does not reduce the set of equilibria payoffs com-
pared to the SPE concept.

Theorem 7.2

In an infinitely repeated (ordinary) PD game with stage game payoffs as
given in Matrix 3.2 and payoff structure ¢,>a,>d;>b,, a,+a,>b, +c,,
a, +a,>b,+c,and a, +a,>d, +d,, ISPE=TIWRPE for § -1V ie L

Proof: See Appendix V.2 for a general proof. QED

The reason for this result can easily be seen in Figure 7.2. For each payoff
tuple in IT'R there is a payoff tuple in IT which can be used to punish devi-
ation and which gives the punisher more than in the cooperative phase. This
is particularly important for tuples on the border of TT'R which comprises
lines L, and L, and the part of the Pareto frontier between W1 and wW2.
Take for instance point wW1=(m\Vl, w}V1) which is defined as that payoff
tuple which delivers the lowest weakly renegotiation-proof payoff on the
Pareto frontier to player 1. Accordingly, the free-rider incentive for player 1
is high and a severe threat is needed to deter deviation. In the case of m; =
7W1 one may choose = (1.4, 4.4) as a punishment tuple or any payoff tuple
lying in the hatched area which is located at the upper left part of area A in
Figure 7.2. More generally, in a PD game for any payoff tuple =" e IT'R
there are strategy combinations available for which wf-(s/, s/) =;(s;, s;) and
ij(sjf, 5)) =i(s;, 5;) hold — the conditions of Theorem 7.19

In contrast, in the game depicted in Figure 7.1, IT = IT'R and therefore it
must be that payoff tuples along the border of II'R cannot be backed by
WRPE strategies. For instance, consider point X. Punishing player 1
requires a punishment tuple in a north-west direction, which is not feasible
because this would lie outside IT.

Chicken game
Drawing IT and IT'R for a chicken game would also show that we can find
for all m* e IT'R strategies such that w&(s’) =m’(s) and mR(s) =r(s) hold.
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Theorem 7.3

In an infinitely repeated chicken game with stage game payoffs as given
in Matrix 3.2 and payoff structure ¢; > a,> b,>d, a,+a, > b, + ¢, a; +
a, > b,+c,and a;+a, > d,+d,, TISPE = [IWRPE for § -1V ie L.

Proof: Follows along exactly the same lines as the proof of Theorem 7.2
which is provided in Appendix I'V.2. Note that in the chicken game pun-
ishment is particularly easy because both stage game Nash equilibria are
Pareto-efficient and satisfy the inequalities above. Therefore they can be
used as punishments. QED

7.1.3 Discount Factors Smaller than 1

In this subsection we want to determine the minimum discount factor
requirements for WRPE and compare them to SPE requirements. We con-
sider the same games as in the previous sub-section.

Extended PD game V

Assume that the payoff tuple w* = (3.2, 3.2) shall be backed by WRPE strat-
egies (see Matrix 7.1). For a start, consider only pure strategies and hence
mP =44, wRO=(1.4, 4.4) (the superscript i refers to the player who gets
punished and where 7RO = (7R, 7R0) and 7F=2. To determine 3™ in
this symmetric game, we substitute (7.6) into (7.3) and assume for a start
punishment time to be given by 7 =1. Then, we have:

(1-38)1.4+383.2=231=1/3 (7.17)
and (7.4) becomes:
32=(1-3,)44+3,((1-3,)1.4+53.2) =8 =2/3. (7.18)

Since (7.18) is more restrictive than (7.17), a harsher punishment should be
constructed so that ! gets smaller and the 8% requirement as well. For this
we increase the punishment time to ¢F =2. Then (7.3) delivers 8()=0.5774
and (7.4) 8»=0.4574 and hence d™"(WRPE)=max [3(), 3(?]=0.5774.
Though any further increase of the punishment time would reduce 8, it
increases d( above 0.5774 and would therefore deliver a higher dMin.
Consequently, 3™"(WRPE) =0.5774.

Next consider what will change if we require only SPE strategies to be
played in this game. For this, we substitute (5.10) into (5.9), noting that
w8 =mM=0, and find:

3.25=0 (7.19)
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which is trivially satisfied for any punishment time and discount factor.
Hence, we may choose =% and w’=nM=0. Inserting this into (5.8)
reveals ,= 0.27 = 3M"(SPE), which is obviously lower than the discount
factor requirement for WRPE strategies. The reason is simple: fora WRPE
less severe punishment strategies are available in this game because it must
be ensured that the punishment payoff exceeds the cooperative payoff of the
punisher.

Now allow for mixed strategies so that all payoff tuples in IT may be
obtained. For 8™"(SPE) nothing changes because we have already used the
harshest possible punishment. However, for 3™"(WRPE) there will be a
modification.

From (7.4) it is evident that to determine the lowest 3M"(WRPE) we
should look for a harsh punishment. However, the punishment is restricted
by conditions (7.3) and (7.5). For the latter condition we know from the
previous section that if, say, player 1 is punished, p} =1 is the ‘best’ repen-
tance strategy. Since, due to (7.5Lﬂ; =3.2=m} must hold, we choose ¢} =
0, q2 0.72 and 1—¢{—¢5=0.28 so that (7.5) becomes binding and

=3.2. From ¢}=0. 72 TFC =1.45 follows (if q,=1) which, due to (7.3),
constltutes a lower bound for the punishment. If player 1 complies with the
punishment s/he receives a stage game payoff of w’=1.018 during the ¥
periods.

Computing as above (V) and 3 reveals that 3" =0.447 for £=2. Thus,
by enlarging the set of strategies to include mixed strategies reduces the dis-
count factor requirement from 3M"(WRPE)=0.577 to dM"(WRPE)=
0.477. Nevertheless, also for mixed strategies the discount factor require-
ments for WRPE strategies are higher than for SPE strategies.

Ordinary PD game

Next, consider the minimum discount factor requirements in the ordinary
PD game in Matrix 3.1 and assume 7" =(3.2, 3.2). From Section 5.1,
dmin(SPE)=0.5 is known. To determine 3™*(WRPE) in the case of pure
strategies is an easy task because the relevant payoffs are the same as in the
extended PD game V, namely wP =44, ch =2 and wRO=(1.4, 4.4). Hence,
dmin(WRPE) =0.577, which is greater than 8™"(SPE)=0.5.

In the case of mixed strategies one can show the following:

Theorem 7.4

In an infinitely repeated two-player (ordinary) PD game with stage game
payoffs as given in Matrix 3.2, ¢,>a,>d,>b,Viel, a,+a,>b,+¢,, a;+
a,>by+c¢, and a,+a,>d, +d,, 3" (WRPE)=3"" (SPE) V iel and
7" e IT'R holds.
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Proof: See van Damme (1989).10

The basic idea of the proof is to construct a harsh punishment so that
P =7 at the limit. Van Damme shows that a rwo-phase punishment strat-
egy profile will do the job. In the first phase, assuming player 1 to be the
potential deviator, player 1 cooperates with probability p! =p and player 2
with probability ¢! =0 for /' periods. This delivers a low pure strategy
payoff wR() to player 1. In the second phase, which is played for one period
only, player 1 again cooperates with probability p' =p but player 2 with
probability ¢! =¢. This delivers an intermediate stage game payoff between
wR(M and the cooperative payoff «}. The average continuation payoff of the
two phases approaches w{ from above so that 3"(SPE) =87"(WRPE).
For the example in Matrix 3.1, the details are provided in Appendix 1V.3.

Chicken game
For the chicken game a similar result as for the PD game holds.

Theorem 7.5

In an infinitely repeated two-player chicken game with stage game
payofs as given in Matrix 3.2 and payoff structure ¢,>a,>b,>d. Viel,
a,+a,>b,+c,, a;+a,>by+c, and a,+a,>d, +d,, S""(WRPE) = 3nin
(SPE)V ieland w* e IT'R holds.

Proof: Theorem 7.5 is easily proved. First note that since (7.3) is never
binding in a chicken game the harshest available punishment strategy
(a,, naj) may be used to punish player i. This delivers the lowest individ-
ually rational payoff to him/her, 7€, and at the same time the highest
obtainable payoff to punisher j, 'rr]U, in this game. Since s=(a,, naj) isa
Pareto-undominated stage game Nash equilibrium, 7 = can be chosen.
Then 7P =7¢ == and d""(SPE) =3P"(WRPE) V i e holds. QED

7.2 STRONGLY RENEGOTIATION-PROOF AND
STRONGLY PERFECT EQUILIBRIA

7.2.1 Strongly Renegotiation-proof Equilibria

In the previous section it became apparent that the WRPE are not neces-
sarily Pareto-efficient. On the one hand, the average payoff tuples of a
WRPE may not be Pareto-efficient. On the other hand, the continuation
payoffs induced by punishment may not be Pareto-efficient. A WRPE only
requires that no continuation payoff of an equilibrium strategy is Pareto-
dominated by a payoff of another subgame of this strategy. Put differently,
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a WRPE strategy is internally stable because no path specified by the strat-
egy is Pareto-dominated.

However, there may exist other WRPE (besides that particularly chosen)
which Pareto-dominate a particular WRPE and both players could agree
to switch to such an equilibrium. In other words, a WRPE may not be
externally stable. A concept which ensures such an external stability is that
of a strongly renegotiation-proof equilibrium (SRPE). It requires that no
subgame of a WRPE, including the whole game itself, shall be Pareto-dom-
inated by another WRPE. Though this has to be qualified slightly below
(see Theorem 7.8), we may write — following the convention of Chapter 6 —
ITSRPE = Eff(TTWRPE) where we recall that Eff denotes weak efficiency. Note,
however, that because a WRPE does not require efficient punishments, an
SRPE may also involve inefficient punishments.

In the following we discuss some theorems related to SRPE and their
implications, though we do not prove these theorems because their proofs
are quite involved.

Theorem 7.6 (Farrell and Maskin 1989a, Theorem 2)

Let P(IT'R) e [TIR denote the Pareto frontier on which all payoff tuples lie
for which Eff (") is true. Then in any game of full dimensionality there
exists a Pareto-efficient weakly renegotiation-proof equilibrium for dis-
count factors close to 1, that is, [TWRPEQP(TTIR) = { }.

Proof: See Evans and Maskin (1989).

Figures 7.1 and 7.2 illustrate Theorem 7.6. All points between wW! and wW2
are Pareto-efficient WRPE. Whereas in Figure 7.2 these efficient WRPE
payoff tuples comprise all individually rational payoff tuples on the Pareto
frontier, in Figure 7.1 the efficient WRPE payoff tuples are a (true) subset
of P(II'?). Hence, we may write [IIWRPE A P(IT'R) = P(ITWRPE) or P(ITWRPE)
— TISRPE

From Figures 7.1 and 7.2 the next theorem is intuitively appealing:

Theorem 7.7 (Farrell and Maskin 1989a, Theorem 3)

For discount factors close to 1 the set of Pareto-efficient weakly renego-
tiation-proof equilibria lying on the Pareto frontier, P(ITWRPE), is a
closed set.

Proof: See Farrell and Maskin (1989a).
Theorem 7.7 states a result which is similar to the findings for finite games.

There we found that for 8,=1 V i eI the renegotiation-proof payoff space
for large T is either a single point below the Pareto frontier or a closed
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subset on the Pareto frontier. Now for infinite games only the second pos-
sibility is relevant. -

A corollary of Theorem 7.7 is that for each payoff tuple " e P(ITWRPE)
there exists a strategy tuple such that w&(s’) =m\Vi and mP(sh)=mVi 217;.‘
where we may recall that Vi denotes the lowest weakly renegotiation-proof
payoff to player i located on the Pareto frontier and w}’vi is the payoff to
player j associated with this point. For instance, in Figures 7.1 and 7.2, all
points lying in the hatched areas satisfy these conditions and may be used
as potential punishment tuples to back an SRPE. The following theorem

summarizes the sufficient conditions for an SRPE:

Theorem 7.8 (Farrell and Maskin 1989a, Theorem 5)

If in a generic game w& <mVi<wWViVi=1,2and V i #/is true, then any
payoff vector m e P(ITWRPE) is a strongly renegotiation-proof equilib-
rium for all discount factors sufficiently close to 1.

Proof: See Farrell and Maskin (1989a).

Condition w¢ <mVVi<mWjis a rather mild requirement and is almost always
satisfied for games which are of interest in economics. With respect to
Figures 7.1 and 7.2, it requires that player 1 (2) receives more (less) at w2
than at W1, which almost follows from the definition of this point. If this
condition holds, then indeed ITSRPE = Eff(ITWRPE) Accordingly, all points
lying between mW! and wW2 on the Pareto frontier of the PD game (see
Figure 7.2) and the extended PD game V (see Figure 7.1) are an SRPE.

7.2.2 Strongly Perfect Equilibria

As discussed in the context of finite games, there is an even stronger concept
than renegotiation-proofness, namely that of strongly perfect equilibria.
An SSPE requires that all continuation payoffs of any subgame are Pareto-
efficient with respect to the whole individually rational payoff space and not
only with respect to the WRPE payoff space.'! In particular, this implies
that punishment has to be conducted efficiently. Like SRPE, a necessary
condition for SSPE is that they must lie on the Pareto frontier. Due to the
higher requirement with respect to the efficiency of punishments, the set of
SSPE is a subset of SRPE.!2

However, in all three examples discussed above, SSPE are not a true
subset of SRPE because the SSPE requirement is not binding. In the PD
game the Pareto-efficient stage game strategy (a;, naj) can always be used to
punish player i (provided discount factors are sufficiently high), so that even
boundary payoff tuples like mW1 and mW2 can be backed as SSPE.
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In the extended PD game V we have already ensured an efficient punish-
ment when deriving the WRPE conditions C, and C,. Recall that to go
from inequalities (7.8) and (7.9) to (7.10) and (7.11), we assumed p}=1.
Subsequently, we set ¢} =0, which implied playing the pure Pareto-efficient
strategy tuple (a,, naj).

In the chicken game (a, naj) is a Pareto-efficient stage game Nash
equilibrium which can be used as punishment. Thus, in all three games
TISRPE =TTSSPE if §. — 1. In other games, however, SSPE are a true subset of
SRPE. We shall encounter such examples in Chapter 12.

NOTES

1. Sub-section 7.1.1 draws on Endres and Finus (1998a) and Finus and Rundshagen
(1998Db).

2. The origin of the idea can be traced back to the independent work of Farrell (1983) and
Bernheim and Ray (1985). For similar concepts, see Abreu ez al. (1993); Asheim (1991);
Bergin and MacLeod (1993); Bernheim and Ray (1989); and Ray (1994). For more intui-
tive explanations of the gist of the concept, see Fudenberg and Tirole (1996, pp. 1741t.);
and Mohr (1988, pp. 551ft.).

3. Farrell and Maskin (1989a) assume the deviation payoff 7P to be the maximax payoff of
country i, wY =max (s;) max (s;),(s;, s;) which constitutes an upper bound of the devi-
ation payoff (see Section 4.3). Though this simplifies matters and is of course valid for
considerations at the limit, it introduces a bias when computing the minimum discount
factor requirements (3™") of a particular cooperative strategy combination. Since we
shall be concerned below with computing ™" for different ‘cooperative’ payoff tuples,
we are already using 7P instead of ! at this introductory stage.

Thus (7.3) follows from P =(1 —3,)w¢ + =P after rearranging terms.

Condition (7.5) is equ1valent to ) <1'r]P because of wP(l -3 ’,)wR( s/ +8’ ’1T (55 ).

For a derivation, see Appendix I'V.1.

Note that Farrell and Maskin’s proof also includes showing that the two strategy com-

binations s and s’ are sufficient to generate any payoff tuple in IT'R (see Farrell and

Maskin 1989a, pp. 332ff.). Since this part of the proof is not important for the central

idea of the Theorem 7.1, we skip it.

8. Probabilities p] and p} in (7.9) imply that player 1 accepts the punishment, probabilities
p, and p, in (7.8) refer to the defection strategy of player 1.

9. Itshould be kept in mind that TTSPE =TTWRPE does not imply SSPE =SWRPE_ For instance,
the trigger strategy which calls for an infinite punishment by reverting to the stage game
NE in case of defection is not a WRPE because (for any r; >'rrN) the punisher receives
less than in the cooperative phase. This violates condition (7 5).

10.  Van Damme (1989) proves Theorem 7.4 using a particular example. However, acknowl-
edging that any more general proof would require a great amount of notation and would
be rather messy in the context of mixed strategies, we refrain from giving one.

11.  For more than two-player games, SSPE requires more than subgame-perfection and
Pareto-efficiency of all continuation payoffs. See Chapter 15.

12.  Farrell and Maskin (1989a), Theorem 4, specify sufficient conditions for the existence of
an SSPE.

Nk



8. Issue linkage

8.1 INTRODUCTION

So far we have considered only single-issue games. However, relations
between governments may also concern several issues. For instance,
governments may negotiate on the reduction of sulfur emissions and on the
reduction of greenhouse gases at the same time, or talk about the creation
of a free-trade area and disarmament issues simultaneously. Issue linkage
may be able to stabilize an agreement in three respects: first and most impor-
tantly, issue linkage may lead to a more symmetric distribution of the gains
from cooperation; second, issue linkage may ease the enforcement of an
agreement — a government can threaten to withdraw from all treaties if a
country free-rides with respect to one issue; third, an agreement regulating
a public good, like a global pollutant, may be linked to an agreement regu-
lating the provision of a club good. Since the benefits of the ‘club good
agreement’ can be made exclusive to its members, requiring participants to
hold a simultaneous membership in both agreements may be able to stabi-
lize the public good agreement.

The first aspect is the most frequently treated in the literature and is
referred to in the following as the ‘enlargement of payoff space’ (Section
8.2). The typical framework is that of a supergame and the following expo-
sition draws on work done by Cesar and de Zeeuw (1996); Folmer et al.
(1993); Kroeze-Gil and Folmer (1998); and Ragland et al. (1996). The effect
of issue linkage in the context of finite games will be treated in Section 8.3.
Whereas the classical framework (Sections 8.2 and 8.3) assumes separable
utilities in the linked games, the discussion of the second aspect of issue
linkage is particular interesting in the context of non-separable utility func-
tions, which is treated in Section 8.4 based on Spagnolo (1996). In contrast
to the classical framework, in which it can be shown that issue linkage is
always beneficial for an agreement, in the context of non-separable utility
functions this must not always be the case. It will turn out that the form of
governments’ objective function is crucial for the success of issue linkage.

The third aspect of issue linkage will be discussed in Chapter 13 on coali-
tion formation.

Asymmetric payoffs may occur, for instance, in the acid rain context.
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Upwind countries such as Great Britain which produce a great bulk of
sulfur emissions in Europe have no incentive to contribute much to the
reduction of sulfur since the benefits mainly accrue to the northern coun-
tries like Sweden, Norway and Finland. In other instances payoffs are even
more unevenly distributed, such as the pollution of rivers, since there is typ-
ically a pure upstream—downstream relationship between countries.

Generally, upwind or upstream countries can only be convinced to con-
tribute to a cooperative solution if the beneficiaries compensate the pol-
luter(s) for emission reductions in the sense of Coase (1960). However,
looking at the record of 1EAs, it is striking that almost exclusively all of the
agreements signed until the 1980s have no provisions for transfers.! Only
the more recently signed IEAs, for instance the Rio Declaration in 19922
the Montreal Protocol in 1987 on the depletion of the ozone layer, or the
1992 Convention on Biological Diversity, propose the implementation of
international funds to which industrialized countries are supposed to con-
tribute. These funds are designed to cover the ‘incremental costs’ which
accrue to developing countries from agreed abatement efforts. However, the
proposed financial commitments are negligible when contrasted to
expected abatement costs. Moreover, all these IEAs have no provisions
which allow the enforcement of transfer obligations. Therefore, it seems fair
to claim that in reality the willingness to pay transfers of any kind are more
lip-service than actual policy.

From an economist’s point of view, the lack of transfer payments is puz-
zling since possible advantages are all too obvious. In the literature four
arguments have been presented to explain this phenomenon:

1. Each party tries to hide its ‘true’ preferences for strategic reasons. In
particular, upstream/upwind governments will exaggerate their abate-
ment costs in order to extract high compensation payments from
downstream/downwind governments (Maler 1990).

2. There seems to be a widespread consensus in international politics that
the polluter-pays principle instead of the victim-pays principle should
be applied to tackle international environmental problems (United
Nations 1972). There is the fear that if the victim-pays principle were
applied, the polluters would reduce their efforts at a preventative envi-
ronmental policy.

3. There is the danger that governments which pay compensation pay-
ments may be judged weak bargaining partners, which diminishes their
bargaining power with respect to other issues (Maler 1990).

4. Following Heister (1997, pp. 247ff.) transfers themselves may be inter-
preted as prisoners’ dilemma games or as games with a similar incen-
tive structure. For both countries, the payer and the payee, there exists
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a free-rider incentive. On the one hand, the payer prefers the payee to
increase its abatement efforts without paying the transfer. On the other
hand, the payee would like to receive the transfer without increasing its
abatement obligations in turn. Thus if transfers are not accompanied
by appropriate punishments they constitute no equilibrium strategies
and cannot be used to stabilize an abatement game.3

Though these arguments help partially to resolve the above-mentioned
puzzle, these explanations basically rely on ad hoc arguments rather than
on scientifical and empirical foundations. However, in the following we do
not try to answer the question as to why governments do not use transfers,
that is, operate within a restricted framework voluntarily, but recognize
that this phenomenon influences the strategy set of players. In particular,
we focus on the connection of games in order to compensate for the lack
of monetary transfers. In the non-environmental context, issue linkage
can be observed in the form of barter in the international exchange of
goods. Countries which lack foreign exchange, such as many eastern
European countries, pay for their imports in kind instead of in hard cur-
rency.

In the environmental context some regional agreements used issue
linkage as a means of compensation. Examples include the 1944
International Boundary Waters Treaty between the United States and
Mexico (see Kneese 1988; and Ragland ef al. 1996). The treaty allocates the
water rights of the Colorado River, where the USA is the upstream country,
and the lower portion of the Rio Grande River, where Mexico is the
upstream country, such that both countries benefit. Krutilla (1975) also
suggests that the Columbia River Treaty of 1961 between the USA and
Canada — which viewed as a single issue was to the disadvantage of the
USA — was built on concessions by Canada involving North American
defense.*

Reviewing the examples of issue linkage cited in the literature it is appar-
ent that typically only two countries are involved. This suggests that
although, on the one hand, issue linkage may improve the chances for co-
operation, on the other hand, it makes negotiations more complex. In par-
ticular, one should expect that, with an increasing number of countries,
transaction costs become a limiting factor, so that the advantages of issue
linkage may be lost.

In the following we abstract from transaction costs but their impact
should be kept in mind. However, their existence is the motivation to
restrict the following analysis to two countries and two issues only.
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8.2 THE ENLARGEMENT OF PAYOFF SPACE

Matrix 8.1 Asymmetric PD game [

a, na,
3 -1
a;
-1 2
4 0
na,
-3 0

Consider the asymmetric PD game I in Matrix 8.1, the payoff space of
which is indicated by the broken rectangle in Figure 8.1. The asymmetry
refers to a low cooperative payoff to one player, which may be lower than
in the status quo (a;<d, see the General Payoff Matrix 3.2). As assumed
for the ordinary PD game in Section 3.2, mutual cooperation is globally
optimal (@, +a,>b,+c¢,, ¢,+b,, d,+d,), each country has a free-rider
incentive (¢;>a; V iel) and unilateral investment does not pay (b,<d,
V iel). As in an ordinary PD game, the payoffs in the stage game Nash
equilibrium (NE) correspond to the minimax payoffs which are normalized
to zero. Thus =II"R= {x|7,=0V i e I} and from Figure 8.1 it is evident that
as long as mixed strategies cannot be played, cooperation fails even in a
supergame framework and all discount factors close to 1. To make the fol-
lowing analysis interesting and to stress the importance of issue linkage in
international policy coordination, we rule out mixed strategies in the
remainder of this chapter. Moreover, we assume simultanecous moves
within a stage game.

Matrix 8.2 Asymmetric PD game I1

a, na,
-1 -3
a;
3 4
2 0
na,
-1 0
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Figure 8.1 Issue linkage of asymmetric PD games I and 11

Assume that there is a second issue with associated payoffs as given in
Matrix 8.2. This game is the exact mirror image of asymmetric PD game I;
however, as we shall show, this assumption is not crucial for the main result
derived below. Again, cooperation in the isolated game is not possible since
country 1 receives a payoff below its minimax payoff. However, if both
issues are linked to each other, that is, the separate games are viewed as a
single game, the payoff space is enlarged. The payoff space of the entire
stage game is represented by Matrix 8.3 where the first subscript of a stage
game strategy refers to the player and the second to the issue. In Figure 8.1
this payoff space comprises the lighter and darker shaded areas.

From Matrix 8.3 and Figure 8.1 it is evident that in the interconnected
game the payoff tuple from mutual cooperation on both issues, that is, "=
(2, 2), is located in the positive quadrant and is therefore entailed in the
individually rational payoff space. It is also apparent that if the countries
agree to cooperate on both issues, a country has an incentive to deviate with
respect to both issues simultaneously. Though a country improves upon its
payoff by deviating with respect to one issue only, it gains even more by
deviating on both issues. The harshest SPE punishment also involves stop-
ping cooperation on both issues. The familiar trigger strategy delivers for
the example 87" =2/3 V i e I, which stresses that for large enough discount
factors mutual cooperation can be sustained as an SPE.
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Matrix 8.3 Interconnected PD game

aylay, a,lna,, na,la,, na,lna,,

2 0 -2 —4

ayla,
2 3 5 6
5 3 | -1

a, /na,,
-2 -1 | 2
3 1 -1 -3

na,la,,
0 1 3 4
6 4 2 0

na,,/na,,

—4 -3 -1 0

Of course, defining credible strategies with respect to renegotiation-
proofness, an NE cannot be played as punishment. However, from
Figure 8.1 it is evident that because in the interconnected game the payoff
space I1 is excessively larger than IT'R, it should not prove difficult to sustain
the cooperative solution as a weakly renegotiation-proof equilibrium
(WRPE) for discount factors close to 1. This is particularly evident by
noting the similarity of the payoff space of an ordinary PD game and that
of a linked asymmetric PD game. As a thought experiment, connect payoff
tuples (—4, 6), (0, 0), (6, —4) and (2, 2) in Figure 8.1 (darker shaded area).
Then it is apparent that this ‘imaginary payoff space’ is that of a typical PD
game and is contained in the entire payoff space of the linked game. Hence,
Theorems 7.2 and 7.4 of Section 7.1 apply.® In fact, since the cooperative
payoff tuple 7" lies on the Pareto frontier of the linked game (and of the
imaginary payoff space), the result extends to strongly renegotiation-proof
equilibrium (SRPE). This result should not come as a surprise since, as in
the ordinary PD game, unilateral cooperation can be used in the linked
game as a Pareto-efficient punishment.

From the example the natural question arises of how general the results
obtained above are. To answer this question consider the General Payoff
Matrix of the isolated game in Matrix 8.4 and of the linked game in Matrix
8.5 where the subscript k € {1, 2} denotes the game. The minimax payoffs
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which are the sums of minimax payoffs to the players in the isolated games
have been normalized to zero.

Matrix 8.4  Payoffs in the isolated PD game

Ay ndy;
ayy by
A1
Ay Coke
Cix 0
ndyy
by 0

Matrix 8.5  Payoffs in the interconnected PD game

aylay, aylna,,  nayla,, na,lna,,

ay tay | aytby, | by tay | by tby,
aylay,
Ay tay | Ay T ey | Cptay | ¢ Ty
aytep an byt by,
ay/nay,
day + by, by ey tby G
eptan | ¢ptby ap by,
najla,,
by tay | by tey, ay Cx
e n C12 0
na,/na,
by +by, by by 0

The Nash equilibrium payoffs are printed in bold. For an asymmetric PD
game, which may be seen as the more general case of a PD game, the fol-
lowing relations hold:

L. ¢y >ay;
2. 0>by;
3. aytay > by tey,atay > tbyandag tay, >0Vieland k.
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An implication of (3) is that @, > 0 must hold for at least one country and
from (1) and (2) 22_,c,; > 22_,a,, > 27_,b, V k follows. Now we claim the
following:

Proposition 8.1

In an infinitely repeated PD game with payoff relations as defined above,
the possibility of issue linkage either improves upon the chances that
mutual cooperation can be sustained as a strongly renegotiation-proof
equilibrium or leaves them unchanged.

Proof: In Theorem 8.1 cooperation implies the strategy combination
(a4 a,,) with associated payoff tuple (a,;, a,;). In order to sustain co-
operation as an SPE in an isolated game k, a necessary and sufficient con-
dition is:

a, — (1 =9,)c, =0Vieland ke {l, 2} (8.1)

1

whereas in the linked game cooperation requires:
2 2
Eaik - (1-%) chk =0Viel (8.2)
=1 =1

where, obviously, condition (8.2) is implied by (8.1) and hence condition
(8.2) is more easily satisfied than (8.1) (for any 0 =3, = 1).6 Since we dem-
onstrated above that the linked game possesses a kind of PD payoff
structure’ 3Mn(SPE) = dM"(WRPE) holds by Theorem 7.4 (for 8,—1
Theorem 7.2 applies). Moreover, since we assumed mutual cooperation
to be globally optimal 8""(SPE) = 3™"(SRPE) is true. QED

It should be evident that Theorem 8.1 can easily be extended to cover the
case where more than two PD games are linked. Linking issues either
improves the chances for cooperation or leaves them unchanged. Note also
that it is not necessary that in each game the strategy tuple (a,;, a,;,) is
played as a cooperative strategy. It is also conceivable that other strategy
combinations are played as long as they deliver individually rational payoff
tuples in the linked game. However, in this case Theorem 8.1 can only be
stated with respect to SPE strategies because it is not possible to tell at a
general level whether such a payoff tuple lies within the ‘imaginary PD
payoft space’ of the linked game.

Proposition 8.2

In an infinitely repeated PD game the possibility of issue linkage
improves the chances that cooperation can be sustained as a subgame-
perfect equilibrium or leaves them unchanged.
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Proof: Let m,(s,) > 0 denote the payoff to player i/ from some coopera-
tive strategy s, in game k, and w}l)c(sik(sjk),. sj) the deviatiop paypff in'the
stage game (w)(s)) = 0). Then cooperation can be sustained in an iso-

lated game provided:
malsp) — (1 =3)mRsy(sy), 55) =0Vieland ke K (8.3)
holds. In contrast, in the linked game cooperation requires:
gwik<sk> ~(1-3) kEKI sl 50 = 0V el (8.4)

where the number of games is K and (8.4) is again less restrictive than
(8.3). «QED

Conditions (8.5) and (8.6) stress the main reason why issue linkage has a
positive effect on the possibilities for cooperation in infinite games: it is
simply because the payoff space is enlarged. Of course, by varying some of
the conditions above, results in the spirit of Theorems 8.1 and 8.2 may also
be derived for other classes of games.

8.3 THE IMPACT ON STAGE GAME NASH
EQUILIBRIA

Whereas in the context of infinite games the main focus of issue linkage was
on the enlargement of the payoff space, in finite games the focus is on the
number and the nature of stage game NE. Of course, also in finite games
issue linkage may lead to more symmetric payoffs so that cooperation
becomes attractive to all participants. However, since in finitely repeated
games special requirements with respect to the stage game NE must be
satisfied to establish cooperation, it seems more interesting to analyze how
issue linkage affects these requirements. Recall that for SPE strategies two
stage game NE — a good and bad NE - are sufficient to sustain a coopera-
tive solution for sufficiently large discount factors whereas for renegotia-
tion-proof strategies at least two Pareto-undominated stage game NE are
required. Consequently, the main concern is to answer the question of how
many stage game equilibria result from the linkage of two games.

First, note that the stage game NE of the linked game are the strategy
combinations of the NE of the isolated games. This is so because it can
never be a best reply in a linked game to play an NE strategy, say, in game
I but not in game II. Hence, if games I and II each have a single stage game
NE, the linked game will also have only a single NE. Thus, a necessary
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condition to establish cooperation in a linked game is that one of the iso-
lated games must have two stage game NE.8 For instance, suppose we link
the extended PD game I in Matrix 4.2, which has only one NE, with the
extended PD game II, which has two NE. Then, there are two NE in the
linked game, that is, {(na,,, na,,), (na,,, na,,)} and {(na,, na,,), (P15 p»)},
with associated payoft tuples (4, 4) and (3, 3). Thus, mutual cooperation
can be sustained in the linked game as an SPE using the first as a good and
the second as a bad NE provided discount factors are sufficiently high,
though cooperation would not be possible in the isolated extended PD
game .

To establish cooperation in a linked game as an RPE we require two
Pareto-undominated stage game NE and because of that at least one of the
two single games must possess two of such equilibria on its own. For
instance, if we link the extended PD game I and the extended PD game IV
in Matrix 6.2, where the latter has two Pareto-undominated Nash equilib-
ria, the linked game will also have two such equilibria. Thus cooperation
may be sustained in the linked game as an RPE, though this is not possible
in the extended PD game 1.

Moreover, note that if we link two extended PD games IV we get four
NE with payoff tuples (4, 8), (8, 4), (6, 6), (6, 6). Whereas in the isolated
game it was necessary to play a three-stage sequence due to the lack of a
symmetric NE (assuming 8, = 1 V i), now a two-stage sequence (as in
the extended PD game III) is sufficient. This increases the average payoff to
a player for large T from 4 to 4.5.

From the examples it is evident that in the context of finite games issue
linkage improves upon the conditions for cooperation or leaves them
unchanged since, according to the assumptions so far, linking occurs vol-
untarily. Since the results are intuitive and confirm our previous findings
in Section 8.2, namely that issue linkage has a positive effect on the pos-
sibilities for cooperation, we refrain from stating theorems and giving
proofs in this section. However, there is a slight difference between the
effect that issue linkage has on the payoff space and on Nash equilibria. In
Section 8.2 it became apparent that though both single games had no indi-
vidually rational payoff vector, the linked game had at least one. Now in
the context of finite games at least one of the games must possess the nec-
essary properties with respect to the NE to establish cooperation in the
linked game. In the case of SPE strategies at least one game must have a
good and a bad NE; in the case of RPE at least one game must have two
Pareto-undominated NE in order to establish cooperation in the linked
game.
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8.4 NON-SEPARABLE UTILITY FUNCTIONS
8.4.1 Introduction

In the previous sections we implicitly assumed that agents have separable
utility functions. That is, though they may link and negotiate two issues
together, they value the payoffs of each game independently. Of course, this
might indeed be the case and this is also the standard assumption of the lit-
erature on issue linkage. However, a more natural assumption seems to be
that governments’ evaluation of an issue depends also on other issues. In
this case, the effect of issue linkage is less straightforward and relies on the
shape of governments’ objective functions. To concentrate on the effect of
issue linkage in the presence of non-separable utility functions we assume
two infinitely repeated ordinary PD games. Hence, as laid out above, we can
apply Theorem 7.4. That is, the minimum discount factor requirement
derived from a subgame-perfect trigger strategy also delivers 8™ "(WRPE).

The two PD games are called for short games I and II. We assume that
the underlying ‘physical payoffs’ are those of Matrix 8.4 but that they are
evaluated through the utility function u,. If the utility function were sepa-
rable in issues (or if the second issue did not exist), the ‘transformed’
payoffs would be given for game k by Matrix 8.6. If, however, utility is non-
separable in the two issues, payoffs are given for game I by Matrix 8.7. x,
ell,,={a,, by,, ¢y, 0} and x,, eIl,, = {a,,, b,,, ¢5,, 0} refer to possible
payoffs in game II to players 1 and 2 respectively. Thus the notation implies
that the first subscript refers to the player, the second to the game. By sym-
metry we have x,, ell,;={q,,, by, ¢;, 0}, x,, €ll,, ={a,,, by, ¢y, 0} in
game II which is represented by Matrix 8.8.

Matrix 8.6 Game k: Matrix 8.7 Game I:
single issues non-separable utility
Ay ndyy ay) na,,
uy(ay) | uy(byy) uy(ayy, xp5) | uy(byy, Xypp)
Ak apy
up(dyy) | ty(Cop) up(ayy, Xp) | Up(Cyy, X55)
uy(cyy) | uy(0) uy(cyy, Xpp) | 1y(0, xp5)
na, nay
up(byy) | uy(0) up(byy, X3) | 150, x55)
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Matrix 8.8  Game II: non-separable utility

ay ndy,

uy(ayy, xy) | uy(byy, Xy)

up(@yy, X31) | Uy(Csp, X5y)

uy(cyp, xpp) | (0, xp))
na,,

up(byy, x31) | 1y(0, x5y)

For simplicity we shall focus on symmetric strategy combinations in the
following. That is, when analyzing the possibilities for cooperation we
assume (a;, a;). This symmetry also implies that x,, will be either a,, or 0
and x,, will be either a,, or 0. Moreover, it will turn out to be convenient
to normalize utility such that u,(0) =0 and u,(x,, 0) =u,(x;). The utility of
the linked game can be constructed as a 4 X4 matrix based on Matrices 8.7
and 8.8 similar to Matrix 8.5. Since the basic procedure is the same as
described above we skip the derivation of such a matrix here.

For the properties of the utility function we make the standard assump-
tions, namely du;/0x,, >0, 9%u,/0x3 <0V i and k. Moreover, we define:

Definition 8.1
Issues are substitutes in agents’ objective functions if 9%u;/dx;dx,<0and
they are complements if 9%u,/dx; dx;,>0 holds.

That is, if issues are substitutes, additional utility derived from increased
physical payoffs in game I will be lower if the physical payoffs of game 11
are already high than if they are low. By symmetry, the same holds for
game II. In contrast, if issues are complements, marginal utility will be
higher in game I if the payoffs in game II are also high. If 4%u,/dx;dx,, =0 we
are led back to the case we discussed in previous sections.

8.4.2 Possibilities of Cooperation and Delegation of Policy Coordination
Basically, there are two main cases to be considered. First, linking a new

issue to an existing issue: that is, issue 1 already exists and has already been
negotiated. After the negotiation the second issue emerges. The new issue
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may or may not be linked to the first issue. Second, ‘linking two existing
issues’: that is, governments first seek cooperation on each issue separately
and then consider linking both issues in negotiations.

In both cases four subcases have to be distinguished.

Cooperation can be sustained on each single issue.

Cooperation cannot be sustained on issue 1, but on issue 2.
Cooperation can be sustained on issue 1 but not on issue 2.
Cooperation on both issues cannot be sustained in the isolated games.

el ol

Now one can show the following:

Proposition 8.3

If two infinitely repeated (ordinary) prisoners’ dilemma games are linked
to each other, mutual cooperation becomes easier to sustain as a strongly
renegotiation-proof equilibrium than in the isolated games, provided
issues are substitutes in governments’ objective functions. The opposite
holds if issues are complements in governments’ objective functions.

Proof: See Appendix V. QED

Roughly speaking, the reason for this result is the following. Once a
country deviates in the interconnected game it is punished with respect to
both issues. If issues are substitutes, the loss through the punishment is par-
ticularly severe as the marginal utility from cooperation is high at low
payoff levels. Moreover, if countries are cooperating and receiving a rela-
tively high level of utility, free-riding pays less than at lower levels of utility.
Thus, though in the linked game a country deviates with respect to both
issues and is punished by terminating cooperation on both issues, the latter
effect is stronger than the former, implying additional enforcement power
in the linked game. By symmetry, exactly the opposite holds if issues are
complements.

Consequently, if issues are complements an obvious countervailing
measure would be to separate issues. This could be done if a government
delegates decision-making power on one or both issues to separate inde-
pendent agencies. For instance, in Germany monetary policy is indepen-
dently conducted by the central bank, economic competition is enforced by
an antitrust agency, and economic and fiscal policy is conducted by the
government itself. Of course, a basic prerequisite for such an ‘isolation
strategy’ to be successful is that the delegation contract must be based
on a long-term relationship between the government and the agencies;
otherwise, delegation is not credible and can always be reversed. In the
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above-mentioned example this long-term relationship is ensured by the
constitution.

Of course, by the same token if issues are substitutes delegation of deci-
sion-making power would have a negative effect on policy cooperation.
This may be summarized as follows:

Proposition 8.4

In an infinitely repeated PD game, if issues are substitutes in govern-
ments’ objective function long-term delegation of decision-making
power on one or two policy issues to independent agencies with the same
objective function as the government will make it more difficult to
sustain cooperation. If issues are complements, delegation will make
cooperation easier.

Proof: Is obvious and therefore omitted.

The result of Proposition 8.4 is based on the assumption of a long-term
relationship between principal and agent. Note that this is not an ad hoc
assumption but, in fact, an essential implication of our previous assump-
tion of an infinite game. Hence, stating Proposition 8.4 without proof
requires the assumption that the agency also views policy coordination as
an infinite game and that the principal-agent relationship can also be seen
as an infinite game.

It is interesting to note that Proposition 8.4 holds even though the objec-
tives of the government and the agency are the same with respect to the del-
egated issue. This contrasts with the typical assumption in the
principal-agent literature where such a result is generated due to the fact
that delegation distorts the objective function or the incentives of the agent.
However, if utility functions between government and agency differ, then
the following rule applies:

Proposition 8.5

Suppose that the relation between two governments is described by an
infinitely repeated PD game. Then if a government decides to delegate
decision-making power to an agency and has the option to choose
between several agencies, then it should select that agency with the most
concave utility function to sustain international cooperation.

Proof: Assume material payoffs of the General Payoff Matrix 3.2. Then
cooperation can be sustained in the infinitely repeated game k pro-
vided:
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, = apin = kit (8.5)
Cip — di
holds. For any monotone transformation this condition reads:
Qcy) — Qfay)
Qcy) — Qdy)
where (), is agency /s utility function. This transformation will ease co-
operation if 8 = §min# Using (8.5) and (8.6) this implies:
Oay) — Q(dy) > Q) — Qdy)
g — dy, Ci — die

= Smin# —
5, =

(8.6)

after rearranging terms, which is true since concavity implies 9%Q,/0x7, <
0. QED

Taken together, the examples show that, in the context of non-separable
utility functions of governments, the implications of issue linkage are less
straightforward than in the ‘classical’ approach. Taking these complica-
tions into consideration, then, issue linkage is only conducive to coopera-
tion if the issues are viewed as substitutes by governments.

NOTES

1. Exceptions include the North Pacific Seal Treaty signed in 1957 which requires the USA
and the former USSR to pay Canada and Japan 15 percent of their annual harvest of pelts.
Another instance is the 1972 agreement on the reduction of the salinity of the Rhine, where
the Netherlands agreed to compensate France for 35 percent of its costs.

2. The Rio Declaration comprises mainly the Climate Framework Convention in which states
declare their concern about the global warming problem. Therefore, it may be viewed
mainly as a declaration of good will rather than an actual IEA.

3. Basically, this implies that the abatement game is extended to include transfer strategies,
where each strategy set may be interpreted as belonging to a separate game. Heister (1997)
calls the combinations of several games, like the combination of abatement and transfer
games, hypergames. According to this definition the issue linkage games considered below,
where two no-transfer games are linked, could also be termed hypergames.

4. Other interesting examples where issue linkage has played some role may be found in
Ragland et al. (1996).

5. Note that it is important that the cooperative payoff tuple lies on the boundary of this
imaginary payoff space. Other individually rational payoff tuples of the linked game may
lie outside this payoft space and hence Theorems 7.2 and 7.4 cannot be applied.

6. There are three cases to consider: (1) Inequality (8.1) is satisfied for both isolated games,
consequently, inequality (8.2) will hold as well; issue linkage does not improve upon the
chances for cooperation but also does no harm. (2) Inequality (8.1) does not hold for both
isolated games, consequently, inequality (8.2) is not satisfied either; again, issue linkage has
no effect. (3) Inequality (8.1) is satisfied for one issue, but not for the other; this leads to
two subcases: (3a) inequality (8.2) is also not satisfied. In this case cooperation is not pos-
sible in the linked game but countries can cooperate on that issue for which (8.1) holds; (3b)
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0

inequality (8.2) is satisfied and cooperation can be sustained with respect to both issues.
Due to this last subcase Theorem 8.1 holds.

. In the general case, this is an implication of 32_ ¢, >32_a, >32 b, V k as derived above.
. We assume that each game possesses at least one NE.



9. Static games with continuous
strategy space: global emission game

9.1 INTRODUCTION

Up to now we have assumed that players have discrete action sets so that
the normal form of the game could conveniently be displayed in a matrix.
Though for many policy problems modeling decisions as a discrete choice
seems adequate, other situations may be better modeled as a continuous
choice problem such as the amount of emission reduction in a global
policy game, for example, greenhouse gases (see also the discussion in
Section 2.3).

A continuous strategy set allows finer tuning of actions and reactions
and therefore leads to some interesting results which are absent in discrete
policy games. This is true at least as long as mixed strategies are ruled out
for discrete policy games. Though we dealt with mixed strategies in Chapter
3 and also mentioned some instances in which one can expect players to use
mixed strategies, they were introduced mainly for technical reasons; that is,
mixed strategies were required in the discrete strategy context to capture the
entire feasible payoff space when deriving folk theorem type results. In a
continuous strategy setting it suffices to consider only pure strategies. This
is true at least as long as games with a convex payoff space are considered.
Since all games in the remainder of this book satisfy this condition, we no
longer have to bother about mixed strategies.

The following analysis is based on a rather simple emission model. In
particular, the payoff or net benefit functions contain emissions as the only
argument. Thus, the aspect of issue linkage as well as agents’ choice
between environmental quality and other goods is not considered. The
reasons are the following:

1. Issue linkage has been already extensively covered in Chapter 8 and a
continuous strategy set would not add substantially new aspects to the
problem.

2. Payoff functions containing more than one argument do not affect the
main conclusions derived in the subsequent analysis.

119
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That is, the strategic interplay of players with respect to international envi-
ronmental issues would remain unchanged. Although, of course, such an
extended framework might be more convincing from an economic point of
view, it would only complicate the analysis.! Only if ‘joint production’ were
considered, could the results of the analysis change. Joint production
implies that the consumption or production of private goods is directly
related to environmental quality. That is, a (representative) consumer’s
choice concerns not only how much money to allocate to the purchase of
private goods versus the public good ‘environment’, but the consumption
of private goods affects environmental quality and vice versa. If joint prod-
ucts are substitutes (the consumption of the private good causes environ-
mental damage which, ceteris paribus, decreases the demand for the private
good) the main conclusions of the simple model continue to hold. Only if
joint products are complements (for example, an increase in carbon emis-
sions, which increases the demand for refrigerators, which in turn creates
more global warming and so on), this may partially lead to qualitatively
different results (see Sandler 1996). Though such a complication could be
handled in a static framework, treatment in a dynamic context would cer-
tainly be beyond the scope of this book.2

Since ‘several-goods models’ are typically set up as maximization prob-
lems subject to budget constraints, the influence of a change in income and
a redistribution of income on equilibrium emissions can be analyzed.
Whereas the first aspect can easily be integrated in the simple model by
interpreting an increase in income as equivalent to a reduction in abatement
costs, transfers can only be analyzed by assuming that the tastes of players
(or the willingness to pay for environmental quality) are unaffected by these
transfers. Though this is certainly a disadvantage of the model used here,
working with a simple model at the present stage allows us to relate the
setting of this chapter to the more advanced game theoretical later chap-
ters which require, by their nature, such a simplification anyway.

Another simplification worth mentioning is that the subsequent analysis
is restricted to a global emission game. An extension to cover transboundary
pollutants — though it is conceptually straightforward — would require us to
deal with additional variables, namely transportation coefficients reflecting
different spillover patterns between countries. Since most qualitative results
remain valid for transboundary pollutants also, this extension is not con-
sidered in what follows. Extension may be found, for example, in Kuhl
(1987) and Nentjes (1994).

As in the previous chapters, we take a stepwise approach. We start the
analysis in this chapter in a static framework, which we shall continue to
assume in parts of Chapters 10 and 11. We also integrate two-stage games
into the analysis in Chapters 10 and 11. Finally, we extend the analysis to
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an infinite dynamic framework in Chapters 12 and 14. Due to the complex-
ity, we restrict the discussion of infinite games in a first step to two coun-
tries (Chapter 12) and extend the analysis in a second step to N>2
countries (Chapter 14). Though the analytical parts of Chapters 9 to 10 will
mainly cover N countries, the graphical illustrations are mainly confined to
two countries for expositional simplicity. Chapters 11 and 12 are exclusively
restricted to two countries but the bargaining solutions analyzed in these
chapters will form the basis for the coalition model laid out in Chapter 14.
Until Chapter 13, the strategic aspect of coalition formation will be dis-
carded. Chapter 13 presents simple static or two-stage coalition models,
whereas Chapter 14 discusses coalition formation in a supergame frame-
work. Chapter 15 presents some new theoretical concepts to analyze the
process of coalition formation.

9.2 FUNDAMENTAL FUNCTIONS AND
ASSUMPTIONS

9.2.1 General Case

Let the payoff function (net benefit function) of country i, w,, comprise the
benefits from emissions, B,(e;), and the damages caused by global emis-
sions, ¢,(Xe,). In particular assume:

™ =B,(¢;) — d)i(ﬁe/.) Viandje N. 9.1
J=1

Since ; describes the welfare implication from emissions at an aggregate
level, emissions may be viewed as an input to the production and consump-
tion of goods from which benefits B,(e;) are derived (Welsch 1993).
Emissions in country i, ¢;,, may be a production or/and a consumption
externality causing environmental damage in country / and also in the other
countries. What only matters for damage are aggregate emissions, Xe;, due
to the assumption of a global externality (pure public bad; emissions dis-
perse uniformly in the atmosphere).

The following properties of the benefit and damage cost functions are
henceforth assumed, if not stated otherwise, though some implications if
they are violated will be discussed:

A d=0and $/=0V 2e;=0, $,(0)=0; 7/ <0=2B/ <P/ Ve, =0
Bi=0V0=¢=e),B/<>=0Ve,>e), B/=0V¢,=0,B,(0)=0. (9.2)

The assumptions regarding the first derivative of the benefit functions imply
that benefits increase in emissions up to a level e?. If emissions are further
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Figure 9.1 Possible curvatures of benefit functions

increased, benefits may either continue to increase (Figure 9.1a), remain
constant (Figure 9.1b) or decrease (Figure 9.1c). The example which is used
below exhibits the curvature of Figure 9.1c, though it turns out that the
properties of B above e are not important.

The benefit function in Figure 9.1c has the advantage that it suggests two
natural candidates for the upper bound of a player’s strategy space, e*,
namely e or eZ. Apart from the need to specify an upper bound of the
strategy space in order to define the normal form of the emission game, the
upper bound determines the threat and punishment options (see Section
9.5). An argument in favor of eM# = ¢? is that even if damages are ignored
at all, governments would not choose emissions above e?. Provided one
accepts harsher punishments, an upper bound for a credible threat could be
eZ since emissions above this level would not only imply high damages but
also negative benefits.

In contrast, the assumption regarding the second derivative of the benefit
function will turn out to be crucial for the relations investigated below.
B <0 reflects the standard assumption of decreasing marginal economies
of scale in the production and/or decreasing marginal utility in the con-
sumption of goods. However, even if 3> 0 were allowed (for example, due
to economies of scale), (strict) concavity of the net benefit function with
respect to own emissions would still be ensured as long as B <&!.3 Apart
from being a sufficient condition for a unique global maximum with respect
to the own decision variable, it will become apparent that this condition
also determines the slope of countries’ reaction functions.

Note that the benefit functions may alternatively be interpreted as the
opportunity costs of abatement (where higher abatement levels imply lower
emissions). Accordingly, the opportunity cost of abatement increases at an
increasing rate at higher reduction levels. This assumption is also standard
in the environmental economics literature (for example, Baumol and Oates
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1990; Endres 1994; Turner et al. 1994) and acknowledges the fact that
raising emission removal levels requires successively sophisticated and
costly abatement technologies.

With respect to the damage function assumptions, A, describe the fact
that damage increases in emissions at an increasing rate. The last property
reflects the diminishing self-purification of environmental systems at higher
rates of contamination. Of course, there might be an upper bound of
aggregate emissions above which environmental systems collapse. In the
following, however, it is assumed that such an upper bound lies well above
Semax and therefore its implications for equilibrium considerations can be
discarded.

Another interpretation of ¢;>0 follows if the evaluation of environ-
mental damage is interpreted as society’s willingness to pay for emission
reductions. Then at higher levels of aggregate emissions this willingness to
pay is higher than at low levels and decreases more than proportionally if
environmental quality improves due to lower emissions.* >

9.2.2 Example

In order to demonstrate the (explicit) derivation of the Nash equilibrium
(NE) and other benchmarks in a global emission game, we consider an
example with the following specification of the net benefit functions:

m=b, <de —ez> (Ee) b;>0,¢;>0,d>0Viandjel (9.3)

where we assume for simplicity symmetric countries in the following, that
is, b;=b,=b and ¢c;=c,=c V iand j, i#j, and restrict the number of players
to two, that is, N =2. It is easily checked that the net benefit and the damage
cost functions possess the properties of assumption A,. In particular, we
have B/=0 V 0=e¢,=eV=d, B/<0 V e,>e?=d. We restrict the strategy
space of player i to S;,=E;=[0, d], that is, em&*=¢)=d.

9.3 BEST REPLY FUNCTIONS, NASH EQUILIBRIUM
AND PARAMETER VARIATIONS

The derivation of the Nash equilibrium proceeds in two steps. In the first
step the best reply of each country i for given strategies of the other players
is established. In the second step that strategy tuple for which no country
likes to modify its choice given the optimal strategies of the other countries
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is determined. This is an immediate application of the NE concept as
defined in Chapter 3. For illustrative purpose, we first derive the NE for the
example ((9.3)) and subsequently discuss the more general case ((9.1)).

9.3.1 Example

The best response or reaction functions for the example are derived by differ-
entiating (9.3) with respect to ¢,, setting the first derivative equal to zero and
solving for ¢, (assuming N =2, b, =b,=b, ¢, =c¢,=c¢):

bd — ce; d—¢
= g =Y " y= bl and b>c. ©4)
b+c¢ ! 1

ri=efe;)
It will turn out that most of the later results can be expressed in terms of -y,
which may be interpreted as a parameter describing the benefit—cost ratio
from emissions. From (9.4) it is evident that the best reply of country i
depends on the strategy of country j and hence no equilibrium in dominant
strategies exists. Country /’s optimal emission level is negatively related to
emissions in country j due to the global character of the negative external-
ity. The best reply functions of countries 1 and 2, r, and r,, are drawn in
Figure 9.2.
Both best reply functions start from e,=(bd)/(b+ c) where ej=0. The

< )
p
oo \ !
d

bd
b+c

€2
€1y

€120 bbd d bd ¢

Figure 9.2 Nash equilibrium and parameter variations in the global
emission game
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optimal choice of ¢; becomes smaller at higher levels of e;. For ej:(bd )¢,
e;=0. One possibility, to rule out negative emissions as a best reply, that is,
ri(ej) =0 (since without further assumptions it is not clear whether
emax= 0= (s greater or smaller than (bd)/c), is to assume b=c or y=1, as
is done in (9.4). Alternatively, one could define piecewise reaction func-
tions:

e, =" Ve <yd
rie):= y+1 . (9.5)
e;=0 Ve,>vd
This would imply that reaction functions do not stop at bd/c but continue
along the e, and ¢, axes in Figure 9.2 (not drawn).

From Figure 9.2 it appears that the NE emission tuple, ¢V, is determined
as the intersection of the best reply functions r; and r,. Due to the assump-
tion of complete information, each player can form expectations about the
best reply of the other player and s/he knows that the only stable strategy
tuple is eV. To see this, consider that country 1 chooses e, instead of ey
The best reply would have country 2 choosing emission level 1) This in
turn would motivate country 1 to correct its previous choice, e, ), to €,
Continuing with this kind of reasoning one derives at e,,), and, finally, as
with a cobweb, the NE is reached. This method neatly stresses the logic
behind the NE as the result of the convergent expectations of rational
players (see Section 3.2).6

Mathematically, the NE is derived by substituting the reaction functions
mutually in each other and solving for the remaining variable. The follow-
ing is obtained:
bd vd

N: Nzi .
¢ b+2c<:>e’ v+2 ©-6)

which upon substitution in the net benefit functions (9.3) delivers:

v b3d2

T+ 20 ©.7)
It can easily be seen from (9.6) that as long as environmental damage is
not neglected, that is, ¢>0 in the example, eN<e?=d V i e I. In particular,
from (9.4) (or (9.5)) it is evident that even if country j chose ¢;=0, the

maximum emission level of country i would only be e;=bd/(b+ c) <d.
With the help of (9.4) and (9.6) the implications of a variation of
the benefit—cost ratio y on equilibrium emissions can be analyzed.
Differentiating NE emissions with respect to vy, we find deN/9y>0. That is,
the higher the opportunity cost of abatement compared to environmental
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damage, the higher will be equilibrium emissions. In this case reaction func-
tions move outward, as indicated by the arrows in Figure 9.2, with the ‘new’
reaction functions r() and the ‘new’ Nash equilibrium ¢M. Thereby, the
movement of the reaction functions may be broken down into two parts.
First, the starting point of the reaction function (e,=bd/(b+ c), ej=0) of
country 1 (country 2) moves to the right (up) on the abscissa (ordinate).”
Second, the slope of the reaction function becomes less steep since environ-
mental damages are now valued at less than the opportunity costs of abate-
ment. This follows from:

rj=de loe,=—1U(y+1)= —1<r<0. (9.8)

from which it is evident that if either abatement is extremely costly (b is
large) and/or environmental damages are neglectable (¢ is small) the
optimal strategy of a country is not sensitive to emissions in the neigh-
boring country. Hence, at the limit, as vy goes to infinity, both reaction func-
tions are orthogonal to each other (see functions r® in Figure 9.2),
intersecting at Y =d. y— implies e)¥ =e¢? and that a country has a domi-
nant strategy. However, below, we shall encounter other reasons why reac-
tion functions might be orthogonal to each other.

9.3.2 General Case

What has been derived for the example can be shown for the general case
too. The first-order conditions (FOC) in the NE (assuming an interior solu-
tion®) are given by:

w;ZBg(ei)—d);(iei):OViandjeI. (9.9)
J=1

Condition (9.9) implicitly defines the N reaction functions. From (9.9)
(and recalling B7=0 and ¢;=0) it immediately follows that for a given level
of emissions in the other countries, e_;, country i emits more, the higher the
marginal opportunity cost of abatement, B}, and the lower the marginal
environmental damage, ¢/, are. Recall, in the example, that a high value of
B:and/or a low value of & was associated with a high value of y=b/c.

Differentiating the expression in (9.9) and rearranging terms, the slopes
of these reaction functions are derived:’

i (93,,' B;I_ d);r i —i < j
Since it is irrelevant to country i from which country emissions stem, all

emission sources originating from outside i are summarized to e_,.!° The
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Figure 9.3 Reaction functions of slope less than —1

slopes of the reaction functions are less than 1 in absolute terms since 3, <0
and are negative due to the assumption of the concavity of the net benefit
functions, that is, B, —¢; <0 and ¢/ >0. The greater B/ (the less negative
or smaller in absolute value), the more negatively sloped are the reaction
functions. At the limit, for B} close to zero, reaction functions have a slope
of —1. The same is true for large values of ¢/, that is, ¢/ —> .

Recall in the example that 3 =5 and ¢ = ¢ so that an increase of y=b/c
implies now in the general case that I3/ is increasing.

There are six interesting cases to note with respect to the properties of
the reaction functions, four of which depart from assumptions A,.

First, allowing for B/ >0 (contrary to A,) but still assuming B/ —¢; <0
(according to A,), the slope of the reaction functions would still be nega-
tive, though smaller than —1 (greater than 1 in absolute terms). In
Figure 9.3 such an example is shown where both countries’ reaction func-
tions have a slope less than — 1. In this example there are three NE, two at
the boundaries, that is, M@ and ¢V®), and one in the interior of the strat-
egy space, that is, M. As above, the equilibrium M) is determined as the
intersection of both best reply functions. To see that there are two more
equilibria, consider that country 1 chooses emission level ef* to which
country 2’s best reply is e,=0. Given e,=0, country 1 will respond by
choosing ¢{*® which results in the equilibrium e¥?). By symmetry, equilib-
rium eN3) is derived where country 1 emits nothing. Of course, this requires
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Figure 9.4 Positively sloped reaction functions

reaction functions to be piecewisely defined (see (9.5)) and that eMax>eA
holds, otherwise e¥() would be the only NE.

From the example one would expect that the question of whether a game
has a unique equilibrium or multiple equilibria would be closely related to
the slope of the reaction functions. This is indeed the case and this issue will
be taken up in more detail in Section 9.3.

Note that an immediate implication of the arguments above is that the
equilibrium conditions (9.9) hold only for an interior NE. In Figure 9.3,
though (9.9) holds for country 1 at e¥?, B, —¢,<0 must be true for
country 2. An ‘adjustment’ to B} — &5 =0 would imply negative emissions,
which are ruled out by the definition of the strategy space, that is, ;=0 V
i e I. By the same token, at e¥3) B —¢, =0 but B| —¢; <0.!

Second, from (9.10) it appears that one possibility to generate positively
sloped reaction functions would be to assume />0 and B —&”>0 (con-
trary to A,). However, B/ —&”>0 implies a convex payoff function for
which no interior maximum exists. In particular, as will be set out in
Section 9.3, the sufficient conditions for the existence of a Nash equilibrium
would not be met. Therefore, this possibility is discarded.

Another theoretical possibility to obtain positively sloped reaction func-
tions would be to assume <0 (according to A,) but ¢/ <0 (contrary to
A)). In particular, one would need IB/1>1¢/'I. This assumption would be in
line with a concave payoff function, though, of course, in the present setting
one has to think hard to find a case where ¢;<<0 would hold true.!
Nevertheless, this case is illustrated in Figure 9.4, since we refer to it later,
in Section 10.3. As it is drawn, country 1’s reaction function has a slope of
greater than 1 and that of country 2 has a slope of less than 1.

Third, best reply functions may not intersect for any emission tuple in the
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Figure 9.5 Non-intersecting reaction functions

positive quadrant. Such an example is shown in Figure 9.5 (see Hoel 1991)
where reaction functions are drawn as if they were defined piecewise and
where eV is the NE tuple. To see this, pick e (¢, =0, e,=¢2") as the ‘initial
situation’ which is also the ‘origin’ of country I’s reaction function. A best
reply to e, =0 has country 2 choosing ¢5. This move and the subsequent
adjustment reactions are indicated by arrows. It is apparent that finally eV =
(el, e)/=0) is reached which, in contrast to Figure 9.3, is a unique equilib-
rium.

Fourth, consider the possibility of linear damage cost functions, which
implies ¢/ =0 (contrary to A,) and hence r;=0. Consequently, reaction
Junctions are orthogonal to each other as, for instance, ry, and ry, in
Figure 9.2. That is, countries have dominant strategies. Though linear
damage cost functions are sometimes chosen for mathematical simplicity
(see Bauer 1992; Hoel 1992a; Maler 1994), they may be criticized on two
grounds: (a) they ignore the ecological relations mentioned at the beginning
of this section and may only be justified in the range of low emission levels;
(b) a linear specification does not depict a typical feature of global pollu-
tion control, namely that of the interaction and dependency of countries.

Fifth, another interesting case occurs if B7=0 (contrary to A,) because
then r;=—1. That is, reaction functions run parallel to each other, as shown
in Figure 9.6. In Figure 9.6(a), country 1’s reaction function lies to the left
of country 2’s reaction function!? and therefore in equilibrium country 1
emits nothing. (The arguments to derive e/ are basically the same as those
used to derive the equilibrium in Figure 9.5.)

In Figure 9.6(b), net benefit functions of all countries are assumed iden-
tical (and 3/ =0). Then r;= r and there are multiple NE which comprise all
emission tuples on these reaction functions.
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Figure 9.6 Parallel reaction functions

Sixth, though all reaction functions have been drawn as straight lines for
simplicity in the previous figures, this is not true in general. Whenever
second-order derivatives are not constant, best reply functions are not linear.
Then the curvature of the reaction functions depends on third-order deriv-
atives. Basically, reaction functions may be concave (Figure 9.7a), convex
(Figure 9.7b) or may contain some segments which are convex and some
which are concave (Figure 9.7¢).1

In order to analyze the curvature of these reaction functions, the second-
order derivatives of these functions have to be determined. This is demon-
strated with respect to country 1’s reaction function assuming a
two-dimensional emission space. Defining convexity or concavity with
respect to the origin of the e, —e, space, country 1’s slope of the reaction
function may be written (based on (9.10)) as:

"__anm
1 _de, Bi— ¢

! n
ry de; 1

9.11)

from which follows the second-order derivative (see Appendix VI.1 for
details):

1 826’2 m r/2 an m

= >(<)01f B/H " __ B/rz m>(<) 0.
rl 063 ( 1)}

(9.12)
So far, we have not specified our expectations regarding the third-order

derivatives and hence (9.12) cannot be signed. However, it seems plausible
to assume 3"=0 and ¢{"= 0. 3" =0 implies that the marginal opportunity
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Figure 9.7 Non-linear reaction functions

cost of abatement increases more than proportionally at lower emission

levels.!> "= 0 implies that at high levels of emissions marginal damage

increases more than proportionally.l® This assumption is in line with the

fact that most environmental systems (almost) collapse at very high emis-

sion levels (see Section 9.2). Applying these assumptions to (9.12) we have:
e, " "

—2<(>)0if T>(<) L (9.13)
de 1 1

Consequently Figure 9.7a implies the first constellation in (9.13) where
reaction functions are concave with respect to the origin. Accordingly,
Figure 9.7b reflects the second constellation in (9.13), implying convex reac-
tion functions. In Figure 9.7¢c, the first constellation holds within the
segment between e and e and the second constellation within the segment
between eV and eB of country 1’s reaction function.!? In the example based
on payoff function (9.3), B{"=0 and ¢{"= 0 and hence reaction curves may
either be called convex or concave.

9.4 EXISTENCE AND UNIQUENESS OF NASH
EQUILIBRIUM

From the discussion of the slope of the reaction functions and of the
point(s) where they intersect the question arises when we can expect a
unique Nash equilibrium. As preliminary information one may find out
first whether an equilibrium exists at all. The sufficient conditions for the

existence of a Nash equilibrium are readily checked in the present context
(Friedman 1986, p. 23):
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Definition 9.1: Sufficient conditions for a Nash equilibrium

(1) The strategy space for each player, S,, is compact and convex; (2) m,(s)
is defined, continuous and bounded for all s € S and i € I; and (3) 7,(s) is
concave with respect to s, for all s € S.

The first property is satisfied. The strategy space is compact, that is, E,=[0,
emax] and the strategy space of player 7 is convex because any strategy lies
within this interval. For instance, any strategy tuple for which E,=[0, d] V
i e I holds in Figure 9.2 can be connected by a straight line which is entirely
contained in the rectangle defined by the emission tuples (0, d), e*=(d,
d)and (d, 0) and the origin (0, 0).

The second property also holds since in (9.1) a continuous payoff func-
tion for each player is defined. Payoffs are bounded since an upper and
lower bound for the strategy space has been defined (see also Section 9.4).

The third property is implied by A, but also, as we know from the previ-
ous section, by B >0 as long as 3 — ¢/ < 0 holds and by upward-sloping
reaction functions requiring &7 << 0 and IB]1>I$]I.

Though the sufficient conditions for the existence of a Nash equilibrium
are rather general, this is not true for the uniqueness of a Nash equilibrium.
In fact, one may need more than one theorem to show uniqueness, depend-
ing on the particular circumstances. We shall introduce two of them.

If best response functions are twice differentiable and continuous, then
uniqueness can be checked by the following theorem (see also Friedman
1986, pp. 44ff. for a proof):

Theorem 9.1 (Rosen 1965)

Let (N, S, 1I) be a strictly smooth game. That is, 9m,/ds;, and 0%,/9s,ds,,
exist and are continuous for all 5; € S (including strategies at the boun-
dary of S) where i, j, k, [e I, and i, j, k, [=1, ..., N. Then if the Jacobian
matrix of the first-order derivatives of the implicit reaction functions is
negatively quasi-definite for all s, € S, and the sufficient conditions for the
existence of a Nash equilibrium are satisfied, then there is unique Nash
equilibrium.

Since awilasj= 0 are the implicit reaction functions, the Jacobian matrix
takes the following form:

2 2
a9, -,

asT T ds,0sy
[ . (9.14)
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Negative quasi-definiteness requires that JA = (J+JT)>0 where the super-
script T denotes the transpose. In the two-country case JA is given by:

"o__an _ (b” "no__n N
_ 1 1 T _ 1 2
J_|: o " __ /r:|’J _|: o " __ //:|:>
2 2 2 1 2 2

2 no__ o gm _ H+ "

JA=J+JT=[ B e ] (9.15)
_(¢1+¢2) Z(Bz_ 2)

in the global emission game and therefore negative quasi-definiteness

requires:

4(B7 = N(B; — d3) = (bf +7)*>0. (9.16)

If we try to establish that the inequality sign in (9.16) holds generally in the
emission game by applying assumptions A, we shall be disappointed. At
such a general level the opposite sign in (9.16) cannot be ruled out a priori.
Only by introducing restrictive assumptions, for example, i =7, will the
above inequality sign generally hold. Thus, for instance, in the case of
orthogonal reaction functions uniqueness of the Nash equilibrium would
follow due to ¢/ =0V iel

This lack of predictability suggests the need to search for other theorems
to establish a unique Nash equilibrium for the general payoff functions
(9.1) and assumptions A,. Before doing so we apply Theorem 9.1 to
example (9.3). In order to discuss some general features, it will prove helpful
to depart from the previous assumption of symmetric countries. Moreover,
it will turn out to be convenient to rearrange the implicit reaction functions
slightly to have:

d I b,
e =0;v,=~ (9.17)
C.

om,/oe;=bd—be,—c(e;+e)=0 =7 Ty ¢ ""Y-ej_
l l

1

from which matrix JA can be computed:

1 1
JA=J4]T= | -2 | 14y, Ly, (9.18)
1+ o7 1+ Y, —2
and hence negative quasi-definiteness requires:
—-2<0 and4—<— b1 >2>0. (9.19)
(It+vyp I+,

Since |—1/(1 +,)I <1, where the LHS term is the slope of a country’s reac-
tion function (see (9.8)), (9.19) is always satisfied. From (9.19) it is also
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evident that it is not necessary that the slopes of both reaction functions are
smaller than 1 but it suffices if their sum is less than 2. Figure 9.4 represents
such a case (though reaction functions are positively sloped!) where the
slope of country 1’s reaction function is greater than 1 and that of
country 2’s reaction function less than 1; however, the sum of both slopes
is less than 2 and therefore there is a unique Nash equilibrium.

Thus in the case of linear reaction functions, Theorem 9.1 may be spec-
ified as follows:

Corollary 9.1

In a strictly smooth two-player game I'(V, S, IT) with linear reaction func-
tions and where the sufficient conditions for the existence of a Nash equi-
librium hold, there is a unique Nash equilibrium provided [ or,las,+
arylas,[<2.

Proof: Is obvious and therefore omitted. QED

Note that Corollary 9.1 also covers the case where the reaction functions
have opposite signs. In order to make progress in establishing uniqueness
of the equilibrium for the general payoff functions in (9.1), some definitions
on the way to another uniqueness theorem are needed (see, for example,
Friedman 1986, pp. 42f1.):

Definition 9.2: Distance
Let x and y be two vectors of real numbers and denote the distance from
x to y by d(x, y) =max /xl.—yl./.

Definition 9.3: Contraction

Let f(x) be a function and \ be a positive scalar. If for any x and x’ in the
domain of the function and for any 0=\<1 d( f(x), f(x"))=Nd(x, x")
holds, then f{x) is a contraction.

Thus, roughly, a contraction leaves the images of two points closer than the
original points. If f{x) is a differentiable function (which is not necessary
for a contraction and Theorem 9.2 below), then a contraction implies
Elafi(x)/ale =\ for each component f;(x) of f{x)=(f,(X), ..., f(x)).

Theorem 9.2 (Friedman 1986)
Let a game be described by I'(V, S, I1), then if best reply functions are
contractions the game has a unique equilibrium.

Proof: The proof follows by contradiction (see Friedman 1986, pp. 44ft.).
Suppose that there are two equilibria instead of one equilibrium, that is,
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511 and 57 and thus s;(V=r(s;V) and 53 =r(s;?). Then d(r(s;),
r(s7®)) =d(s;V, 57?), but r being a contraction means that d(r(s;(V),
r(s7®) =Nd(s;V, 5;®) for 0=N\<1. This requires, however, s;(1) =5
which implies that the equilibrium is unique. QED

Generally, the advantage of Theorem 9.2 is twofold. First, it does not
require twice differentiable payoff functions. Second, if best reply functions
are contractions, then the existence of a Nash equilibrium is automatically
ensured and does not have to be checked separately. Of course, in our
context we have already established the existence of an NE and payoff func-
tions are twice differentiable over the whole domain of the strategy space.
Hence, the upshot of Theorem 9.2 in the emission game is that reaction
functions must approach each other in the N dimensional strategy space by
a slope consistently less than 1. This is known to be true for the general
payoff functions (9.1) and assumptions A, (see in particular (9.10)) as well
as for the example in (9.3) (see in particular (9.8)).

The logic behind Theorem 9.2 may best be seen in Figure 9.3, where there
are two reaction functions with slope less than —1. Hence, these reaction
functions are no contraction. In equilibrium e¥() any small perturbation of
the strategies leads the players away from this equilibrium, either to eV or
eN® which is indicated by the arrows.!8

Figure 9.3 may be contrasted with Figure 9.5 where there are non-inter-
secting reaction functions, both with a negative slope less than 1 in abso-
lute terms. Hence, Figure 9.5 is covered by Theorem 9.2 and confirms our
finding of a unique Nash equilibrium. Also in Figures 9.7a, b and ¢, though
reaction functions are non-linear, they all have a slope less than 1 in abso-
lute terms over the whole domain of the strategy space and therefore there
is a unique equilibrium according to Theorem 9.1 in all three cases.

However, the case of parallel reaction functions with slope —1 due to
B/ =0 (recall A, is violated) which has been illustrated in Figure 9.6a is
covered neither by Theorem 9.1 nor by Theorem 9.2, though from the pre-
vious analysis it is known that there is a unique equilibrium. The example
in Figure 9.4 is also not covered by Theorem 9.2 since the reaction function
of country 1 has a slope greater than 1 and this country’s reaction function
is therefore not a contraction. However, as argued above, the sum of the
slopes of the two linear reaction functions is less than 2 and hence
Corollary 9.1 applies.

The findings stress the character of the above theorems: they provide
‘only’ sufficient but not necessary conditions for the existence of a unique
equilibrium. Thus, if those conditions do not hold in a particular game,
one cannot conclude that a unique equilibrium does not exist. The exam-
ples also illustrate that there is no universal theorem to prove uniqueness
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of an equilibrium and that it is convenient to have a bunch of theorems
available.

9.5 CHARACTERIZATION OF PAYOFF SPACE AND
NORMAL FORM REPRESENTATION

All relevant information is now available to determine the boundaries of
the payoff space, some important benchmarks and the normal form of the
global emission game. Under each heading the general case is discussed first
and then the application to the example is illustrated. We start by determin-
ing the upper and lower bounds of the payoff space.

9.5.1 Upper Bound of Payoff Space

The upper bound of the payoff space in this game is the maximax payoff,
wY. Since am,/de;<0 is true, the maximax payoff is determined by assum-
ing that all countries emit nothing and country i maximizes its payoff, that
is, maxm,(e;, 0), which delivers w" =,(e;(0), 0).
For the example it is known that e,=bd/(b+ c) is country i’s best reply to
;=0. Substituting these emissions in (9.3) gives:
b*d?

wyzz(b o (9.20)

9.5.2 Lower Bound of Payoff Space

From awi/aej<0 it follows that the lowest payoff to a country is obtained if
all other countries choose their highest emission level e, If o (e,
emax)/ge,>0 for small values of e;, country i’s lowest payoff is given by w&-=
(0, emax)_1If the first derivative is negative for all ¢,>0, the lowest payofT is
wl = (emax, emax)

In the example e =¢9=d and since o (e;, d)/de;>0 if b>c, which
we assume to hold, w5=(0, ). For the function in (9.3) we get:

cd?

L— . 21
b= 9.21)

9.5.3 Minimax Payoff

To punish country i, all countries will choose their maximum emission level
e to which country i chooses its best reply, that is, mM = (¢;(emax, emax).19
Obviously, the assumption regarding the upper bound of the strategy space
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is crucial for the level of mM. For any em&>¢N, M <N holds and trivi-
ally mM = (e,(e?,) V) =m! is true if emax= eV, As discussed in Section 9.2,
if one is more specific regarding the curvature of the benefit curve, then
some candidates for e"** may suggest themselves.

In the example e = ¢Y holds by assumption and country j minimaxes
country i by choosing eM() =¢9=( to which country i reacts by choosing
its best reply e;(d)=eMD=d(b—c)/(b+c) according to (9.4). Con-
sequently, we have:

M(i):w. M) :M_
ST 2o U 2oy

With this information we can now write II={wlm,==wl V iel} and
MR = {mlw,=7wMV i e I}. The normal form of this game is given by I'= (¥,
S, IT) where N={1, ..., N, {, S={S,, ..., Sy}, S,=[0, ema], [T={II,, ..., II;}
and II,=[wF, wV]. In the following it is assumed that all relevant emissions
are not restricted by the definition of the strategy space, that is, emax>el,
eM@, ¢8=0 where socially optimal emission levels, ¢S, are derived in the
next section.

For the example S,=E, [0, d], N=2 and the lower and upper bounds
of the payoff set of player i are given by (9.20) and (9.21) respectively.

(9.22)

9.6 SOCIAL OPTIMUM

Before illustrating the benchmarks of Section 9.5, socially optimal emis-
sion levels have to be derived. We start out by considering the general case
first and then determine the social optimum in the example.

9.6.1 General Case

The social optimum in the global emission game follows from maximizing
global net benefits according to:

N N N N
qmaxNE'rri = EBi(ei) - Ed)j <Eek>; Ljkelst.el=0Viel (9.23)
NI i=1 =1 \e=l

which leads to:20

(1) Bi(e) =Zdb)(Ze) if ef>0
CBA:={(2) BJ(¢§) =S4/ (SeS +0)ABJ0) <Sd/(Se +0) if e$>0/\e$ =0
(3) BJ(0) <Tdy(0) if e$ =0 Vi k
(9.24)
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where the superscript S stands for social optimum.2! That is, a country con-
siders not only the damage caused by its emission in its own country, as in
the non-cooperative Nash equilibrium, but also those in the neighboring
country. Since (9.24) states the optimality conditions of a cost—benefit
analysis, these conditions are abbreviated CBA. The first condition in (9.24)
assumes an interior solution. That is, emissions in all countries are positive
in the social optimum. In this case social optimality implies that marginal
opportunity costs of abatement are equal across all countries. The second
condition takes care of the possibility that for some countries (the j coun-
tries) emissions might be zero in the social optimum. This could be the case
if marginal opportunity costs of abatement are very asymmetric in various
countries. The third condition reflects the possibility that damages are so
high that no emissions are advisable in the social optimum.

Comparing aggregate emissions in the social optimum with those in the
Nash equilibrium we find:

Proposition 9.1
Let the global emission game be described by the payoff functions in (9.1)
and assumption A in (9.2), then Ze/N>Ze5.

Proof: This assertion is readily proved by contradiction. Compare
the FOC (9.24) with (9.9), where the latter assumes an interior Nash
equilibrium, and assume that Ze)/<Ze} would be true. Then,
(1) di(Ze))<Zd)(Zep) Vi, jand k. Consequently, from (9.9) and the first
constellation in (9.24), we must have (2) Bi(e/N)<B!(e?) V i e I, which is
only possible provided eV>e$ V iel, and hence Ze))>Ze?, which
contradicts the initial assumption. For the second constellation in (9.24),
again, assume e}’ <Zep and (1) above follows. Then for a country i for
which e$>0 holds, this implies Bj(e)N)=di(Ze)) <Zd;(Zef)=B(e)
which is only possible if e/V>e? for all i countries which, again, contra-
dicts the initial assumption. For the third constellation Ze)Y>3e} is
obvious because ¢V =0V i e I by assumption. The proof in the case of a
corner solution in the Nash equilibrium proceeds exactly along the same
lines and is therefore omitted here. QED

Note that though Ze}Y>3ep always holds, this should not be mistaken to
imply eV >e8 V i e 1. For instance, assume that abatement cost functions
are equal across all countries, that is, B/ = Bj’. V iandj e I, but that environ-
mental damages are perceived differently. Consequently, countries with
high damages will have low emissions in the Nash equilibrium and vice
versa. In the social optimum, where, due to ;= B}, eS= ejs holds and where
the countries with low damage also have to consider high damage in the
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neighboring countries, the high damage countries may very well have to
increase emissions compared to the Nash equilibrium.?2

Moreover, note that w§ < ¥ and even 7P <M may be possible for some
countries, though 2w >3 and Z7d>ZxM always hold. For instance, if
a country has low opportunity costs of abatement compared to other coun-
tries and perceives damages as less severe than its neighbors, a globally
rational solution may imply that the individual rationality constraint of a
country is violated.?3 Since this result is important for subsequent chapters
it is summarized in the following proposition:

Proposition 9.2

Let the global emission game be described by the payoff functionsin (9.1)
and assumption A, in (9.2), then w¥>=3 and wM>=3 is possible if
emx=eN though SwMO<ZqlN<Zmb.

Proof: The first part of the assertion has already been proved by example.
The second part follows trivially from:

max >w.=Zmax m +...+maxmy
el .. CN 31 eN

and by the definition of a minimax payoff. QED
9.6.2 Example

For the example socially optimal emission levels are derived by differentiat-
ing S, with respect to e, and e,, setting both derivatives equal to zero and
solving for the respective variable. Thus, one derives a sort of ‘cooperative
reaction functions’ (that is, el.s(ejs) or in implicit form Bi—2d;=0) which
have to be mutually inserted in each other in order to solve for socially
optimal emission levels:

bd vd
SeS= .
b+ 4c € v+4

S _
el.—

(9.25)

Inserting these emission levels into the net benefit functions in (9.3) gives:
b*d?

M=

2(b+4oe)

A routine check confirms e <e¥ and w¥>w¥ Vi € I due to the assumption
of symmetric countries.

(9.26)
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9.7 INDIFFERENCE CURVES, PAYOFF STRUCTURE
AND PARETO FRONTIER

All information derived in the previous sections is visualized for the
example in Figure 9.8, assuming =5, ¢=1 and d=10. The particular
results of the example will be put into perspective to the general case in the
course of the discussion.

1 23 456 7 8 910 8§

Note: Payoff functions (9.3) apply, assuming h=5, ¢c=1 and d=10.

Figure 9.8 Nash equilibrium and social optimum in the global emission
game

9.7.1 Indifference Curves

In Figure 9.8 the Nash equilibrium emission tuple is denoted by eV.
Moreover, the socially optimal emission tuple is indicated by eS. eM(1) (eM(2))
denotes the minimax emission tuple if country 1 (country 2) is minimaxed
by country 2 (country 1) and €° is the emission tuple if no emissions are
reduced at all.

Additionally, indifference curves for different payoff levels have been
drawn. An indifference curve depicts all emission combinations for a given
constant payoff level of a country. For instance, I}V reflects all emission
tuples which give country 1 the same payoff as in the Nash equilibrium, m{".
IM denotes the indifference curve of country i which ensures this country
its minimax payoff, =M.
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From country 1’s perspective indifference curves which lie in a more
south-easterly direction represent higher welfare levels. Thus indifference
curve I{) implies a higher welfare to country 1 than in the Nash equilib-
rium. This is so since for indifference curves which are located in a more
south-easterly direction emissions in country 2 are lower for a given emis-
sion level in country 1 and dm,/de; <0 V i< I holds. By the same token,
indifference of country 2 which lies in a more north-westerly direction
implies higher welfare levels to country 2. The concavity (convexity) of
country 1’s (country 2’) indifference curves with respect to the origin
follows from the assumptions of the second-order derivatives of the benefit
and damage cost functions as specified in assumption A,. But even if B/
was assumed to be positive, the indifference curves would have the same
curvature as long as B/ is sufficiently small. Appendix VI.2 gives a formal
proof of this assertion.

Moreover, from Figure 9.8 it is evident that the reaction function of
country 1 connects all the peaks of its indifference curves. By symmetry, the
same holds for country 2, but with the axes reversed. That is, reaction func-
tions run through all points where the slope of the indifference curve is zero.
To understand this consider for instance country 1’s indifference curve for
which I, :=m(e,, e,) =T, or, alternatively, (e, ¢,) — 7, =0 is true where
7, indicates some constant utility level. Differentiating this implicit func-
tion gives the slope of country 1’s indifference curve:

_%__aﬂrrl/ae1 B
de, o, 1oe, b

I (9.27)

This slope is zero for 3] — ¢ =0 which is exactly the condition along the
reaction function of country 1 in the interior of the emission space (see
9.9).

Accordingly, country 2’s slope of the indifference curve is given by:
_dey,  0m,lde; P}

de, amylde, Bh— by

I, (9.28)

9.7.2 Payoff and Incentive Structure

From the previous chapters we know that in a static context no other emis-
sion tuple than the (unique) Nash equilibrium is stable. If, for instance,
countries agreed to reduce emissions to €5, then each country would have
an incentive to deviate to elDZei(ejS) which is indicated by the arrows in
Figure 9.8. More generally, for any emission tuple — which is not necessar-
ily socially optimal — for which Bi(e;)>di(Ze;) holds, a country has an
incentive to increase emissions. Thus, even if a country has to increase
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emissions in the social optimum compared to the Nash equilibrium, an
incentive to expand emissions exists since d)lf(EejS)<B;(eiS)SEd)}((Ee]S)
holds.

By the same token, if country j (which may comprise more than one
country in the general case) does not reduce emissions at all and hence
emits emax (in the example em2x=¢9=(), country i has an incentive to
reduce emissions (see the arrows in Figure 9.8). In fact, in the example a
best reply has country i choosing its minimax emission level
e}\’[(")zei(eo:eJM(")). More generally, for any emission tuple for which
Bile) <di(Ze)) is true a country has an incentive to reduce emissions. A
simple way of summarizing this incentive structure and to relate it to the
discrete strategy games discussed in Chapters 3-8 is suggested in Matrix
9.1, where the parameters of Figure 9.8 have been assumed.

Matrix 9.1  Payoff structure in the global emission game?

e3 ex(ey) e3
138.9 | 116.6 79.6
oS
I
138.9 | 149.2 | 129.0
149.2 | 127.6 83.3
e (ey)
116.6 | 127.6 | 111.1
129.0 | 111.1 50
o0
1
79.6 83.3 50

Note: * Based on payoff functions (9.3), N =2 and symmetric countries, that is, b=5b,=b,,
c¢=c;=c,. In particular b=35, c=1, d=10 are assumed.

As in the PD and the chicken game there is an incentive to free-ride if
more ambitious abatement targets than in the Nash equilibrium are real-
ized. As in the chicken game a country has an incentive to reduce emissions
unilaterally as long as B;(ei)<¢l’.(2ej) holds. However, in contrast to the
pure strategy chicken game, a player does not face the decision whether to
contribute to abatement or not but, due to the continuous strategy space,
is confronted instead with the question of how much to contribute. Starting
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from strategy tuple e countries will adjust their emissions as long as eV
(eN=(e,(e,), e5(e)))) has not yet been reached. As in the mixed strategy NE
of the chicken game, in the NE of the emission game each country contrib-
utes something to abatement, that is, e]¥ <e?. Payoffs in the NE are printed
in bold in Matrix 9.1.

A typical feature apparent from Matrix 9.1 is that MO <gN (wM®)
(ei(ejo), e]Q)) holds. That is, the minimax payoff (the minimax payoff tuples
are printed in italic in Matrix 9.1) to a country is lower than its payoff in
the Nash equilibrium. This property is a typical feature of the extended
PD game I in Matrix 4.2, where the punishment option p; in the emission
game is represented now by the emission level e?.2* Moreover, extended
PD game I also depicts the feature that a best reply to the punishment e?
(strategy p; in Matrix 4.2) is not e]‘.) (strategy p; in Matrix 4.2) but an
increased abatement effort, that is ej(e?)<ej@ (strategy a; in Matrix 4.2).
What is not apparent from Matrix 9.1 but is known from Proposition 9.2
is that w3 <mwM® may be true if countries have asymmetric payoff func-
tions. Thus, in accordance with the asymmetric PD game in Chapter 8, the
emission game can approximately be described as either a symmetric or an
asymmetric extended PD game I. However, wM@® <} is also true in the
chicken game if one allows for mixed strategies. In any of the pure NE,
which constitutes a bad NE and at the same time the minimax payoff to
one country, payoffs to the punished player are lower than in the mixed
strategy NE. Moreover, as is known from Chapter 3, asymmetries can also
be accommodated in a chicken game. Hence, taken together, it seems rea-
sonable to view the incentive structure in an emission game as resembling
that in an extended PD game and/or a chicken game. The chicken game
interpretation, however, requires the play of mixed strategies. We shall
return to this issue in more detail in Chapter 13, where we discuss coali-
tion models.

9.7.3 Pareto Frontier

In Figure 9.8 the Pareto frontier has also been drawn, on which by defini-
tion the socially optimal emission tuple must lie. The Pareto frontier repre-
sents all those emission tuples for which it is not possible to increase the
payoff to one country without reducing the payoff of any other country.
That is, for a given level of welfare of country j (or countries —i in the N>
2 case), one determines that emission tuple which maximizes country i’s
welfare. Thus, in contrast to the social optimum which implies an uncon-
strained optimization (with respect to welfare, see (9.23)), finding the Pareto
optima in this game requires a constraint optimization procedure.
Constructing the Lagrangian L for this problem, restricting the number
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of countries to two for simplicity,?’ and taking the relevant derivatives, the
Kuhn-Tucker conditions can be derived:

L=B,—d, +NBy— b, —7,), (9.29)
%: aL

(=)D, =0, e,=0, ¢, — =0,
de, Bi—d1—Ad; 1 Lde,

oL . oL
8782: _(bl +A (82—¢2)SO, 6220, (:'2 8782:0,

oL _ oL

5282_4)2_‘"220’ )\20, )\5:0
from which the following FOC along the Pareto frontier can be derived: 26-27

Bimdi_ b1 Bimdi_ b

=4

(a) ¢,>0,¢e,>0,\>0:

) By T b By b
(b) ¢,>0,e,=0,\>0: Bi_,d){z)\,
2
! (9.30)
(c) ¢,=0,¢,>0,A>0: B§_¢§:)\’

d) N=0: (i) B]—d|=0, B)—d,=0=>¢,>0,¢,= 0,
(ii) B]— ] =0, By— by =0=¢, =0, &= 0,
(@ Ao (i) Bl —d|=0, By—d)=0=¢,=0, ¢,> 0,
(i) Bj—d] =0, B)—by=0=s¢, =0, e, = 0.

Condition (a) holds in Figure 9.8 along the entire segment of the Pareto
frontier between ¢X and e¢Y (where the emission tuples themselves are
excluded). Note that the LHS term of the equality to the right of the arrow
in condition (a) corresponds to the slope of the indifference curve of
country 1 and that the RHS term is identical to the slope of country 2’s
indifference curve (see (9.27) and (9.28)). Hence that part of the Pareto
frontier connects all those emission tuples where the slopes of countries’
indifference curves are identical.?® Since iso-net benefit curves are strictly
concave (convex), this implies tangency of these curves along the Pareto
frontier. This is also evident from Figure 9.8, where it is shown for indiffer-
ence curves IM, I{D and IM, I{D respectively.

Rearranging condition (a) in (9.30) we get:

BiBy=PBrd1+Bid) (9.31)
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250+ Pareto frontier |
B Pareto frontier 11
D’ 200

50 100 150 20j) 250 300 m,
A
50 o

Note: Payoff functions (9.3) apply, assuming b=5, ¢c=1 and d=10.

Figure 9.9 Pareto frontier in the global emission game

Comparing (9.31) with (9.24) with respect to an interior solution in the
social optimum it is evident that only if B} =) is global efficiency ensured
in a Pareto optimum (because then Blf:Ed)‘;). Generally, for the various
emission combinations along the Pareto frontier | =/ does not hold and
aggregate welfare will be lower at any point along the Pareto frontier
(except at €5) compared to the social optimum. This is particularly obvious
if we transfer the global emission game in the payoff space. This is done in
Figure 9.9 for the example and for the parameter values assumed in
Figure 9.8. Pareto frontier I in Figure 9.9 corresponds to the Pareto fron-
tier as drawn in the emission space. It thus assumes non-transferable utility.
In contrast, Pareto frontier II assumes transferable utility (and constant
marginal utility equal to 1). Thus, the difference between both Pareto fron-
tiers measures the loss from a deviation from the socially optimal emission
allocation.

Condition (b) corresponds to the segment between X and e? in
Figure 9.8 where e? is excluded. Similarly, condition (c) is the segment
between e¥ and eB where eP is excluded. At point eX, N =¢|/(B5 — d5). holds.
Moving from eX towards e*, N decreases gradually, implying that damage
in country 2 is given less weight (see (9.29)). Similarly, at e¥ N =(B] — &)/}
holds where the value of \ gradually increases when moving from eY
towards eB.
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Comparing conditions (b) and (c) in (9.29) with those in the social
optimum as given in (9.24) for a boundary solution involving e$>0 for
some i and 3 =0 for some j, it is, again, evident that aggregate welfare will
generally be lower than in the social optimum as long as A # 1.

Conditions (d)(i) and (e)(i) correspond to emission tuples e and B
respectively in Figure 9.8. At e” country 1’s payoff is maximized, which
requires ¢,=0 due to 9m,/de,<0. Thus, eA gives country 1’s maximax
payoff, mV(eA). By the same token, e® represents the emission tuple gener-
ating country 2’s maximax payoff. Hence, e” and B imply that one country
emits nothing and the other chooses its best reply which correspond to the
origins of the reaction functions. e and eB constitute the boundaries of the
Pareto frontier in Figure 9.8 and correspond to w4 and w8 respectively in
Figure 9.9.

Conditions (d)(ii) and (e)(ii) are not reflected in Figure 9.8. These con-
ditions would imply that marginal damages are already so high at low emis-
sions compared to marginal benefits as to call for no emissions at all. For
the example in (9.3) we would need bd=c to generate this result.?

Turning now again to the relations in the payoff space (see Figure 9.9) it
is evident that payoff tuples w€ and P are at the edges of the boundary of
the payoff space where one country chooses e;=0 and the other e;= d. This
implies that at these points one country derives its lowest payoff wh. Of
course, these points are not Pareto-efficient and therefore do not belong to
the Pareto frontier. The whole payoff space of the emission game, I1, is more
lightly shaded than the individually rational payoff space, TT'R.

The concavity of the Pareto frontier (in the payoff space!) follows from
the envelope theorem. To see this, note that for the Lagrangian L =m(e,,
e)) +N(m,(e,, e,) —r,) in (9.29) the envelope function may be written as
ev=r,(®) where © indicates the amount by which the constraint m,(E,,
E,)=1r,) must be relaxed to obtain one unit more of . Thus the Pareto
frontier can be interpreted as the function ev. Since it is known that if m,(e,,
e,) and m,(e,, e,) are strictly concave, the envelope function is also strictly
concave (see Birchenhall and Grout 1984, pp. 176ff.; Varian 1984,
pp. 322ff.), we only have to establish these properties for these functions.
This, however, has already been done in note 3 based on A,.30:3!

NOTES

1. More sophisticated models may be found, for instance, in Arnold (1984); Kuhl (1987);
Pethig (1982); and Sandler (1996). However, the main results of these works can also be
accommodated in the subsequent simple model. This will also be apparent in the core-
coalition models in Section 13.3, where the original setting is more sophisticated but
where all conclusions remain valid in the ‘simple’ framework as well.
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To the best of our knowledge, a several-goods model, let alone a joint-production model,
still awaits game theoretical treatment in a dynamic context.

This condition follows from differentiating the net benefit function twice with respect to
the own strategy e,, that is, 6> ,/de? <0. In case one requires strict concavity of the net
benefit function in the two-dimensional emission space, ;<0 must be assumed since the
Hessian determinant is only negatively definite if B/ —d;<<0 and (B — /) (—db/)—
(—4!)?>>0=Bd!>0V ielhold (see, for example, Chiang 1984, pp. 307ff.). In the N-
dimensional emission space (N>2) only concavity but no strict concavity holds since
there are many e—e_; combinations for a given level of e; which deliver the same net
benefit to country 7. Recall, in a global emission game, only the sum of emissions in other
countries is relevant to country , not its composition.

For the evaluation and measurement of environmental damage, see Endres and Holm-
Miiller (1998); Finus (1992a, b).

An alternative way of modeling a global emission game would assume the payoff func-
tion to be given by m,=¢; (r)+d> (Er) where ¢, is an abatement cost function, ¢; a
damage cost function ‘and r; emissmn reductlon in country i. Thus the optimization
problem involves minimizing costs. Alternatively, one could assume m,=B,(Zr;) — @,(r;)
where (3, are benefits from emission reduction (for example, Stihler l998a) Assuming
the appropriate first- and second-order conditions would deliver the same quantitative
results obtained below.

Of course, this illustration is only an additional device to make the NE plausible and is,
strictly speaking, only valid for dynamic games because an adjustment process requires
at least two periods by definition.

This follows from e;= bd/(b+ ¢)=~d/(y+ 1) and de;[dy=d/(y+ 1)>>0.

The case of corner equilibria will be taken up below.

This is an application of the implicit function rule. See, for example, Chiang (1984,
pp. 2041%.).

Put differently, since de_;/de, =1, de,/de, = de;lde_,.

Setting up the maximization task subject to e;=0 and deriving the Kuhn-Tucker condi-
tions would deliver the above FOC.

A simple way of modeling posmvely sloped reaction functions would be to
assume ;= b(de,—3 e; )—c(aEe -3 262) instead of (9.3). If h>c, then B/ — ¢/ <0 and
1>r>0, Wthh dehvers an 1nter10r unlque Nash equilibrium.

This may be due to the higher marginal opportunity costs of abatement and/or the lower
marginal damage costs in country 1 compared to country 2.

As it is drawn, all examples in Figure 9.7 assume an interior Nash equilibrium.

For example, the benefit function could be given by the logarithmic function
B;=bIn(1— (eI —e;)lel) +be, where b is some positive scaling parameter, e! denotes some
initial emission level and hence the term in brackets denotes the fraction of emission
reduction. It is easily checked that 3;>0, /<0 and B">0V ¢,>0.

An example of a damage cost function featuring these properties is ¢, = c(Ze;)>.
Unfortunately, there is not much more one can say about when to expect the first, second
or amix of both constellations. For the functions as specified in notes 15 and 16, B/*/B}"
=bl(2e!), and hence this term is constant, whereas ¢/?/¢!" =6c¢(e, +e,)> Thus, as long
as b is not too big, BB <&?/d!" implies a convex reaction function.

Hence, the predictability of the equilibrium M may be regarded as rather low consid-
ering the possibility that players may make small errors (‘they tremble’) when choosing
their best reply. Any small error would upset this equilibrium. An equilibrium which is
immune against such errors is called a trembling-hand perfect equilibrium (Selten 1975),
which is a refinement of the NE concept.

It is easily checked that minimax and maximin payoff coincide in this game.

Thus, (9.24) reflects the relevant Kuhn-Tucker conditions of maximization problem
(9.23) where the Lagrangian multipliers have been omitted for convenience.
Constructing the Hessian determinant for this maximization problem and using assump-
tions A, confirms that the aggregate net benefit function is strictly concave and hence
eS=(e}, ..., ) constitutes a unique global maximum.
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A simple way of seeing this would be to assume cost coefficients ¢, # ¢, for country 1 and
2 instead of ¢, =c,=c in (9.3). Assume, for instance, b=10, ¢, =9, ¢,=1 and d=10.
Then, ef=1, e} =9, e} =e§=3.3, which demonstrates the assertion that e <e$ is pos-
sible, though Ze; >3e$ holds.

For instance, consider the example in the previous note for which we find w{¥=—355,
w)=445, w$=77.7, and w§=255.5, which stresses that wV>=$ is possible, though
SwN>3w$ is true. Computing the minimax payoffs delivers wM=-447.4 and
wM=318.2, which demonstrates that even wM>m5 may be true, though ZaM>Zx$
holds.

In the emission game minimaxing another country leads to a higher payoff to a country
than if it is minimaxed itself, that is, frrlM(") <mM® whereas in Matrix 4.2 ”‘TzM(i) >'rr,M(f) has
been assumed. However, the relation of M and M0 is not important for the classifi-
cation of an extended PD game.

The extension to N > 2 countries should be apparent but is omitted here because the sub-
sequent derivations are mainly conducted to support the discussion of Figure 9.8.

An alternative way to derive the Pareto optimality conditions is to maximize the
weighted welfare function A, + (1 —\)m, for different values of X\, 0=\=1, subject to
the constraints of the strategy space, thatis, ¢,=0V i € . See Friedman (1986, p. 14).
The second-order sufficient conditions for a maximum hold since (1) the objective func-
tion B, — ¢, is twice differentiable and concave in the non-negative orthonant; (2) the
‘constrain function’ 3, — ¢, — 7, is twice differentiable and concave; and (3) the FOC for
each emission tuple in the emission space can be satisfied (see, for example, Chiang 1984,
pp. 738ff.). The concavity of these functions has been established in note 3.

The similarity to the Edgworth box should be obvious.

From the discussion it should be evident that, due to the restriction of the lower bound
of the strategy space to e¢,=0, the Pareto frontier cannot be simply derived from the
Lagrangian conditions, which would only deliver the FOC in the segment eX to ¢¥ in
Figure 9.8, but would miss those along the segments e? to eX and ¢B to eY.

By analogy with the arguments presented in note 3, strict concavity of the Pareto fron-
tier holds only in the 7, — 1, space. With respect to the N-dimensional payoff space (N>
2) only concavity of the Pareto frontier holds.

If instead of the Lagrangian the weighted welfare function A, + (1 —\)m, is used to
derive the Pareto frontier (see note 26), strict concavity follows from the simple fact that
the sum of two strictly concave functions is a strictly concave function (see Chiang 1984,
pp. 342ff.).



10. Finite dynamic games with
continuous strategy space and static
representations of dynamic games

10.1 INTRODUCTION

From the previous chapter it became evident that in a static setting there is
underprovision of the public good ‘environmental quality’. In the Nash
equilibrium global emissions are too high from a global point of view. Thus
one may wonder whether more positive results could be obtained in a
dynamic, though finite time horizon. This question will be analyzed within
two approaches.

The first approach remains in the tradition of repeated games, as encoun-
tered in previous chapters. More precisely, we proceed as in Chapter 4: first
the equilibrium (or the equilibria) of the constituent game is determined; and
second, one investigates whether the finitely repeated play of the stage game
leads to more optimistic results. Again, a simultaneous and a sequential
move version of the constituent game can be distinguished. In the former
case the analysis is simple. If the constituent game is the global emission
game described in Chapter 9, where there is a unique Nash equilibrium (NE)
due to assumption A,, the repeated play of this stage game NE is the only
equilibrium in a finite time horizon. This is an immediate implication of
Theorem 4.2. In the case of sequential moves, it is shown in Section 10.2 that
there is a unique subgame-perfect equilibrium (SPE) of the emission stage
game and hence, again, by Theorem 4.2, the finitely repeated play of this
stage game equilibrium is the only equilibrium of the overall game. Thus, the
outcome in the finitely repeated emission game does not differ from that if
the game is played only once. Hence, the main point to be clarified in the sub-
sequent analysis is whether the outcome in the simultaneous or in the sequen-
tial move game is preferable from a global point of view. In Section 10.2 this
is done for a filterable externality (as assumed in Chapter 9) and for the case
of a transferable externality in Section 10.3. Crudely speaking, the term
transferable externality refers to a ‘policy of high stacks’ where emissions are
not truly reduced but merely transferred to third parties.

149
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The second approach departs from the assumptions of previous chapters
and may be called the static representations of dynamic games or conjectu-
ral variation models. Here we discuss work done by scholars in the field of
public goods economics. Among the many contributions in the literature we
focus on the theory of non-Nash behavior, also called hybrid behavior
(Cornes and Sandler 1983, 1984a, b, 1985a, b) in Section 10.4, strategic
matching (Guttman 1987, 1991; Guttman and Schnytzer 1992) in Section
10.6, and the principle of reciprocity (Sudgen 1984) in Section 10.7.

Section 10.5 describes an auctioning game on emission reduction. On the
one hand, this section serves as a preparation in that it provides preliminary
information used in Section 10.6 and also in that it builds a ‘methodologi-
cal bridge’ connecting Sections 10.4 and 10.6. On the other hand, funda-
mental results obtained for the auction equilibrium will be reconsidered in
the context of infinite dynamic games in Chapter 12. That is, the auction-
ing equilibrium will be interpreted as the outcome of negotiations leading
to an IEA where the agreed terms have to be stabilized by appropriate
threats of punishments within a supergame framework.

The motivation of the papers pursuing the second approach is twofold:
first, from a theoretical point of view, the authors apparently feel unhappy
that a model can only explain the underprovision of public goods but is not
capable of depicting the possibility of a sufficient or overprovision of
public goods; second, from an empirical point of view, they argue that in
some cases the negative predictions of a static public goods model are not
confirmed. Instances cited in this literature are fund-raising for charities
where agents contribute more than projected by ‘Nash behavior’.
Following this line of argument, in the present context this implies that
some more or less successful IEAs could not be explained within a static
framework.!

In particular, these scholars argue that contributions to a public good by
some agents should be expected to influence the behavior of others.
Provided own contributions are based on a positive conjecture with respect
to the response by others, agents would increase their efforts to provide a
public good. If contributions can be mutually observed, then positive con-
jectures may mitigate the free-rider problem.

Though it has to be stressed that not all these papers pay particular atten-
tion to the game theoretical interpretation of their models, we shall scruti-
nize them carefully with respect to their consistency employing game
theoretical methodology. We shall argue that these models possess three
main shortcomings: first, regardless of whether they are interpreted in a
static or in a dynamic setting, they are not consistent; second, if they are
interpreted in a dynamic context (which seems to be the more ‘natural’
interpretation), their static representation is deficient in capturing the main
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forces of the strategic interaction between agents; third, the assumptions of
some of these models are not in accordance with the notion of non-co-
operative game theory. Taken together, we pose the question whether a
dynamic process would not be better modeled as a dynamic game, rather than
confine its analysis to a static framework (see, for example, Friedman 1986;
Makowski 1983).

Despite these reservations, the conjectural variation models will be dis-
cussed in this chapter for two reasons: (a) most of these approaches capture
an interesting phenomenon in a simple manner; and (b) these models have
been influential in the literature on the provision of public goods. In a mod-
ified version they appear in many coalition models which will be discussed
in Chapter 13.

The first point criticized above can be discussed at this preliminary stage
(and the reader is invited to confirm this point in the later presentation),
whereas the other points will be treated in the course of the presentation of
these models. We first show the inconsistency of the assumptions for the
static interpretation and then for the dynamic interpretation.

In the terminology of the conjectural variation literature, ‘Nash behav-
ior’ is a special type of conjecture, namely a zero conjecture. In the NE each
agent maximizes his/her payoff, given the strategies of the other players.
Hence, this could be interpreted as if each player assumes that his/her strat-
egy choice has no influence on the choice of the others. Consequently, as
long as reaction functions are positively or negatively sloped, this conjec-
ture is not confirmed, which may be taken as inconsistent behavior. Put
differently, why should players be ignorant of the reaction of other players
when choosing their best strategy? Would it not be more ‘natural’ to expect
that they already incorporate this information in their strategy choice?

Though at first thought this may be a compelling argument, it is false in
a strictly game theoretical context. Due to the assumption of complete
information each player knows the best reply of each player and, what is
important, s/he also knows that the strategy combination in the NE is a
stable equilibrium. Though we used a cobweb type of argument as an aux-
iliary device to illustrate an NE, after all, in the very meaning of a static
framework this is a one-shot game. Consequently, the interpretation of
reaction functions in a static game must therefore be very narrow: a reac-
tion function contains information about the best strategy of player i, for
all possible strategy combinations of other players. However, possessing
complete information, a player can identify the best replies of other players
with respect to his/her own strategy and, as a rational player, will match
his/her strategy accordingly. The previous comparative static analysis of
reaction functions is therefore only to be interpreted as the influence of
exogenous parameters on the location of an equilibrium.
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From this it may appear that non-zero conjectures are more convincing
in the context of infinite dynamic games and incomplete information where
‘players learn gradually about their economic environment’ (Cornes and
Sandler 1985a, p. 125) and the conjectural equilibrium may be interpreted
as a long-term steady state (Sabourian 1989, pp. 86ff.). However, this inter-
pretation is also not very convincing for two reasons: (a) an explicit learn-
ing story is missing in these models; (b) all models assume complete
information. If they assumed incomplete information, then a natural way
of modeling this would be to assume that players assign a probability dis-
tribution over different possible strategies of their fellows when choosing
their best reply. The probabilities would be revised in the course of the game
if new information became available to players. However, as will become
evident, all models are deterministic in that players expect a very specific
reaction from their fellow players throughout the game, which is not revised
(though new information becomes available).

10.2  SEQUENTIAL MOVE EMISSION GAME:
FILTERABLE EXTERNALITIES

Consider a stage game where the payoff functions of countries are given by
(9.1). Furthermore, suppose that assumption A, holds and assume without
loss of generality only two countries for simplicity. Let country i move in
the first stage and country j in the second stage. Since country i knows
country j’s best reply of the second stage, that is, ej(el.), it can incorporate
this knowledge in its objective function when choosing its equilibrium
emissions, e5T, in the first stage (see (10.1)). Given these emissions, country
j chooses ;= ej(el.ST) in the second stage. Borrowing a term of oligopoly
theory, player i may be called the Stackelberg leader, player j the
Stackelberg follower and the SPE of this game a Stackelberg equilibrium,
which also explains the superscript ST.2 Thus, the objective functions of the
leader and follower read:

™ =B(e;) —d,(e; T e(e) and ™ =PB;(e;) —d;e; +e)). (10.1)

from which the FOC in the Stackelberg equilibrium (assuming an interior
solution):3

B _adae_ B od,
' de;, e, 8ej de; de; Oe;

1 1

OB 0 _

T e, 0
¢ 0¢

de;
1+k)=0,k="";
(14 =0.ky=

(10.2)
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follow.* From (10.2) it is apparent that for the follower the maximization
problem does not change compared to the assumption of simultaneous
moves. The FOC of the leader, however, now contains an additional term
(see (9.9)). In the conjectural variation context, k; could be interpreted as
the conjecture of the leader about the reaction of the follower.’ In the
present context, this parameter is nothing else than the slope of country ;s
reaction function. Due to A,, —1<k,;<0 holds. The implications in the
Stackelberg equilibrium may be summarized as follows:°

Proposition 10.1

In the Stackelberg (stage game) equilibrium of the global emission game
with payoff functions (9.1) the Stackelberg leader i increases emissions
and the follower j reduces emissions compared to the Nash equilibrium,
assuming conditions A, to hold. Global emissions will exceed those in
the Nash equilibrium of the simultaneous move game. Global welfare
will be lower than in the Nash equilibrium if the follower has the same
or higher marginal abatement costs than the leader in the Nash equilib-
rium. The leader gains and the follower loses from the strategic move.

Proof: See Appendix VII.2. QED

Proposition 10.1 is intuitively appealing and is illustrated with the help of
Figure 10.1.

Figure 10.1 Stackelberg equilibrium
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First, note that the Stackelberg equilibrium is located on the follower’s
reaction function r since his/her FOC have not changed compared to the
simultaneous move game.

Second, due to k;<0, the leader expands emissions compared to the NE
since s/he values marginal damage less (see (10.2)). Accordingly, the fol-
lower’s best reply implies reducing emissions compared to the NE. Since
—1<k;,, global emissions are higher than in the NE.

Third, the emission tuple ST implies a lower welfare to the follower com-
pared to the NE — his/her indifference curve in the Stackelberg equilibrium,
IJ.ST, lies north-west of his/her indifference curve in the NE, IJN. By the same
token, the leader’s welfare is higher in the Stackelberg equilibrium than in
the NE (country i’s indifference curves are not drawn in Figure 10.1).

Fourth, the direction of global welfare is generally undetermined.
However, if the leader has lower (or equal) marginal abatement costs than
the follower in the NE global welfare will be lower in the Stackelberg equi-
librium. The strategy tuple eST implies that the gap between marginal abate-
ment costs widens compared to eN, implying a higher inefficiency.
Moreover, since global damages are higher in the Stackelberg compared to
the Nash equilibrium, welfare must be lower. Consequently, one can
deduce immediately that in the case of symmetric countries global welfare
will be lower in the Stackelberg equilibrium than in the NE. In contrast, if
the leader is that country with the higher marginal abatement costs in the
NE, the sequential move may increase efficiency, which could compensate
for higher damages, so that overall welfare could be higher in the
Stackelberg equilibrium than in the NE.”

As pointed out in the Introduction, since the Stackelberg stage game
equilibrium is unique (see also note 3), only this equilibrium will be played
throughout the finitely repeated play of the emission game. Thus, also for
the finitely repeated version of the emission game, one should hope from
an ecological perspective that countries would move simultaneously.
However, as demonstrated above, from a welfare perspective such general
superiority cannot be established. From a single country’s perspective
sequential moves are clearly preferable, provided it can move first.

A general problem of Stackelberg equilibria is the motivation of the
assumption that one player (group of players) moves first, that is, has super-
ior information compared to the follower(s). Since each player has an
incentive to be the leader, one would expect players to compete for this posi-
tion. Therefore, as long as this leader—follower relationship is not obvious
from the investigated problem itself, some doubts about the reason for such
an asymmetry remain.® If each country assumes the supposed leadership
and chooses a high emission level, both countries may end up neither on
country i’s nor on j’s reaction function (see, for example, point e in
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Figure 10.1), which cannot be an equilibrium. Hence, it seems plausible to
expect that in this ‘competition case’ countries are led back to the NE. In
particular in the context of repeated games one would expect ‘on average’
both countries to hold the leader position with an equal chance, and hence
simultaneous moves seem a ‘natural’ assumption.

10.3 SEQUENTIAL MOVE EMISSION GAME:
TRANSFERABLE EXTERNALITIES

Shogren and Crocker (1991) and Shogren et al. (1992) point out that some-
times countries or regions reduce their emissions at the cost of higher emis-
sions in other countries and regions. For instance, this could happen if a
government does not pursue an environmental policy which either fosters
preventative measures or ‘truly’ reduces emissions based, for instance, on
an end-of-pipe technology, but induces firms to build high stacks. Such
‘abatement measures’ do not reduce externalities but merely transfer them
to third parties. Following the terminology of Shogren and Crocker this
type of externalities are called transferable externalities in contrast to filter-
able externalities which we have considered so far. Of course, a transfer
strategy can only work in the case of impure public pollution, such as acid
rain, since for pure global pollutants only total emissions are relevant to
damage in a country and not their regional distribution. Hence, in this
section (and only in this section) we depart from our previous assumption
of a global pollutant.

A simple explanation for a ‘transfer policy’ could be that the costs of
transferring externalities is cheaper than truly curbing emissions. This case
causes some fundamental changes compared to the previous analysis.
Without loss of generality, we again restrict the analysis to two countries.

With respect to A, the assumptions regarding the benefit functions do
not have to be changed. The same holds true for the effect of own emissions
on damage costs. That is, dd,/de;>0 and 9*d;/de? >0 are assumed. Now,
however, we have d¢,/de; <0, 9*b,/de} >0 and 0%d,/de;de,<0. That is, reduc-
ing emissions in country i increases damage in country j at an increasing
rate. At low levels of foreign emission reductions, marginal damage caused
by own emissions is lower than at higher levels. These modifications lead to
the following results which are clearly distinct from those obtained in
Chapter 9 and Section 10.2.°

Proposition 10.2
In a transferable externality game with payoff function m,=8,(e;)—
d)i(ei,ej), where the benefit function has the properties enumerated in
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assumptions A, and for the damage cost function dd,/de;>0, I, 19e,<0,
9%, /9e? >0, 62d> l9e;>0 and 9*¢,/dede;<0 hold and own effects are
stronger than forelgn effects, that is, [ad,/9e;|>|0d,;/de,| and [adbHoe?|>
|adp,/de, 0e; |, global emissions in the (stage game) Nash equilibrium are
lower than in the Stackelberg equilibrium and the social optimum.

Proof: See Appendix VII.3. QED
There are three remarks to be made with respect to this result:

1. The above result relies on a given technology and does not take into
consideration the possibility of a switch to another abatement policy
which might be globally more efficient. In other words, the transferable
externality technology is viewed as the only option to obtain a socially
optimal solution.

2.  Whether aggregate emissions in the Stackelberg equilibrium exceed or
fall short of socially optimal emissions depends on the specific func-
tions. As in the case of filterable externalities, emissions in the
Stackelberg equilibrium are higher than those in the Nash equilib-
rium. A general comparison of global welfare in the NE with that in
the Stackelberg equilibrium is not possible in the case of asymmetric
countries for the same reason as laid out in Section 10.2. Thus, again,
from an ecological perspective whether the game is played once or
repeatedly, simultaneous moves are superior to sequential moves.
With respect to global welfare such a clear-cut conclusion is not pos-
sible.

3. It is interesting to note that in the case of transferable externalities
reaction functions are upward-sloping in emission space, as illustrated
in Figure 9.4 in the previous chapter. To ensure a unique Nash equilib-
rium, [dd/de?|>|adb,/dede,| has been assumed in Proposition 10.2,
which is a sufficient condition so that the slopes of the reaction func-
tions have a slope less than 1 and Theorem 9.2 can be applied. The
details are laid out in Appendix VII.3.

Taken together, in a transferable externality game of the Shogren and
Crocker type the main conclusions of an ordinary international pollution
game (filterable externality game) with respect to emissions in the social
optimum and the Nash equilibrium are reversed. Whereas in filterable
externality games aggregate emissions are too high in the Nash equilib-
rium, in a transferable externality game they are too low from a global
point of view. Though, of course, transferable externality games may be
regarded as an exception rather than the rule in international politics, this
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case neatly motivates positively sloped reaction functions, as already dis-
cussed in Chapter 9.

10.4 NON-NASH OR HYBRID BEHAVIOR

10.4.1 Technical Preliminaries

The assumption that players hold conjectures about how other players
react to their strategies may be written in its most general form as (see
Cornes and Sandler 1983, 1984b):

de_.
ae.l:fgi(A’ €€

1

_; (10.3)
where the responsiveness by others is a function of a bunch of factors
which are summarized in the parameter (or vector of parameters) A and
the level of the strategy of players i and —i. To demonstrate how the non-
zero conjectural approach develops its full potential in capturing the inter-
action of agents, it is helpful to adopt an example by Cornes and Sandler
(1983) to the present context. The example assumes:

aei==<ef>® (10.4)
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where the relation in brackets expresses the conjecture that low emissions
in country i will induce other countries to reduce their emissions as well. In
particular, large emitters have a greater influence on others to follow suit
than if a country’s share of total emissions is small.1 The parameter ® may
be interpreted as the elasticity of the conjectured response with respect to the
relative importance of a country’s emission level. 11

Assuming a symmetric game allows us to study the effect of the number
of countries on the outcome.!” Since for symmetric countries e_;
=(N—1)-¢, (10.4) becomes:

de_, [ 1 \°
&i—QN_IJ. (10.5)

That is, the expected conjectured reaction diminishes with the number of
countries. In other words, the greater the number of countries involved in
the pollution problem, the less is the emission reduction of a single country
noticed and the less is the free-riding incentive mitigated. The first-order
conditions implied by (10.5) are (assuming an interior solution):!3

— &) 1\
B’d){d)’ :<(N— 1)) . (10.6)

1
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That is, in the optimum the slope of a country’s indifference curve (LHS
term in (10.6); see also (9.27)) is equal to the conjecture (RHS term in
(10.6)). Since in (10.6) a positive conjecture is assumed, the optimum is
located on the ascending part of a country’s indifference curve.

10.4.2 Illustration

Figure 10.2 illustrates the effect of the elasticity parameter ® on the con-
jecture of countries and global emissions. On the abscissa, emissions of a
representative country 7, e,, are measured, along the ordinate those of the
other N—1 countries, e¢_.. The figure is based on the payoff functions in
(9.3) and assumes the parameter values of Chapter 9 (without restricting N
to two countries).
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For different values of ® and N the conjectural variation outcomes are
drawn. For instance, for ® =1, C,, C,, C; and C, are the outcomes if N =
2, N=3, N=4 and N =5 respectively. The slopes of the indifference curve
at these points are 1, 1/2, 1/3 and 1/4 respectively, which reflects condition
(10.6). For ®=0 outcomes Dy, ..., D, are derived and ©® =—1 implies
socially optimal emission levels which are denoted by eS(1), ..., ¢S® 14 For
values below ® =—1, for example, ® =—2, emissions in the conjectural
outcome (A, ..., A,) are even below socially optimal levels. The Nash equi-
librium for different values of N is indicated by eMD), ..., eM® where r,
denotes country i’s Nash reaction function, as has already been encoun-
tered in Chapter 9. Due to the symmetry assumption, the Nash equilibrium
and any other outcome lie on the same ray for a given N. The slope of such
arayis N—1.

From Figure 10.2 it is evident that the higher the elasticity of the
response (the smaller the value of @), the lower will be global emissions in
the conjectured outcome, Zef, where Ze€—0 if @ ——o. By the same
token, the lower the response elasticity (the greater the value of ®), the
closer are global emissions to those in the Nash equilibrium, that is,
SeC— el if ® — oo implying de_,/de; approaches zero).

Moreover, it is apparent that for any @ =1, ZeC—3Zel if N—o. Thus,
this specification can capture Olson’s assertion that free-riding increases in
group size (Olson 1965; see also Sandler 1992, pp. 23ff.). In fact, this rela-
tion holds not only when comparing a conjectured outcome and the Nash
equilibrium for different values of N but also if one compares social
optimal emissions and those in the Nash equilibrium. Defining an index of
free-riding as the ratio ¢"/eS, then it is apparent from Figure 10.2 that this
ratio (measured as 0eN/0eS in Figure 10.2) increases in N. That is, the
underprovision of the public good ‘clean environment’ is particularly dev-
astating if many countries are involved in the problem. This central result
of public goods economics will be given particular focus in Chapters 13 and
14 on coalition formation.

10.4.3 Welfare and Equilibrium Analysis

Generally, any positive conjecture will lead to a welfare improvement as
long as emissions do not exceed those in the social optimum. For symmet-
ric countries this is true as long as 0 <de_,/de;=N —1 holds or with refer-
ence to specification (10.5) —1 =0 < is true.l> Thus moderate positive
conjectures lead to welfare improving outcomes. However, the question
arises whether such outcomes are stable. To answer this question, we first
have to define a conjectural variation equilibrium (see Sabourian 1989,
pp. 86ftf.).
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Definition 10.1: Rational conjectural variation equilibrium

Let ¢, (al, a_;) denote what i conjectures j will do in response to a devia-
tion by i from action combination a=(a,;, a_;) to a/ and let the best
response of a player be given by b,(a, c; ) arg Max, . »; l(al, c (al, a,l))

then a rational conjectural variation equlhbrlum (RCVE) is a pair of
actlons and conjectures for which (1) a’ e bya’,c) and (2) c; (al,

(l

)eb(al,c(al,a,l))‘v’l],Hﬁ]andVa eAhold

The action combination ¢ may be interpreted as the status quo and
hence a/describes a deviation from the status quo. The status quo plays
the role of a state variable and players believe that the response of
the other depends on it. The best replies are thus functions of the state
variable and the conjectured responses.

Players are concerned only with the immediate payoffs after other
players have responded to a deviation. Thus players are either myopic
or the new status quo has to be interpreted as a new long-run steady
state. The latter interpretation seems more appealing and allows us to
view the whole conjectural variation story as resembling an infinitely
repeated game.

Players’ strategies depend only on the actions chosen in the previous
round. Thus some kind of bounded recall is implicitly assumed in the
conjectural variation context, though an explicit justification is
missing.

There are no transitory gains to be obtained since by assumption
players can instantaneously respond to a deviation. This assumption is
difficult to justify since it basically renders the free-rider incentive in
international pollution control a problem of minor importance.
Sabourian (1989, pp. 87ff.), noticing this deficiency, suggests a way out
of this motivational dilemma. He tells a time-explicit story in which
adjustment costs for the deviator are prohibitively high so that devia-
tion does not pay. Then, however, the question arises as to why the
other players who are assumed to react to a deviation do not also face
these costs. More generally, it seems to us, by assuming adjustment
costs to be sufficiently great any deviation from a status quo can be
ruled out and therefore any equilibrium can trivially be supported.
Thus, taken together, we believe that the conjectural variation story
captures the main forces of the strategic interaction between agents in
international pollution control only deficiently.!6

The requirement that conjectures must be confirmed in equilibrium
(second requirement in the definition above) is a very similar condition
to a Nash equilibrium in ‘conventional’ dynamic games. If this require-
ment were changed in the definition above to ¢,(a;, a_;) € b{(a;, ¢{(a;,
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a_))Viji#jand V a/e A,, that is, the rationality requirement holds
at every status quo and not only in equilibrium, then the RCVE would
even resemble a subgame-perfect equilibrium in a ‘conventional’
dynamic game. Hence, by imposing the rationality requirement on a
conjectural equilibrium the time-implicit story of the conjectural vari-
ation setting is placed in a consistent framework.

With the help of Definition 10.1, we can now give an answer to the ques-
tion whether a conjectural variation outcome is stable as stated above:

Proposition 10.3

In a global emission game there is only a non-zero conjectural variation
equilibrium with negative conjectures. Global emissions will be higher
than in the Nash equilibrium. In a symmetric game, country-specific and
global welfare in the conjectural variation equilibrium are lower than in
the Nash equilibrium.

Proof: The first assertion is proved by applying the definition of an RCVE.
In the present context, country i’s best reply in the conjectural variation
outcome is defined by its reaction function, r€, and hence part (2) of
Definition 10.1 requires (see also Cornes and Sandler 1983, 1984b):17

o Otk

=B e ) (10.7)

to hold where for simplicity we assume thatde_./de, =k, does not depend
on the level of ¢; and e_, (as in the example (10.5)) and is therefore con-
stant, that is, fl.C(A, e;, e_;) =k, In other words, we linearize the slope of
the reaction function around the conjectured equilibrium. Since r& =0
for k;>0, equality (10.7) cannot hold for positive conjectures. Only for
negative conjectures can the equality be satisfied.

The second assertion of Ze&>ZeXN can be shown by comparing the FOC
in the conjectured equilibrium for k;<<0 (see note 17) and those in the NE
(see (9.9)) using a similar argument in the spirit of the proof of Proposition
10.1. The third assertion follows from strictly concave payoff functions,
am;/0e,<0 and om;/de_,;<0 at emissions above N and the fact that for sym-
metric games e >ZeN>Zed and eC>eN>eSViel. QED

Thus, in the context of global pollutants the expectation that positive con-
jectures lead to more optimistic results is disappointed as long as consis-
tency of conjectures is required in a ‘non-Nash-behavior equilibrium’ (see
Cornes and Sandler 1985a; Sudgen 1984, p. 773). In fact, non-Nash
behavior makes it more difficult to explain voluntary contributions to the
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provision of the international public good clean environment.!® This can
also be seen in Figure 10.2 where the stable conjectured equilibrium is indi-
cated by X, ..., X, for various assumptions of N.1920

From Proposition 10.2 it follows that the Nash equilibrium is generally
not stable in the conjectural variation context. That is, if reaction func-
tions are interpreted as a dynamic adjustment process, the NE must (cor-
rectly) be rejected as a stable outcome since k;=0 and —1<r/<0 by
assumption A,. Only for the case of ¢/ close to zero and/or B; —,
which implies orthogonal reaction functions (r; —0), would conjecture
k;=0 be confirmed at the limit. Also the Stackelberg equilibrium is not
stable in the conjectural variation context. Though the leader’s negative
conjecture is confirmed, this is not true for the follower’s zero conjec-
ture.?!

10.5 AUCTIONING EMISSION REDUCTIONS??

10.5.1 General Considerations and Technical Preliminaries

In the previous section we showed that governments choose their emissions
according to the conjectures they hold about how other countries respond
to their abatement policy. For constant conjectures the responsiveness was
measured by the parameter k;= de;/de,. In terms of emission reductions, r,
this could alternatively be written as k,=dr;/dr,. Thus if country i reduces
emission by Ar; country j is supposed to adjust its emission by klsArj.
Hence, k; may be viewed as an exchange rate by which r; and r; (or ¢; and
e;) are linked. From country 7’s perspective 1/k; is the price to obtain 1 unit
of reduction by country j. Accordingly, one could imagine an auction
where an auctioneer calls up different exchange rates k; (prices 1/k;) and
where countries respond by offering reduction levels. This process contin-
ues until the offers of countries match which may be called the auction
equilibrium.

In the following it will prove convenient to restrict the number of coun-
tries to two and to denote the exchange rate by w. Further we define r,=
- r, where r; denotes the fraction of emission reduction from some initial
emission level el. Hence, emissions are given by e =el(1 —r,) where 0 =r,=
1. 100, measures emission reduction as a percentage from an initial emis-
sion level. The superscript A stands for auction. Consequently, countries 1
and 2’s net benefit functions may be written as:

= By(ef(1=r) = b (ef(1 —r) +ey(1 —p-ry)) (10.8)
= By(ed(1 —1y) — by (el (1 —ry/p) +el(1 —r,))
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and the implicit offer curves of countries follow from differentiating (10.8)
with respect to r;:%3

B -oDel gl
bt M B dpel (109)

For an example (10.9) can be solved explicitly.

10.5.2 Illustration

The example illustrated in Figure 10.3 assumes the net benefit functions of
(9.3), N=2,b,=b,=10, ¢, =5, ¢,=1 and d=10. In the figure use has been
made of the fact that global reduction r, that is, r=r,+r,, implies r=
(Ze! —ZeM/Zel or r=r (el +p-eb)/(e] +el). Country i’s offer may thus be
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Note: Offer curves are based on payoff functions (9.3), assuming b, =b, = 10, ¢, =5, ¢,=1,
d=10.

Figure 10.3 Emission reduction offer curves in abatement space

written as ) =r(j) or, as in Figure 10.3, expressed as a percentage reduc-
tion, that is, /) =%r(w). r°? implies initial emissions e!=e?, rN() denotes
the offer if initial emissions are given by e!=e}.

From Figure 10.3 it is evident that country 1’s offer increases in the
exchange rate, whereas country 2’s offer decreases. At the equilibrium
exchange rates pN* and Y offers of both countries match. In the example
uAN*=0.285 which implies an emission reduction of 23.2 percent from Nash
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equilibrium emissions. For p?" =0.4475 equilibrium emission reduction is
51.2 percent based on initial level el =e?=d.

Itis also possible to depict the offer curves in the e,—e, space. This is done
in Figure 10.4. The arrows indicate an increase of the exchange rate .. For
example, if e!=e?’=d V iel and n=0, country 1 assumes that country 2
does not contribute anything to emission reduction. Consequently,
€
10 v ol

Pareto frontier

Ollllllllll
1 2 3 4 5 6 7 8 9 10 ¢

Note: Offer curves are based on payoff functions (9.3), assuming b, =b, =10, ¢, =5, ¢, =1,
d=10.

Figure 10.4 Emission reduction offer curves in emission space

country 1’s best reply delivers the minimax emission tuple eM(), Raising
leads country 1 to reduce emissions because the effective price for the public
good clean environment falls. By symmetry, a small w, that is, w<<1, con-
stitutes a favorable situation for country 2 since each unit of emission
reduction is accompanied by a large reduction in country 1 (left part of the
9@ curve). Therefore, country 2’s offer implies low aggregate emissions. If
w is raised gradually, country 2 has to contribute a higher portion to joint
emission reduction and is therefore only prepared to accept a lower reduc-
tion level (right part of the r°@ curve).2*

From Figure 10.4 it is evident that at the points where the offer curves
intersect (see points A and B), that is, in equilibrium (and only in equilib-
rium) the conditions along the Pareto frontier hold. That is, the auction
leads to a Pareto-efficient emission allocation. Emissions in each country
will be lower in the auction equilibrium compared to the initial situation.
That is, at point A (B) emissions are lower than at e¥(e%). Moreover, payoffs
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in the auction equilibrium are higher than in the initial situation. This
becomes apparent from Figure 10.3, assuming e!=e/, where the auction
equilibrium emission tuple lies within the lens formed by indifference
curves IV and I).

10.5.3 Results and Discussion

The main result illustrated in Figure 10.3 may be summarized in the follow-
ing proposition:

Proposition 10.4

Let e” be the equilibrium emission tuple of an auction of emission reduc-
tions as described above and let e! denote initial emission levels, then e
constitutes a Pareto optimum. In equilibrium, emissions in each country
and global emission are lower than in the initial situation, that is, e <e!
and ZeA <Ze! and individual and aggregate welfare are higher than in
the status quo, that is, m,(eA)>m,(e") V i eI, and Zm,(e*)>Zm,(e’) pro-
vided e!=e/N>0 V i e I. Each country receives a payoff in excess of its
minimax payoff, m (e?)>mM(eM®, eMD)Viel

Proof: The first part of Proposition 10.3 follows simply by comparing
(10.9) with (9.31). The second part is proved in Appendix VIL.5. QED

There are four remarks with respect to the auction equilibrium:

1. Each country has a strong incentive to misrepresent its preferences.
Knowing that the final agreement is defined by rNO(w)=r¥(u) or
() =r"A(w) respectively, country 1 and country 2 will bias their
offers downward for a given . That is, country 1 likes to shift its offer
curve in a north-westerly direction and country 2 in a south-westerly
direction in Figure 10.3 so that an equilibrium exchange rate is reached
which is in a country’s favor (high p* from country 1’s perspective, low
w* from country 2’s perspective). If both countries behave strategically,
the final outcome may differ from the ‘true’ equilibrium. The direction
of the bias of the equilibrium exchange rate will depend on the extent
of the misrepresentation.

However, misrepresentation may pay only to some extent. For
instance, if country 2 shifts its offer curve south-west for strategic
reasons, the equilibrium exchange rate will, ceteris paribus, decrease
and the implied global emission reduction will fall. If the latter effect
becomes too strong, environmental damage may become so severe as
to overcompensate the favorable terms of the exchange rate to
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country 2. By symmetry, a similar argument holds for country 1’s stra-
tegic considerations. Hence, one has to reckon with strategic offers
within the vicinity of the equilibrium exchange rate with a ‘natural’
limit of biased offers.2

Thus taken together, strategic offers may cause the exchange to be
biased upward or downward, though equilibrium emission reduction
will undoubtedly be biased downward (the equilibrium reduction level
in Figure 10.3 moves to the left). Then equilibrium emissions will be
located above the Pareto frontier. In Chapter 11 we shall take up again
the issue of strategic offers and discuss a decision mechanism which
gets around this problem.
The auction equilibrium is not stable in a static context by the defini-
tion of a Nash equilibrium. It is also not stable in the conjectural vari-
ation context since it has been shown in Section 10.4 that positive
conjectures (=exchange rates) are not compatible with negatively
sloped reaction functions. Thus an auction equilibrium is only an
equilibrium in that offers match with w* the clearing price in the emis-
sion market; however, it is not an equilibrium in the sense of a stable
IEA.
Despite this qualification one could imagine that the auction is a first
step where parties agree on an emission reduction which will then be
backed within the wider context of a dynamic game. In other words,
the auction could depict negotiations leading to an IEA where parties
agree on an emission tuple within the large set of stationary supergame
equilibria which must be enforced in subsequent periods by appropri-
ate threat strategies. For the possibilities of enforcement it is important
that payoffs of an agreement are not too asymmetrically distributed,
otherwise threats may be insufficient to deter free-riding. Though the
details will be discussed in Chapter 12 on dynamic games, Proposition
10.4 provides useful background information in stating that the
auction equilibrium is a Pareto optimum and implies a Pareto improve-
ment compared to the status quo.
As is apparent from Figure 10.4, the basis on which exchange rates are
defined is crucial in determining which emission tuple is reached in
equilibrium. Clearly, in the example, country 1 prefers the auction to
be based on reductions from emission e! =e¢?, whereas country 2 would
like to see reductions to be related to e!=e¢!. Unfortunately, conclu-
sions about the preferences of countries at a more general level do not
seem possible. The same is true with respect to global emissions in the
auction equilibrium. In the example Ze,(uV*) <Ze,(n°") but this does
not have to be generally true.26
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10.6 STRATEGIC MATCHING
10.6.1 Introduction

The strategic matching model is either set up as a two-stage game in its
simultaneous move version or may have more than two stages when viewed
sequentially. However, all stages are subsumed into one stage game and
hence instantaneous reactions by all participants are assumed as in the con-
jectural variation context.

The model of Guttman (1987, 1991) and Guttman and Schnytzer (1992)
is supposedly capable of explaining positive contributions to a public good
above Nash levels within a non-cooperative framework without resorting to
any altruistic or intrinsic motivation. Their model builds on the observa-
tion that sometimes individuals contribute to the provision of a public
good if they observe that others have already contributed some amount or
promise to do so. For instance, regional governments may invest in infra-
structure if there is a promise by the central government of financial
support. The central government in turn may make its promise conditional
on the commitment of the regional government to contribute its share to
the project.

10.6.2 Technical Preliminaries

Technically, each party i determines matching rates m; towards player j in
a first step, and then, based on these matching rates, determmes its flat con-
tribution in a second step, that is, its actual investment. Thus the matching
rate is some kind of a commitment in order to induce the other players to
make a positive contribution. Denoting total emission reductions of all
countries by r, total emission reduction of country i by r,, the flat contribu-
tion of country i by 7; and the matching rate n; where country j commits
itself to match country #’s contribution by m units, then the following
simple relations hold:

r=F +Eml] = Er —Er +22m 7. (10.10)

i#j i i#]

Thus total emission reductions in country i depend on its flat contribu-
tion and the matching rates of all other countries. Payoffs are assumed to
be a function of reduction levels, that is, w;(r,, ..., ry), and the standard
FOC and SOC are presumed to apply. The derivation of the equilibrium
will be explained for the two-stage simultaneous move version of the game
— the extension to sequential moves should be obvious.

Due to the finite time horizon, the game can be solved by backwards
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induction. That is, first, equilibrium flat actions are determined, assuming
the matching rates to be given. The solution may be denoted by 7= (7;(M),

., F(M)) where M is an (V)X (N — 1) matrix of matching rates where in
each row the matching rates of a country vis-a-vis the other N — 1 countries
is listed and 7" is a vector of flat contributions of dimension N.27 Hence,
77(M) are the best replies of the second stage.

Second, the solution of the second stage is inserted into the payoff func-
tions and one solves for the optimal set of matching rates, M*. Substituting
M" into the best replies determined above, 7;(M), delivers the ‘subgame-
perfect equilibrium’ of the overall game which is given by the two strategy
sets 7 and M". Together with (10.10) overall equilibrium reduction levels
r; and r* can be computed.

Once the best replies have been determined, it suffices to check stability
of a strategy combination by focusing on M* solely. Stability is then defined
in the standard fashion of a Nash equilibrium in which no player has an
incentive to change its matching rates. That is, ,(r(M")=m,(r(M" my))
Viandjel, i#j must hold where M ; denotes the matrix of equilibrium
matching rates except that one element is different, that is, m, #m..

Of course, other specifications than the linear relation as given in (10.10)
may also seem plausible but are far more difficult to work with. For most
games of economic interest a linear relation between activity levels of
different agents can hardly be solved by simulations, let alone analytically.
Therefore, Guttman and Schnytzer devote most of their attention to show
that, for a broad class of positive and negative externality games, socially
optimal matching rates constitute a subgame-perfect equilibrium if moves
occur simultaneously. However, it appears to us that this is trivially satis-
fied in almost all games by the construction of the equilibrium concept. For
sequential move games, the equilibrium concept exhibits even more severe
shortcomings. In particular, it seems difficult to establish the existence of
an equilibrium without imposing some restriction on the strategy space.

10.6.3 Equilibrium Determination and Discussion

Taking a sequential view for simplicity first, a government, say, 2, could
suggest to government 1 a matching rate m,,, promising that it would match
government 1’s reduction effort by a reduction of m,, times 7,. Since in the
initial stage 7, =0 and 7, =0, this would imply », =7, and ry=Fy=myy T

Hence, m,, is de facto the exchange rate w encountered in the auction
described in the previous section. Consequently, due to the assumption of
complete information, government 2 knows country 1’s offer curve and can
suggest an optimal matching rate ms, which, due to the restriction to a two-
country world, may be denoted m] for short. If initial emissions are given
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by el =", rN) is country 1’s offer curve and the resulting emission tuple is
e(m)) as shown in Figure 10.4. By the same token, one can determine
government 1’s matching rate m;, which it offers to country 2 provided it has
the first move. This would deliver point e(m5) in Figure 10.4. The associated
matching rates m) and mj are also depicted in Figure 10.3.

To highlight the main forces at work, parts of Figure 10.4 have been
reproduced in Figure 10.5 on a greater scale. In order to keep the relations

&

10+

Figure 10.5 Sequential move matching game

in Figure 10.5 tractable, only country 1’s offer curve, ¥V, is shown. Now it
is evident how the offer m| and therefore e(m) is determined. Country 2
chooses m such that e(m)) is located on the highest indifference curve of
country 2, I,(m)), which is tangential to country 1’s offer curve rMD.
Country 1’s welfare level at e(m)) is represented by indifference curve I, (1))
and that of country 2 by I,(m)). Since both indifference curves lie within
the lens formed by the Nash equilibrium indifference curves, IV and 17,
both countries have obtained a higher welfare level than in the initial situ-
ation. It is also apparent that the indifference curves I,(m}) and L,(m))
themselves form a lens which indicates that there is room for further mutu-
ally beneficial offers.

In the next step, based on e(m}), country 1 can offer country 2 that it will
match an additional reduction by m5. To determine m}, country 1 chooses
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that point on country 2’s offer curve which delivers country 1 the highest
obtainable welfare. This is e(n5(m})) where indifference curve I,(m5(m))) is
tangential to the offer curve r¢D2). Again, if one were to draw country 2’s
indifference curve (not shown in Figure 10.5), it would turn out that a
further Pareto improvement is possible. Hence, country 2 has an incentive
to commit itself to a matching rate based on e(m5(m))).

It seems intuitively plausible that by extrapolating this process both coun-
tries will finally reach the Pareto frontier. An exact statement is difficult
since, when determining matching rate offers at some stage, the first-order
conditions deliver more than one solution (in the example, four). Though
some of these solutions can be discarded since they define a minimum for
the proposing country, negative matching rates may well be in the interest
of a country.?® Hence, if negative matching rates are not ruled out a priori,
then there might be cyclical offers, and it is not clear whether a final equi-
librium will be reached.

However, if negative matching rates are deleted from the solution set, the
Pareto frontier will be reached. By the definition of emission tuples along
the Pareto frontier, there is no positive matching rate which could improve
welfare of both countries and no further offer will be accepted. Thus, in this
narrow sense (ignoring negative matching rates) the matching equilibrium
would be stable though this procedure stretches the equilibrium concept to
the limit (and hence renders it almost meaningless). From the discussion it
is also evident that for a complete determination of the equilibrium the
sequence of moves (matching path) and the initial stage must be specified ex
ante. Both aspects of the practical determination of an equilibrium (restric-
tion of strategy space and specification of the details of the game) seem to
be unnoticed by Guttman and Schnytzer.

In the case of simultaneous moves equilibrium determination may also be
difficult. Therefore, Guttman and Schnytzer (1992) focus on socially
optimal matching rates and show that for the case of two players these
matching rates may constitute an equilibrium.? The intuition is obvious in
the case of symmetric countries where m|=m5=1. If a country were to
reduce its matching rate, then emissions in both countries would increase,
which implies a welfare loss both to the deviator and to the country stick-
ing to its commitment alike. By the same token, an increase in the match-
ing rate would imply that the opportunity costs of abatement increase more
than damage decreases. Thus, Guttman and Schnytzer’s finding that
socially optimal matching rate equilibria may exist in positive or negative
externality games is not particularly surprising.

A more general problem with the strategic matching approach (which the
authors claim to be capable of solving the deadlock inherent in externality
games while staying within the realm of non-cooperative game theory) is
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that its ‘positive’ result crucially depends on the assumption that matching
commitments are fulfilled. For instance, if in the above-mentioned case of
symmetric countries matching rates are kept at the socially optimal equilib-
rium rates but countries are allowed to alter their implied reduction level,
which seems a natural conjecture within a non-cooperative setting, such an
equilibrium is no longer stable. It is hard to see how such an equilibrium
can be established without some external enforcement power. Of course, by
the construction of the game any deviation is instantaneously matched by
countermeasures which, in a ‘true’ dynamic setting, would be called pun-
ishments. Due to immediate reactions, the deviator cannot obtain any tran-
sitory gains as this is possible in a discrete time setting. Hence, the free-rider
problem is trivially solved.30

In a strict sense, Guttman and Schnytzer’s logic implies in an ordinary
static prisoners’ dilemma game that each country affirms the fellow player
that it will match his/her action ‘cooperation’ by ‘cooperation’, and refrains
from taking a free-ride because then both would end up in the non-
cooperative and Pareto-inferior Nash equilibrium. Since we did not accept
this logic previously, the question arises why we should accept it now,
though, admittedly, the result comes about in a neatly disguised term called
strategic matching.

Thus, we are led back to the question raised in the Introduction to this
chapter: Why not model a dynamic process as a dynamic game? It seems to
us that one does not gain any new insight by using such an approach com-
pared to the traditional models discussed at some length in Chapters 4-8 in
the context of discrete strategies (though Guttman and Schnytzer 1992,
pp. 74ff., claim exactly this to be the case). In particular, in contrast to the
previous models of this chapter, one can hardly argue that the advantage
of the strategic matching approach over the ‘conventional’ dynamic
approach lies in its greater simplicity.

What seems more convincing to us is to interpret strategic matching as a
negotiation process leading parties to sign an IEA. Like a minimum partic-
ipation clause which is part of many treaties (that is, the treaty only
becomes binding if a minimum of the signatories have deposited their sig-
nature with the treaty secretariat; see Black ez al. 1992), matching rates may
be interpreted as the minimum commitment of reduction obligations by
each party. Compliance would then not be defined in absolute terms but
towards each party via matching rates. However, the treaty would have to
be enforced by the conventional type of threat and punishment strategies
within an infinitely repeated game framework.
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10.7 THE THEORY OF RECIPROCITY

Sudgen’s theory of reciprocity sets out by noting that a principle of uncon-
ditional commitment, that is, contributing to a public good, irrespective of
whether other players make a contribution, is unrealistic.3! Sudgen (1984,
pp. 774-5) writes: “Whatever the force of the principle of unconditional
commitment at the level of moral theory, it is hard to see it taking root as
a maxim of practical morality — as a maxim on which ordinary people are
prepared to act.’

Therefore, he proposes his theory of reciprocity which he summarizes as
follows:

Let G be any group of people of which i is a member. Suppose that every
member of G except i is making an effort of at least £ in the production of some
public good. Then let i choose the level of effort that he would most prefer that
every member of G should make. If this most preferred level of effort is not less
than &, then 7 is under the obligation to the members of G to make an effort of
at least &.

Thus, no member of some group is expected and actually will not contrib-
ute more than others in that group, but also not less. Hence, there is no
problem of free-riding within a group.

Sudgen sets out to analyze the case of the symmetric preferences of
players and then discusses the more general case of asymmetric preferences.
Since the symmetric case is sufficient to demonstrate our main concern with
this theory, we restrict our attention to this case.

In the global emission context a contribution may be interpreted as emis-
sion reduction r;, where e; = (1 —r,)- el and r =2r, as in the previous section.
In the symmetric country case, the equilibrium contribution is r*=N"r;.
Let rf- be that reduction level where m(r}-, r_;=0)=0 and m,=B,(Zr;) —
¢,(r;) be a strictly concave function in r,, Now Sudgen (1984, p. 778) argues
that for the equilibrium contribution r&=r*=<S must hold, where the sub-
scripts L and S stand for lower bound and social optimum respectively.
rL <r"is necessary to protect the self-interest of a country if it has no expec-
tations that others reciprocate. " <rS must hold because otherwise coun-
tries contribute more than they are obliged to do. In sum, he postulates
that: (a) " must be somewhere between r- and r5; (b) there is more than one
equilibrium; (¢) one equilibrium is socially optimal; and (d) all other equi-
libria imply underprovision of the public good.

Though these conclusions are correct, at least if one chooses the ‘right’
interpretation of the equilibrium path, they are not terribly exciting.
Following Sudgen’s arguments, and taking a sequential point of view, one
should expect r*>rV since )(rF, r_;=0)>m/(rk, rN,>0). This implies that

-1
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in a first step each country chooses at least r->r» which, according to the
theory, it cannot adjust downward. Then, however, it is not ensured that
rk<r$ holds, as Sudgen claims. That is, the overprovision of the public
good is possible. If this sequential view is given up in favor of a simultane-
ous move game, then of course r-=r" by definition.

Sudgen notes that any contribution above rL faces the assurance problem
where each country likes to contribute if others will follow suit. Thus, it
seems that Sudgen has the second interpretation in mind. If so, then his
theory does not lead to more ‘positive’ results. If, however, the first inter-
pretation was correct, then r*>r5 may lead to a welfare loss if the overpro-
vision is pronounced enough. Moreover, the principle of reciprocity implies
that players accept a minimum of obligations, which also requires players
to be guided by some moral motives. Admittedly, the moral requirements
are not as strong as assuming unconditional commitment which Sudgen
(rightly) criticizes, but, as we think, his requirements are also not convinc-
ing in a game theoretical context.

NOTES

1. Of course, from previous chapters it is known that an extension to an infinite dynamic
time horizon is capable of solving this putative deficiency. For the emission game this
will be demonstrated in Chapters 12 and 14.

2. Inoligopoly literature, assuming competition in quantities, if players move sequentially,
this is referred to as Stackelberg competition (von Stackelberg 1934). If all players
choose their quantities simultaneously, this is referred to as Cournot competition
(Cournot 1938); see also Koutsoyiannis (1991) and Malinvaud (1985). Hence, in some
environmental economics literature the NE is sometimes referred to as the
Cournot-Nash equilibrium (for example, Endres 1993, 1997). The similarity to the emis-
sion model should be obvious: output is equivalent to emissions; the output of player 7
exhibits a negative externality on player j via a price drop. All players would be better off
by forming an output cartel and by reducing supply.

3. To keep the discussion brief we consider only an interior Stackelberg equilibrium in the
following. That is, we assume that the equilibrium is not restricted by the boundaries of
the strategy space. In particular, for the Stackelberg leader ST <eM and for the fol-
lower e (e5T) =0 are presumed to hold. Moreover, we assume that the second-order con-
ditions in the Stackelberg equilibrium hold (which is not automatically ensured). Then
it follows immediately that the Stackelberg equilibrium is unique. See Appendix VII.1
for details.

4. Recall 0d,/de;=0d, /88 =0dd,/de due to the assumption of a pure public bad type of pol-

lutant.

k; may also be interpreted as a weighting factor of marginal damages.

A similar result can be obtained for transboundary pollutants as well.

For the example in (9.2), assuming b,=b;=b and ¢;=¢;= ¢, we find e§T =[d(b* + bc + )]/

(b2 +3bc+c?), 3T = [d(b2 +bc— cz)]/(b2 +3bc+ cz) and Ee ST = [Zd(b + c)]/(b2 +3bc+c?).

Comparing these emissions with those in the Nash equlhbnum as given in (9.6), con-

firms ZefT=Xe}. Due to the symmetry of this example Bj(ef¥) =B4(¢)’) and so one can

immediately conclude that global welfare is lower in the Stackelberg equilibrium than in
the Nash equilibrium.

oW
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See the general discussion in Section 2.3 and, in the context of the chicken game, Section
4.3.

[ddb,;/del >10d,/de;] is assumed in Proposition 10.2 to guarantee an interior Stackelberg
equilibrium. Again, the second-order conditions in the Stackelberg equilibrium are
assumed to hold, which may not generally be true. See Appendix VII.3 for details.

Of course, one could also specify the share in brackets as e,/Ze; and could derive the
same qualitative results as presented below. However, in the later computations it turns
out that the specification in (10.4) is more convenient to work with.

Let de_,/de;=k; as in Section 10.2, then:
dk,  ele_;

Tdlele_,)  k,

i

The term outcome instead of equilibrium is used intentionally, since so far it has not
been checked whether the conjectured outcome is stable. We shall turn to this issue below.
This follows from B;— b;— ;- (de_,/de_;)=0, substitution of (10.5), and rearrangement
of terms.

For ®=—1, de_,/de;,=N—1 and the first-order condition in the conjectured outcome
(see previous note) becomes B;— b, — ¢/ (N—1)=0=p;—2Zd;=0.

This follows from the facts that (1) 0<de_,/de;<N —1 implies e$ <eF<eMNViel in the
symmetric country case; (2) eSVi e I maximizes country specific and global net benefits;
and (3) net benefit functions are strictly concave in emissions by A,. For de_;/de; well
above N—1 (below ® = —1 in the example) welfare in the conjectured outcome may be
below that in the Nash equilibrium since opportunity costs of abatement are far above
optimal levels.

This is the second point of the claimed shortcomings of conjectural variation models
which are listed in the Introduction to this chapter.

This follows from totally differentiating the first-order condition B;— /(1 +k;)=0in the
conjectured optimum.

Cornes and Sandler (1985a, pp. 128ff)), claim that more positive results could be
obtained in the case of impure public bads. To see this, assume for instance a transboun-
dary pollutant and only two countries. Let payoff functions be given by
™,=B,(e;) — d;(ae,+ a;e; ) where 0=a,=1and 0=qg =1 are transportation coeflicients,
a; indicating that portion of emissions from country i which remains in this country and
a, that portion of emissions from country jwhich is transported to country i. Then (10.7)
alzk,)]/[B” dlat+aza y k;)]=k; which can be satisfied for positive con-
az 2k <0eaq, /a <k (see also Cornes and Sandler 1984a).

ol +k)
b+c(1+k)
try) and the rationality requirement implies r&' = k to which the solutions are
k=Q2c+b=V4bc+ b*)2c.For the parameter constelldtlon of Figure 10.2 it turns out
that k=—0.146 is the only stable conjecture. The second solution leads to emissions
outside the domain of the strategy space.

When deriving a negative conjecture equilibrium one has to keep in mind that neither
the first- nor the second-order conditions for an interior solution may generally hold.
This is demonstrated in Appendix VII.4. See also Cornes and Sandler (1984b, p. 375) on
this point.

Note that the conjectural variation approach allows us to link the Nash equilibrium, the
social optimum and the Stackelberg equilibrium to each other in a symmetric global
emission game in a simple manner (Varian 1984, Section 2.10). We have: Nash equilib-
rium: k,=0V i e I; social optimum: k;=N—1V i e I and Stackelberg equilibrium: k,=
0, k/= rjf where the FOC for an interior solution reads B;—&/(1 +k,)=0.

The basic idea of this section goes back to Nentjes (1994).

We show below in the proof of Proposition 10.3 that the SOC are always satisfied. See
Appendix VILS.

Aggregate emissions implied by a particular offer can simply be measured by drawing a

rf’:/ads [ (a,a;

i

jectures prov1ded aya;—

For the example employed in Figure 10.3, r&" = — (kv=k.=k due to symme-
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45° line through an emission tuple (not shown in Figure 10.4). The point where this line
cuts the ordinate or the abscissa gives aggregate emissions.

From country 1’s perspective u=m3 would be the optimal exchange rate; from country
2’s perspective this is p=m.

The reason is that from (10.9) such general conclusions cannot be drawn. Even for the
specific functions (9.3), the equilibrium price and resulting emissions cannot be obtained
analytically any more (except for symmetric countries) but only by simulations.

Of course, M* could also be defined as an N X N matrix where the diagonal elements are
1.

This is also noted by Guttman (1987, pp. 9ff.). See the arguments when comparing
(A10.6) with (A10.7) in Appendix VIL5 in deducing whether r;, as the solution to the
FOC, will be positive

This equlhbrlum is characterized by matching rates m —[611'/8; o, /31] If actor i
maximizes ,(r;, r;) with respect to7,, noting r,=F, +Em 7 and r=F 2T, the FOC
read: o /0F; —(aw [ar;)(dr,/oF )+(81‘r [or; )(ar lar ) 0, from which o /07, = (om;lor,) +
(9, /or; ) m;=0 follows Substltutlon of 7 my from above delivers (91, /ar 2 + (dw /dl =0,
Wthh dre t e FOC in the social optlmum

This weakness is even more striking since the authors do not impose any rationality con-
straint of the sort described in the conjectural variation context. See Definition 10.1.
Sudgen’s paper sets out to criticize Margolis’s “Theory of Unselfish Behavior’ (Margolis
1982). Basically this ‘theory” assumes that an agent is not only concerned about his/her
own utility but also about that of the fellow players. Essentially, this theory postulates
altruistic or any kind of moral motivation of individuals when contributing to the pro-
vision of a public good. Like Sudgen, we feel that this approach is too simple to explain
voluntary contributions. If players were altruistic, free-riding in international coopera-
tion would hardly be a problem worth analyzing.



11. Bargaining over a uniform
emission reduction quota and a
uniform emission tax

11.1 INTRODUCTION

In Section 10.5 we discussed how an auction of emission reductions could
work. An auctioneer calls up different exchange rates which define the rela-
tion of emission reductions of countries and asks the participants for
offers. The auction equilibrium was defined as that exchange rate where
offers match. Thus, the bargaining market clears via an adjustment of
‘prices’.

In reality, however, a different bargaining rule can frequently be observed
at the pre-stage leading to an IEA. The exchange rate is fixed through an
institutional framework and countries agree on the lowest bid, that is, on
the lowest common denominator. For instance, potential signatories to an
IEA frequently negotiate on a uniform emission reduction quota, which
implies that countries have to reduce emissions by the same percentage
compared to some base year. Typically that country which proposes the
lowest reduction will be the ‘bottleneck’ in the negotiations and defines the
terms of the agreement.

The list of examples of uniform emission quotas is long and includes the
Montreal Protocol on Substances that Deplete the Ozone Layer, which
specified an emission reduction of CFCs and halons by 20 percent based
on 1986 emission levels to be accomplished by 1998.1 Another example is
the Helsinki Protocol, which suggested a reduction of sulfur dioxide from
1980 levels by 30 percent by 1993. Moreover, the Sofia Protocol
Concerning the Control of Emissions of Nitrogen Oxides or Their
Transboundary Fluxes signed in 1988 called on countries to uniformly
freeze their emissions at 1987 levels by 1995 and the Geneva Protocol
Concerning the Control of Emissions of Volatile Organic Compounds or
Their Fluxes signed in 1991 required parties to reduce 1988 emissions by
30 percent by 1999.2

The question why uniform abatement obligations play such a prominent
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role in international politics has not yet been answered, to our knowledge.
Nevertheless, it has been suggested that uniform solutions are apparently
perceived to be ‘fair’ and therefore find relatively easy acceptance. Uniform
solutions thus constitute some kind of a focal point in the sense of
Schelling (1960).> Moreover, to agree on differentiated solutions may take
time and is therefore associated with higher transaction costs (Endres
1996a). However, in the sequel we do not model transaction costs or
psychological motives. These arguments just serve to motivate the focus of
this chapter on ‘uniform solutions’.

The lowest common denominator decision rule, henceforth abbreviated to
LCD decision rule, can frequently be observed in international politics
(Endres 1996a, b; Unerdal 1998a, p. 6, and 1998b, p. 109). Typical exam-
ples comprise the voting procedure within the European Union or within
the UNO on particular issues (Lenschow 1996). The reason for this deci-
sion rule in international politics is simple: due to the lack of an enforce-
ment authority at the global level, the accession to IEAs and the agreement
on abatement targets have to be voluntary. Moreover, if the LCD decision
is applied an agreement can be reached with only limited information
requirements (see Section 11.3). Applying the LCD decision rule also gives
negotiators no incentive to misrepresent their preferences strategically (see
Section 11.4).

From an economist’s point of view it is surprising that uniform reduc-
tion quotas, which belong to the group of command and control instru-
ments, are part of so many IEAs since they are generally inefficient. For a
given agreed reduction level, marginal abatement costs will typically differ
between countries. Therefore, economists have persistently argued that
market-based instruments, such as effluent charges or emission permits, are
better suited to achieve abatement targets cost-efficiently. However, this
advice has not yet fallen on fertile soil. This chapter and the subsequent
chapters present some evidence why this might be the case.

To achieve this task efficiently, we select only one market-based instru-
ment for comparison, namely a wuniform emission tax, and contrast this
instrument with the quota. As we shall set out in Section 11.2, in the context
of global pollutants, which we assume throughout this chapter, the assump-
tion of a uniform application of a tax in all countries is in fact a necessary
condition for cost-efficiency. As will become apparent below, a uniform tax
also implies emission reductions at a fixed exchange rate, however, one
which differs from that of a uniform quota. Similar to the quota regime, we
consider a bargaining game in which countries settle for the lowest bid, that
is, the lowest tax proposal.

The subsequent analysis of the quota and tax bargaining equilibrium
focuses on two politically interesting questions:
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I. Why are abatement targets within most IEAs rather low, though
cost-benefit considerations would suggest lower emissions?

2. Why have effluent charges (as one representative of market-based
instruments) not been applied in any IEA so far whereas quotas have
found widespread application?

Initial answers to these questions will be given in this chapter and in
Chapter 12; however, an extensive treatment of these questions will be left
to Chapter 14 where this issue is investigated in the context of coalition for-
mation. In the following, the cost-efficiency of the tax solution and the
inefficiency of the quota solution is demonstrated in Section 11.2. In
Section 11.3 the bargaining rule is discussed; in Section 11.4 the bargaining
proposals are determined; and in Section 11.5 equilibrium emissions are
derived. Section 11.6 compares equilibrium emissions and welfare levels;
Section 11.7 discusses the possibility of strategic proposals; and
Section 11.8 winds up the discussion with a short summary.

The subsequent analysis is confined to two countries for simplicity. The
case of N countries will be treated in the context of coalition models
(Chapter 14). It is assumed in this chapter that the general payoff functions
((9.1)) as well as the associated properties of these functions (assump-
tions A, in (9.2)) of Chapter 9 apply.

The bargaining model presented in this chapter is due to Endres
(1996a, b). An excellent source of a less technical presentation of the
model, where many institutional details are also discussed, is Endres
(1995). An extension where emission permits are also covered can be found
in Endres and Finus (1998a, 1999). The presentation of this chapter draws
on Endres and Finus (1998b).

11.2  COST-EFFICIENCY OF THE SET OF
INSTRUMENTS

As noted above, we want to contrast an inefficient regulatory instrument
(quota) with a market-based instrument (tax) which develops its full cost-
efficiency potential. Therefore, in the context of a pure public bad type of
pollutant one cannot assume a tax which is differentiated across countries,
but only a uniform tax rate 7 (see, for example, Barrett 1991a; Hoel 1992¢).4
To see this, note that efficiency requires that a given emission ceiling Ze,_ is
achieved with maximal global benefits (minimal opportunity costs of
abatement):

max B,(e,) = B;(¢)) st. e, +¢,=Ze,. (11.1)
€i€j
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From the Kuhn-Tucker conditions we receive (if the constraint is binding):

Bi(e)=Bj(e)
CEA:=1¢,=3¢;, ¢,=0=>p(Ze,) >B;(0)
e,=¢;=2¢,=0=p}(0) and B/(0) (11.2)

as an ‘equilibrium condition’ of a cost-effectiveness analysis, henceforth
abbreviated CEA. Comparing (11.2) with the condition for social optimal-
ity (9.24) reveals that (11.2) is implied by (9.24); however, the opposite does
not hold as long as Je, #X7.

Countries’ industries, facing a uniform tax, solve:

t=Bi(el)if 1=B}(0)
max B,(¢,) —te;={ e =0if t>p;(0)
¢T = emaxif (=0, (11.3)

Consequently, comparing (11.2) and (11.3) it is evident that abatement in

the uniform tax regime is conducted cost-efficiently. If t is chosen such that

each country’s industry adjusts to el =e? where the superscript T stands for

tax regime, a uniform tax is not only cost-efficient but also socially optimal.
In contrast, a uniform quota implies:

Bilei(1=r)#(=)B(es(1 =) (11.4)

in equilibrium where we may recall that e! denotes initial emissions in
country i and re[0, 1] the fraction of emission reduction. (Hence,
eQ=el(1 —r) where the superscript Q stands for quota regime.) Obviously,
the equality holds only for very specific cases, for example, 3,=p, and
el =el because then 3] = B} in equilibrium. Consequently, an emission quota
is generally not cost-efficient.

11.3 THE BARGAINING SETTING

When negotiating on joint abatement, countries’ representatives will base
their proposals on payoff functions as given by (9.1). Basically, there are
many possibilities for solving this bargaining problem. For instance, one
could simply assume a socially optimal emission allocation (see, for
example, Chander and Tulkens 1997), or apply a bargaining concept of
cooperative game theory such as the Nash bargaining solution or the
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Shapley value (see, for example, Barrett 1992b, 1997b; Botteon and Carraro
1997).5 These concepts are well founded in the game theoretical literature,
possess some interesting axiomatic properties and also satisfy some norma-
tive criteria. Among other factors, this explains their frequent applications
in the environmental economics literature.

A prerequisite of most cooperative bargaining concepts is that there is
some cooperative spirit when it comes to choosing an abatement target and
allocating abatement burdens. Additionally, a cooperative spirit is also
required when the agreement is implemented since there is no suprana-
tional authority which could enforce compliance by all parties. Moreover,
these concepts rest on the assumptions of complete information and unlim-
ited transfers. Typically, they also determine a solution in terms of payoffs
and abstract from the problem of how this is institutionally translated.
That is, the choice of the policy instrument is not considered in these con-
cepts. Since IEAs typically specify an abatement target below a Pareto-
efficient level and employ inefficient instruments, this seems to suggest that
some important features of international politics are not captured by those
concepts.

Acknowledging these deficiencies, we propose to consider a two-stage
game in which some of the above-mentioned assumptions are relaxed or
changed. In the first stage — the bargaining stage — the two countries nego-
tiate and agree either on the level of the emission quota or the emission tax.
In the second stage — the implementation stage — the agreement is enforced.
With respect to the particular assumptions the following modifications

apply:

1. Asmentioned in the Introduction to this Chapter, we assume that bar-
gaining partners agree on the lowest common denominator to reflect
the difficulties of agreeing on a joint abatement target.

2. Signatories have an incentive to take a free-ride due to the public good
character of a joint abatement policy. Whereas the status quo is
assumed to be the (unique) Nash equilibrium (NE),” an agreement
implies a deviation from this equilibrium and therefore compliance
cannot be assumed in an ad hoc manner. On the contrary, it has to be
checked whether an agreement can be enforced by credible threat and
punishment strategies. The details of this implementation stage will be
discussed in Chapters 12 and 14. Thus, the bargaining equilibria
derived in this chapter should be viewed as a method to pick some
(plausible) stationary equilibria (such as the auction equilibrium; see
the discussion in Section 10.5) from a larger set. Their dynamic stabil-
ity properties will then be analyzed in subsequent chapters.®

3. The LCD decision rule makes it possible to relax the assumption of
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complete information. Under the quota regime it suffices if each
country knows initial emissions and, of course, its own payoff function
in order to put forward a proposal. This does not seem a very restric-
tive assumption because for most pollutants data on current emissions
are available.’

Under the tax regime, apart from the own payoff function, the
opportunity costs of abatement in the neighboring country must also
be known in order to compute how this country adjusts to a uniform
tax rate. Thus, the information requirement is slightly higher than
under a quota regime. However, under both regimes, it is not necessary;
and in fact in most parts of this chapter (except Section 11.7) we do not
assume that a country knows how environmental damages are evalu-
ated in the neighboring country. It suffices to treat the game as one of
partial information.'® This assumption seems to approximate reality
quite well. On the one hand, there are many empirical studies which
have estimated abatement costs more or less reliably for various pollu-
tants (for example, Fankhauser 1995; Fankhauser and Kverndokk
1996; Kaitala et al. 1991, 1992; Kverndokk 1993; Miler 1989). This
information is therefore accessible. On the other hand, estimates on
damage costs are rare and entail many speculative elements.!!

4.  We rule out transfers. The lack of transfers in most IEAs has already
been discussed in Chapter 8 in the context of issue linkage. Therefore,
our reservation against bargaining solutions which are based on trans-
fers does not have to be justified any further. Consequently, for the tax
regime it is assumed that revenues remain in the country of origin. This
seems to be suggestive because it is unlikely that countries will hand
over their tax sovereignty to an IEA secretariat (Bohm 1994). For the
quota regime we assume that quotas are not tradable because, up to
now, no IEA is in force which allows for trade in reduction levels.

11.4 THE BARGAINING PROPOSALS

Under the quota regime a country’s proposal, r;, is derived from:
m%X Bi(ell(l _V[))_d)[(el(l _r,'))~ (11.5)

That is, the exchange rate of the auction market is set to 1, thatis, p=1 (see
(10.9)). According to the LCD decision rule, the agreed reduction level,
denoted rA, is equal to r, if r, <r, and is equal to r, if r; >r, where r; denotes
a country’s proposal. With respect to Figure 10.3 depicting the offer curves
in the auction market, this implies that one country (in the example
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country 2) suggests an emission reduction below and one country (in the
example country 1) above r(p*) (r(n")) at p=11if el = eV (el =¢?).

We call the country which makes the lowest bid the bottleneck country
(which is in the following denoted country 7). Further, as mentioned above,
we assume that the status quo is represented by the NE, el =eN V i e .12

Under the fax regime a country’s proposal ¢; follows from:

max Bile (1)) — byle (1) +e(1))). (11.6)

where, again, according to the LCD decision rule, we have tA = tif 1, <t,,
tA=t,if t,>1, and t*=1,=1, if both proposals are identical.

The relation e,(¢;) and elt;) is known from (11.3). Since de;/ot,=1/B
(see Appendix VIII.1), the exchange rate defined in terms of emissions is
given by de,/ de; = B}/B;. For quadratic benefit functions this exchange rate
is constant; for benefit functions of higher order the exchange rate is a
function of emissions itself. Thus, each participant with information on
de;/0t, and 8ejlati can compute an optimal uniform tax from its perspec-
tive.

The solution to (11.5) is unique since payoff functions are strictly concave
with respect to a reduction level r,. This has been shown in the proof of
Proposition 10.4 (see Appendix VII.5) where strict concavity has been
established for any positive exchange rate (and hence the case of w=1is
covered as well). It turns out that a sufficient condition to establish strict
concavity of the payoff function in the tax rate is to require that second-
order effects dominate third-order effects (see for details Appendix
VIII.1).13 Therefore, we assume:

A,: B! is sufficiently small. (11.7)

Consequently, the bargaining proposals under both regimes constitute a
unique global maximum from each country’s perspective and the LCD rule
determines a unique bargaining outcome (which might differ from equilib-
rium emissions in some circumstances, as will be demonstrated in
Section 11.5). We now can state our first result with respect to the LCD
decision rule:

Proposition 11.1

Letk; € {r, t,} denote the bargaining proposals of country i derived from
(11.5) and (11.6) under the assumption of partial information where
each country knows that an agreement according to the LCD bargain-
ing rule implies kA =min [k, kj]. Further, let &k} #k, and kjf ikj denote
some arbitrary proposals of countries / and j and assume properties A,
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and A, to hold, then the lowest bid game has an equilibrium in dominant
strategies, that is, m,;(k;, ]) = (k;, k)Viel

Proof: Let &, solve the problem max m, i(e;, (™), e;(k™)), kA =minlk,, k;]

and pick arbitrarily ke K.!* Then 1f k; =k, this 1mp11es m(k;, k) =k},
k/) since k; solves the max1rmzatlon problem stated above However if
k;>kj, then if country 7 proposes k >k’ instead, then bid k; >k’ leaves ;
unehanged and a bid k] <k’ reduces m; by strict concavity. QED

Proposition 11.1 implies that, assuming partial information, the LCD rule
possesses the property that ‘truth-telling’ is a dominant strategy. Hence, it
does not pay a country to make a strategically manipulated bid instead of
its ‘true’ bid in order to bias the final agreement in its favor. This may reduce
the transaction costs of bargaining. Other agreement procedures, such as
agreeing on the arithmetic mean of the proposals or the auctioning equi-
librium of Section 10.3, are generally more vulnerable to strategic behavior
and may constitute neither an equilibrium in dominant strategies nor a
Nash equilibrium. Countries may have an incentive to misrepresent their
preferences in a first step, but also may have an incentive to alter their pro-
posals once offers are disclosed. The result may serve as an additional
explanation for the popularity of the (inefficient) LCD rule in international
politics.

11.5 EQUILIBRIUM EMISSIONS

In the previous section we determined bargaining outcomes r® and t*
according to the LCD rule. Now we are concerned with equilibrium emis-
sions if the agreement is translated into policy. We define:

Definition 11.1: Compliance

Let e}f, k € {Q, T}, denote equilibrium emissions in country j if the agree-
ment is implemented, then the parties comply with the agreement if and
only if ej’.‘S ej(kA). That is, countries may emit less than implied by the
agreement but not more.

Generally, this definition imposes a restriction on countries’ behavior since
they have a free-rider incentive. As pointed out above, compliance will be
checked in Chapters 12 and 14. However, as we show below, there may also
be cases under the tax regime where there is an incentive for a party to do
more than required by the agreement. This may happen if a country (non-
bottleneck country) feels that the LCD decision rule leads to such a low
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abatement target that it is in its interest to overcomply. Since such an action
also exhibits a positive externality on the neighboring country (0,/9e;<0),
this kind of ‘post-adjustment’ is not regarded as a violation of the spirit of
an agreement.

Definition 11.2: Incentive to free-ride and overcomply

LetI:= B]f(ej(kA)) - d)}(Eek(kA)), then a country is said to have an incen-
tive to free-ride if [,>0. A country is expected to reduce emissions
beyond its obligations if 1,<0.

The index L simply reflects a country’s best reply as defined in (9.9) and
where in the (interior) NE [,=0 V jel holds. In both cases, whether a
country adjusts or free-rides, we assume that a country’s action is guided
by its best reply function. In the case of an adjustment, equilibrium emis-
sions are given by ef: = ¢,(k*), ef4: = e (e,(k*)) <e;(k*) and Zef«: = ef +efa
where the superscript a stands for adjustment If no adjustment takes place
and countries comply with their obligations, equilibrium emissions imme-
diately follow from the agreement on kA. That is, eX:=¢(k?*) and ek:=
ej(kA) Free-riding would imply (out-of- equllzbrlum) emissions eIS =
e(e(kh)>e (k*) and eD: =e (e,(k*))>e (k™) respectively where the super-
script D stands for deviation.

Therefore, as a matter of terminology, we distinguish between a bargain-
ing outcome and an equilibrium. Outcome refers to the agreement on k%;
equilibrium emissions or tax and quota equilibrium refer to emissions after
possible adjustments have taken place.

With these definitions we can now state the following result:

Proposition 11.2

Let the bargaining outcome be determined by the LCD decision rule
under partial information and allow countries to overfulfill but not to
violate the terms of the agreement, then there is always a free-rider incen-
tive under a quota agreement, that is, >0V el and A [0, 1], but
never an incentive to overfulfill the terms of the agreement. Under the
tax regime the non-bottleneck country may have an incentive to unilat-
erally reduce emissions below what is implied by the agreement.

Proof: Under the quota regime any agreement implies A>0. This
follows from Appendix VII.5, where it has been shown for the auction
market that offers will be positive for any exchange >0 and under the
quota regime w =1 holds. Since an (interior) NE would imply A =0 and
[=0(recallef=eNVjel), I, =B/(eN(1 - rA)) — di(Ze(1 - rA))>0 for any
FA>0 must therefore hold.
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In contrast, under the tax agreement I,= ’(eT(tA)) d)(EeZ(tA))<0
(recalling that ema"—eT(O)#eN) is p0551ble 1f tA is sufﬁmently small.
Consider payoff funct1ons of countrles 1 and 2 to be given by:

™= b(de1 ;e1> —(e,+ey)?, m,y= boo(dez ;ez) —0O(e,+e,)? (11.8)
and hence the tax proposals of countries 1 and 2 are:

2wbcd(w + 1) 2wbcd(w + 1)
1= , (11.9)
bw? + w2c+2cow + ¢ ®
b6+wzc+2cm+c

=

where 7,=t* (t,=1*) if @>=1/o (@<=1/w) holds. Computing
I,=:Bj(e]) —dbi(ef, e) reveals that I; >0 for /o =0 <o, 1,>0 for /o=
®<(w+ 1)/w and I, <O for (w+ 1)/w<®<oo holds. Moreover I, <0 for
0<O<l(w+1),] >0 for 1/(w+1)<O®=1/w and 1,>0 for 0<®< low.
Consequently, for (oo—i— 1)/ <® <o country 2 adjusts, and for 0<O<
1/(w+1) country 1 adjusts. QED

Since we use the payoff functions in (11.8) in subsequent sections and
also in Chapter 12, we briefly discuss their properties and the assumptions
required in the following. Note that the functions in (11.8) imply B, = 0)[31
and ¢,=0d,. Hence, the parameter w allows us to model differences in
opportunity costs of abatement in the two countries in a simple manner.
The same is true with respect to the parameter ® which allows us to model
differences in the perception of environmental damages. Trivially, ® =1
and o =1 implies symmetric countries.

In Appendix VIII.2 we also derive the bargaining proposals for the quota
regime and provide equilibrium emissions for both regimes and all param-
eter ranges. Also emissions in the Nash equilibrium, social optimum and
minimax emission tuples are provided. In order to ensure interior solutions
it is necessary to impose certain restrictions on the parameters which are
summarized in assumption A, in (A11.5), Appendix VIIL.2, which are
assumed to hold in the remainder.

11.6 EQUILIBRIUM ANALYSIS

We are now prepared to conduct some interesting comparisons. In Sub-
section 11.6.1 we compare equilibrium emissions and welfare levels under
the quota and tax regimes with those in the NE and in the social optimum.
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Subsequently, in Sub-section 11.6.2 we compare emissions and welfare
levels under the two bargaining regimes with each other. Section 11.7 con-
siders the implications of strategic offers if countries can anticipate adjust-
ment because of complete information.

11.6.1 Comparison of Emission and Welfare Levels under the Two
Bargaining Regimes with the Nash Equilibrium and Social
Optimum

The results obtained in Section 11.4 for the bargaining proposals together
with the investigation of possible incentives to overfulfill an agreement in
Section 11.5 allow us to derive some general results:

Proposition 11.3

Let the bargaining outcome be determined according to the LCD deci-
sion rule under partial information and allow countries to overfulfill but
not to violate the terms of the agreement, then global emissions under
the quota and tax regimes are always lower than in the Nash equilibrium,
that is, Zef<Zel, k € {Q, T}. Under the quota regime global emissions
may be below socially optimal levels, that is, ZeQ= <Ze$, whereas under
the tax regime global emissions are at least as high as in the social
optimum, that is, Zel =Xe?.

Proof: See Appendix VIII.3. QED

Proposition 11.3 implies that an agreement improves upon environmen-
tal quality compared to the status quo, but that, generally, aggregate emis-
sions will be above those in the social optimum. The reason is simple:
though the prospect of a joint environmental policy encourages both coun-
tries to agree on more ambitious abatement targets than in the NE, the
institutional setting renders the bargaining solution suboptimal from a
global point of view. Whereas the first institutional restriction LCD deci-
sion rule is binding under both regimes, the second institutional restriction
uniformity of the policy levels is only binding under the quota regime.
Hence, only in those specific cases where the proposals under the tax regime
are equal, that is, 1;=1;, are aggregate emissions under the tax regime
socially optimal. Whereas identical proposals are a sufficient condition to
obtain a socially optimal emission allocation in the two countries under the
tax regime, it is only a necessary condition under the quota regime. Under
a quota regime identical proposals imply only that global welfare is max-
imized given the constraint of a uniform solution (r,=r,&r* =", where r*
solves 2m,). However, as long as marginal abatement costs differ, such an
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agreement is not socially optimal. Though rA=s" is always true,
Sef(1 —r")<Zep may hold, and therefore e <Zep is possible, as shown
in Appendix VIII.3.

Proposition 11.3 has its analogy with respect to aggregate welfare. Since
Proposition 11.4 is basically an immediate implication of Proposition 11.3,
it is not commented on:

Proposition 11.4

In the uniform quota and uniform tax bargaining equilibrium aggregate
welfare is always higher than in the Nash equilibrium but generally lower
than in the social optimum. Under the quota regime equal proposals are
a necessary condition to obtain socially optimal welfare levels whereas
under the tax regime it is a sufficient condition.

Proof: See Appendix VIII.4. QED

Taken together, the results suggest that environmental quality and global
welfare improve under both regimes compared to the NE, though global
emissions are usually above and global welfare below the social optimum
due to institutional restrictions.

From an individual government’s perspective, however, what matters is
not global gains to be realized in an agreement but the welfare implications
for its ‘own’ country.

Proposition 11.5

Under a quota agreement each country gains compared to the Nash
equilibrium, that is, 71Q>mN V i e I, regardless of which country deter-
mines the terms of the agreement. Under a tax agreement the non-bottle-
neck country always gains from an agreement, that is, w1 >x¥; the
bottleneck country may gain or lose compared to the Nash equilibrium,
that is, w] >=ml, though it receives at least an individual rational
payoff, that is, wf =M. If the non-bottleneck country j has an incentive
to reduce emissions unilaterally below what is implied by the agreement
on A, that is, Ij(zA) <0, then [ (eT9) <mN(e") for the bottleneck country
i

Proof: See Appendix VIIL.5. QED

Thus, even though countries may exhibit very asymmetric interests, both
countries gain from a quota agreement in any case. This may not be true
under a tax agreement. At first glance, the fact that the bottleneck country
could lose under a tax regime may seem at odds with the rules of the game:
that the bottleneck country determines the terms of the agreement.
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However, at second glance it is evident that, because a uniform tax rate is
not directly related to emissions in the NE, emission and welfare allocation
might be very asymmetric under a tax regime. There might be no uniform
tax rate for which wf=wV is possible for the bottleneck country.
Interestingly enough, this is even true if country j adjusts. In fact, whenever
adjustment occurs, this implies 7! =¥

Of course, such possible asymmetric allocations of net benefits under the
tax regime might be problematic with respect to the stability of an agree-
ment. This issue is taken up in Chapters 12 and 14.

To summarize all information with respect to the functions in (11.8)
compactly for subsequent chapters, we provide the following corollary:

Corollary 11.1

For the functions in (11.8), assumption A in (VIIL.4), Appendix VIIL.2,
partial information and the LCD decision rule, ® = w =1 implies r, =r, =
rA so that ZeRQ =3¢} and ZnR =373 hold. If @ =w #1, then r;=r,=rA
from which ZeQ =2eQ(r") > e} and ZnQ =27Q(r") <Zm follow. If © #
o, then r; #r,, implying ZeQ>ZeQ(r"), Zep and TwQ<EwQ(r) <Zm}.
® = is a necessary and sufficient condition for a Pareto-efficient bar-
gaining equilibrium under the quota regime.

Under the tax regime © = 1/w implies ¢, =1, = rA from which Ze] = e}
and Em] =2} follow. If © # l/w, then ¢, #¢,, implying Sef >Zep and
Snf<ZEw?. ®=1/w is a necessary and sufficient condition for a Pareto-
efficient and socially optimal equilibrium under the tax regime.

For all parameter constellations 7R >x» and wf >7MViel

Proof: Most parts of the proof are contained in the general proofs of
Propositions 11.3-11.5 (see Appendices VIIL.3, VIII.4 and VIILS5). The
statement with respect to Pareto-efficiency follows from the auction
market in Section 10.4, where it has been shown that at the equilibrium
exchange rate (which implies in the present context equal proposals) the
emission tuple is an element of the Pareto frontier. Since under the tax
regime no adjustment takes place for ®=1/w (bargaining outcome
equals tax equilibrium), Pareto-efficiency follows. QED

11.6.2 Comparison of Emission and Welfare Levels between the Quota
and Tax Regimes

Unfortunately, it is not possible to conduct a comparison of equilibrium
emissions and welfare between the two regimes at such a general level as in
the previous section. However, with the help of the example in (11.8) it is
easily checked that aggregate emissions and aggregate welfare in the quota
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regime may be lower or higher than in the tax regime. Of course, whenever
eQ>Zel holds, EmQ <ZnT must be true because then aggregate emissions
under a tax regime come closer to those in the social optimum and abate-
ment is conducted cost-efficiently. However, if 2eQ<Ze! this general con-
clusion cannot be drawn any more because this may imply 2mQ?>3xT. In
such cases, though reduction is conducted cost-efficiently under a tax
regime (CEA condition (11.2) holds), aggregate emissions under a quota
regime come closer to what is required from cost-benefit considerations
(see CBA condition (9.24)). If ZeQ<<Zel, then the cost-efficiency effect
(CEA effect) may be overcompensated by the cost-benefit effect (CBA
effect) which renders global welfare higher under a quota regime than
under a tax regime. The reason is that in these cases the bottleneck country
finds the conditions under the quota regime more in line with its interests
and therefore accepts higher abatement targets than under a tax regime.!?

Proposition 11.6

Assuming that an agreement is reached according to the LCD decision
rule, global welfare might be higher and global emissions lower in the
quota than in the tax equilibrium.

Proof: The proof follows by example, such as using net benefit functions
in (11.8) and Table VIII.1 in Appendix VIIL.2. QED

To say a little more about the conditions when ZeQR<Zel or IR >ZITT
hold, we consider two cases. Case 1 assumes for the example in (11.8) equal
damage in both countries but allows for different benefit functions, that is,
0 =1 and o # 1. Case 2 considers equal benefits but different damages, that
is,o=1and ® #1.

For both examples we find 2eQ<Ze and nQ>3ZxT if y=b/c is large.
The opposite holds for small values of .16 That is, if abatement is relatively
expensive compared to perceived environmental damage the quota regime
performs better than the tax regime. Of course, the term ‘relatively expen-
sive’ is unspecific and difficult to relate to real world problems. Therefore,
conclusions can be only indicative and must be drawn with caution. With
these restrictions in mind, however, the literature suggests that a problem
where abatement costs are perceived to be rather high compared to possible
damage costs is the greenhouse effect. In contrast, the depletion of the
ozone layer could belong to the second category of low y values because
abatement costs are rather low compared to damage (Barrett 1991b, 1994b;
Nordhaus 1993).

Taken together, the results suggest that in a second-best world with insti-
tutional restrictions a quota may perform better with respect to ecological
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and welfare criteria than a tax regime. In these cases the bottleneck country
finds the conditions under the quota regime more in line with its interests
and therefore accepts higher abatement targets than under a tax regime. Of
course, we have to remind ourselves that this result hinges on the assump-
tion that bargaining equilibria are stable, which is still to be analyzed in
Chapters 12 and 14.

11.7 STRATEGIC PROPOSALS

So far we have assumed that the bottleneck country does not consider the
possible adjustment of the neighboring country when putting forward its
proposal. As long as damage in the neighboring country is not known
(assumption of partial information) the adjustment reaction cannot be
computed. However, if we assume a game of complete information, then
overfulfillment of a country might be anticipated and used strategically by
its neighbor. Of course, a quota regime is immune to strategic offers
because there is no proposal 7,=0 for which Ij(eQ) <0 is true. Under a tax
regime, however, a country performs:

max[mgx [B[(e[(tj)) - d)j(zek(li))]’ mgx [Bi(ei([i)) - d)i(ei(li), ej(ej(t[)))]]
(11.10)

instead of (11.6). The second term in brackets states the optimization
problem of a biased proposal. In this case the strategic mover behaves de
Jacto as a Stackelberg leader and proposes a tax rate, £}, which is lower than
his/her ‘true proposal’, ¢, that is, ;" <t,. The first term in the large square
brackets is the familiar optimization problem of a non-biased proposal as
known from (11.6). Thus, it is evident that it does not always pay to make a
strategic proposal. Obviously, if a country already receives more without a
strategic proposal than as a Stackelberg leader, a strategic offer would be
irrational.!” Moreover, since the adjustment is conducted according to a
country’s reaction function, this may imply an emission allocation which is
less favorable to the strategic mover than the emission allocation under a tax
regime which is based on the ratio of marginal benefits in both countries.

From Section 10.2 it is known that one can only solve for a Stackelberg
equilibrium if either player 1 or 2 is in the lead; however, there is no equi-
librium with two leaders. In the present context this implies that there is
only a ‘strategic equilibrium’ if only one country uses information about
possible overfulfillment strategically. Such an equilibrium has the following
properties:
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Proposition 11.7

A strategic proposal under a tax regime yields higher global emissions
than without strategic considerations and compared to the stage game
Nash equilibrium. Global welfare will be lower than without strategic
considerations. The non-bottleneck country loses from the strategic pro-
posal and its welfare is below that in the Nash equilibrium; however, it is
above the minimax payoff. The bottleneck country will gain from the
strategic bid and its welfare will be above that in the Nash equilibrium.
Under a quota regime strategic proposals will never occur.

Proof: See Appendix VIII.6. QED

The result suggests that, in contrast to many other economic problems,
complete information can have a negative effect in the present context.
Complete information may put players in the position of anticipating pos-
sible overfulfillment and the resulting strategic offer increases emissions
and reduces aggregate welfare; whereas the bargaining outcome under a tax
regime is sensitive to strategic proposals, there will be no strategic moves
under the quota regime.

11.8 SUMMARY

In a second-best world equilibrium emissions under a quota and a tax
agreement were derived, considering possible incentives of countries to
overfulfill treaty obligations. The bargaining setting reflected three institu-
tional restrictions which represent typical features of most historical IEAs
ratified so far:

1. uniform solutions;
2. no transfers; and
3. agreement on the lowest common denominator offer.

In such a setting it was shown that whereas a tax agreement is cost-efficient,
this is generally not true for a quota regime. Nevertheless, the negotiation
outcome under a quota may be superior to a tax regime in three respects:

1. Global emissions may be lower in the quota regime if the conditions
for the bottleneck country are more favorable than under a tax regime,
so that it agrees to a higher abatement target.

2. Global welfare may be higher in the quota regime if the effect described
in 1 (cost-benefit effect) overcompensates the inherent inefficiency of
the quota regime (cost-efficiency effect).
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3. A quotaregime is immune to strategic bids regardless of whether nego-
tiators have complete or only partial information about their oppo-
nents’ payoff functions. In contrast, in a tax regime proposals may be
adjusted downward if negotiators have complete information.

The results may serve as a first indication why within many IEAs reduction
targets are specified as uniform emission reduction quotas though more
efficient instruments are available. In a next step the stability aspects of the
quota and tax equilibrium have to be analyzed; this is done in Chapters 12
and 14.

NOTES

1. Uniform emission quotas are also part of the amendments signed in London (1990) and
in Copenhagen (1992).

2. Also other IEAs which are not concerned with emission reductions often specify
uniform duties for signatories. Examples include the 1972 London Convention on the
Prevention of Marine Pollution by Dumping from Ships and Aircraft, the 1974 Helsinki
Convention on the Protection of the Marine Environment of the Baltic Sea Area
(HELCOM), and the 1973 Washington Convention on International Trade in
Endangered Species of Wild Fauna and Flora. See also Barrett (1992d) and Hoel (1991,
1992a) on ‘uniform regulations’.

3. The focal point as a device to select a particular equilibrium among a larger set has
already been discussed in the context of the assurance game. See Section 3.4.

4. A uniform tax does not imply that taxes are increased either by the same absolute (€) or
by a relative (k) amount compared to the Nash equilibrium. Let taxes which bring about
a Nash equilibrium emission allocation in countries 1 and 2 be denoted by #{¥ and Y
(Bi(eN)=1N), then, 1V +e# 1 +e and 1](1 + k) # 13'(1 +«) will generally be true.

5. Since we do not use these concepts in the following we do not give a detailed description.
Roughly speaking, the Nash bargaining solution allocates the gains from cooperation in
proportion to the threat points of players (Nash 1950b). A frequently made assumption
is that the threat points are the Nash equilibria or the minimax values of the one-shot
game. See, for example, Binmore ef al. (1986) and Owen (1982). The Shapley value dis-
tributes the gains from cooperation according to the average marginal contribution of a
country to the overall welfare gain (see, for example, Moulin 1988; Schotter and
Schwodiauer 1980). All concepts assume that the cooperating players maximize the
aggregate welfare of the participants.

6. Bargaining models in the context of international pollution control are treated, for
instance, in Barrett (1992a, d); Compte and Jehiel (1997); Eyckmans (1997); Kuhl (1987);
Myerson (1997); Richer and Stranlund (1997); Rotillon and Tazdait (1996). General ref-
erences on bargaining models are Binmore and Dasgupta (1987); Canning (1989);
Osborne and Rubinstein (1990); Roth (1979, 1985); Rubinstein (1987); and Stdhler
(1998Db).

7. To render the following analysis interesting, we assume an interior Nash equilibrium
(which is unique by A ) to represent the status quo so that there is an incentive for both
countries to reduce emissions within an agreement. Since e <eM* VY j e I some environ-
mental policy must already be in place at the national level in the status quo.

8. This procedure seems to be suggestive since it turns out in Chapter 12 that, though the
equilibrium set in a supergame framework may be substantially reduced by integrating
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some ‘real world restrictions’ into the analysis, nevertheless in a global emission game a
unique equilibrium can hardly be expected.

Within the Convention on Long-range Transboundary Air Pollution for the agreements
on sulfur dioxide (SO,), (Helsinki 1985, Oslo 1994), nitrogen oxide (NOx) (Sofia 1988)
and VOC (volatile organic compounds) (Geneva 1991) emissions are gathered within
EMEP (Environmental Monitoring and Evaluation Program) which was signed in 1984.
In Article 4.1 the UN Framework Convention on Climate Change also calls on all parties
to publish emission data which are accessible on the internet (http://www.unfcce.de). Of
course, in some cases the reporting is incomplete (Benedick and Pronove 1992).

In a strict sense, we just assume that information on neighbors’ damage costs are not
used when deriving a proposal. We do not model incomplete information in a game theo-
retical sense, that is, putting priors on countries’ expectations about their neighbors’
damage costs. Since it will turn out that introducing the more restrictive assumption of
‘complete information’ may lead parties to put forward biased proposals, this possibil-
ity is also considered in Section 11.7.

This problem of insufficient information about damage costs has led in the national
context to Baumol and Oates’s standard-price approach as a pragmatic modification of
a first-best Pigouvian tax (Baumol and Oates 1971). The problems associated with the
measurement of damage are discussed in Endres and Holm-Miiller (1998); Garrod and
Willis (1999); Johansson (1990); Willis et al. (1999).

The possibility of ef = ema* is discussed in Endres and Finus (1999).

For an analogous assumption, see Marino (1988).

Thus, strictly speaking, in (11.5) and (11.6) the agreement procedure k* =min[k,, kj]
should have already been incorporated for a complete description of the maximization
problems. However, as Proposition 11.1 demonstrates, this would not change equilib-
rium behavior.

This result is confirmed by using other initial emission levels as the starting point and
other functional forms of the net benefit functions. In particular, it also holds for the
functions assumed in Chapter 14 on coalition formation.

A detailed derivation is available upon request.

It is also possible that both countries receive more than in a strategic equilibrium. For
instance, if countries are symmetric and settle for a socially optimal tax, a strategic pro-
posal would be to the disadvantage of both.



12. Infinite dynamic games with
continuous strategy space

12.1 INTRODUCTION

In this chapter we analyze the global emission game characterized in
Chapter 9 in the context of an infinite time horizon.! As argued in the intro-
duction to Chapter 5, a supergame framework seems adequate for most
IEAs due to the open-ended character of such agreements. In this chapter
attention will be restricted to two countries only. Extensions to more than
two countries are considered in Chapter 14.

Apart from characterizing the set of subgame-perfect equilibria (SPE),
weakly and strongly renegotiation-proof equilibria (WRPE and SRPE)
and strongly subgame-perfect equilibria (SSPE) in the global emission
game, attention will be given to the stability of the quota and tax bargain-
ing equilibria derived in Chapter 11 and the auction equilibrium derived in
Chapter 10.2 Thereby, we assume throughout this chapter that strategic
proposals under the tax regime and during the auction process are absent
if not explicitly mentioned.

The properties of subgame-perfect equilibria will only be discussed when
a comparison to the other equilibrium concepts is immediately possible
(8, =1 Viel) due to the conceptual inferiority of this concept.

The structure of this chapter is similar to that of Chapter 7; that is, first
discount factors close to 1 are assumed (Section 12.2) and then the analy-
sis is extended to discount factors strictly smaller than 1 (Section 12.3).
Particular attention will be paid to restricted punishment profiles due to
various ‘real world restrictions’ (Sub-sections 12.2.4 and 12.3.4).

12.2  DISCOUNT FACTORS CLOSETO 1

12.2.1 Subgame-perfect Equilibria
According to Folk Theorem IV (Theorem 5.4, Chapter 5) all payoff tuples
which are individually rational can be backed as an SPE if discount factors

of all players are close to 1. Thus, any check for stability is straightforward

194
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since any payoff tuple has only to be measured against the benchmark
minimax payoff. This allows us to draw rather general conclusions with
respect to the stability of the quota and tax equilibrium, the auction equi-
librium and the social optimum:

Proposition 12.1

Let the stage game of the global emission game be described by the
general payoff functions (9.1), assumptions A, hold, and the strategy
space be given by E,=[0, em#X], N <eMa* V j eI, then the quota, tax and
auction equilibrium (as derived in Chapters 10 and 11) can be sustained
by subgame-perfect strategies provided discount factors of all players are
sufficiently close to 1. Under the tax regime this holds regardless of
whether adjustment is anticipated.

Proof: Follows from Propositions 10.4, 11.5, 11.7 and applying Theorem
5.4. QED

In contrast, payoffs in the social optimum may be very unevenly distrib-
uted if countries are asymmetric, and this may violate the individual ration-
ality constraint (see Proposition 9.2). Hence, socially optimal emission
tuples may even not be sustainable in an infinitely repeated game using SPE
punishment strategies.

12.2.2 Weakly and Strongly Renegotiation-proof Equilibria

Preliminaries

As we know from Chapter 7, there is no simple benchmark to check for a
WRPE or an SRPE. Only for particular payoff functions can the renegotiation-
proof payoff space be determined. Therefore, the following analysis is based on
the familiar payoff functions in Chapter 11, equation (11.8). Weakly renegoti-
ation-proof conditions C, and C, in the payoff space are derived, proceeding
as in Chapter 7. Additionally, these WRPE conditions are illustrated in the
two-dimensional strategy space. It will be investigated whether the WRPE con-
ditions are binding compared to the SPE conditions (as in the extended PD
game V, Chapter 7) or not (as in the ordinary PD game, Chapter 7).

Derivation of the weakly renegotiation-proof conditions
The WRPE conditions (7.5) and (7.7) for discount factors close to 1 (but 3,
<1!) read in the context of the global emission game:

(e, )= (e, (e]’:), e]’f) (12.1)
' VieN.
q-r]’.‘(el., e)= w}‘(e;’, e]lﬁ) (12.2)
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Assume for a start that country 1 is the potential defector; then, using
payoff functions (11.8), these conditions can be written as:

. 1 ¢
) =b(de,(eh) —Eel(eé)z) _5(31(69 +el)? (12.3)
1
w5 =bw(del — eb) —%@(e{ +ely? (12.4)

where ¢, (e}) is country 1’s best deviation according to its reaction function.
For (11.8) e,(e})=(bd — ce})/(b + ¢) which may be substituted into (12.3).
Then:

«_b(bd? — cel? — 2cde)

= 12.
™ 2(b+¢) (12.5)
Since amR/de] <0, we set e} =0 in (12.3) to have:
* 1 1 12 c 12
™, =bw dez—ie2 —§®e2 . (12.6)

That is, (12.4) is ‘most easily satisfied” for e} =0 which allows us to deter-
mine the outer boundaries of the WRPE payoff space.? This assumption
basically implies that country 1 accepts the harshest possible punishment
in the game. Modification of this assumption will be treated in Sub-
section 12.2.4.

Solving (12.4) for e} gives:

{dbw —Vd?h2w? = 2m(bw + ¢®) dbo +\V d*h2w? — 2m5(bw + c@)}

1
eje

bw + O ’ bw+ O
(12.7)

First note that the root is always positive if 75 =y which obviously holds
by the definition of the upper bound of the payoff space.* Second, note that
e} should be chosen as big as possible because dmw{/de} <0. However, e} is
restricted by the definition of the strategy space to e} €[0, d] (see A, in
(VIIL.4) in Appendix VIII.2). Whether the RHS expression in (12.7) or d is
larger depends on the specific parameter values. Thus, we take e} to be:

N { dbo +V d*h2w? — 2m5(bw — c@)}
el=min 14, .

12.8
bow + cO (12.8)
Assume, first, that the second term in (12.8) is larger than the first term and
hence e} =d. Substituting this into (12.5) gives the first condition for stabil-
ity, L:
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bd*(b — 3c¢)
Li=m=—_—_—""
T
Of course, L, is nothing other than requiring payoffs to be above the
minimax payoff which is the condition for subgame-perfection.>

Now consider the second possibility, that the second term in (12.8) is
smaller than d. Inserting the second expression in (12.8) into (12.5) gives:

( b c(bdow + VA 2cd(bdo + \/K))
(bo + c®)? (bo + cO)

o=, (12.9)

pp— *Z

T

A:=h2d%w? — 2w(bw — cO). (12.10)

Obviously, it is not sufficient to show that country 2 can credibly punish
country 1; it is also necessary to formulate the conditions in the opposite
case. Since the computations are basically the same as outlined above, only
the final result is presented:

. bwd*(bo — 3c0)
-\ T

T >aM .
L=, 2(bo + c®) &, > ) (12.11)
. bw , cO(bd+ By 2cdO(bdw +\/B)
Co=my=—— |bod?— -
2(bw + ¢O) (b +c)? (b+c)
B:=h2d2—2m}(b—c) (12.12)

Thus taken together, only if L, L,, C, and C, hold simultaneously is a
payoff tuple 7" = (], ;) a WRPE.

Ilustration of the weakly and strongly renegotiation-proof payoff space
Figure 12.1 depicts all four WRPE conditions. Whereas the SPE payoff
space (for 8, —1 V i eI), IISPE, comprises the entire area lying within the
boundaries L, and L, and below the Pareto frontier (light and dark shaded
areas), the WRPE payoff space, [IWRPE, only includes the area below the C,
and above the C, curve (light shaded area). The reason is the following.
Payoff tuples lying in the dark shaded regions imply for one country a rel-
atively high payoff and for the other country a relatively low payoff.
Consequently, the low payoff country has a high free-rider incentive. To
deter such a country from deviating requires a severe punishment in the
form of high emissions. Since the punisher already receives a high payoffin
the cooperative phase, it is difficult (or impossible in the dark shaded areas)
to secure at least his/her cooperative payoff during the punishment.

Thus, for the example depicted in Figure 12.1 the set of WRPE payoffs
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Note: Payoff functions (11.8) apply; b=2, c=1,d=10 and ® = =1 are assumed.

Figure 12.1 Subgame-perfect, weakly and strongly renegotiation-proof
payoff space

is a true subset of the set of SPE payoffs, that is, [IWRPE D [TSPE. However,
it is easily checked that for other parameter values this must not be true.
That is, the C, curve may run above and the C, curve below the boundar-
ies defined by L,, L, and the Pareto frontier. For instance, increasing the
parameter value of b from b =2 to, say, b =5 and keeping constant the other
parameter values assumed in Figure 12.1 would be such a case.

All payoff tuples lying on the Pareto frontier between m%; and wW> in
Figure 12.1 are SRPE by Theorem 7.8. Depending on the parameter values,
the set of SRPE payoffs may or may not be a true subset of the Pareto fron-
tier, that is, [ISRPE O P(ITIR) or [ISRPE 5 P(IIIR),

Type A and B games

Though for the emission game conditions C, and C, are sometimes more
restrictive than the minimax conditions L, and L,, they are never restrictive
with respect to the whole domain of individually rational payoff space. We
call this a type B game (see Figure 12.2b). In contrast, in type A games the
C, and C, curves are completely contained in the individually rational
payoff space (irrespective of the parameter values, see Figure 12.2a). The
distinguishing feature between types A and B is that in a type A game a
player minimaxing his/her opponent can only receive less or at best his/her
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Figure 12.2 Weakly renegotiation-proof payoff space of type A and B
games

own minimax payoff (wM(i)STr}V[U)), whereas in a type B game s/he may
receive more (Tr}\’[(i)s, >1T]M(j)). Thus, in a game of type A punishment is
always costly, but in a game of type B this depends on the specific circum-
stances (in the emission game on the particular parameter values; see also
the discussion of Folk Theorem III, Section 5.2).

Proposition 12.1

In an infinitely repeated two-player game of type A, that is, in a game in
which the renegotiation-proof conditions C, and C, are more restrictive
than the minimax conditions with respect to the entire individually ratio-
nal payoff space, minimaxing a fellow player implies that the punisher
will receive less or at best his/her own minimax payoff.

Proof: Assume a type A game and a payoff tuple w8 in the payoff space
for which w8 ==M and w8 >w) is true (see Figure 12.2a). In order for
such a payoff tuple to be renegotiation-proof it must satisfy (12.1) and
(12.2) V iel. Since m{=7M must hold by individual rationality,
w=mB=xM follows. This implies that player 1 must be minimaxed
during his/her punishment (even if s/he shows repentance and accepts
the punishment). In order to satisfy condition (12.2), however, player 2
must receive at least his/her cooperative payoff, that is, mRk==B. If,
however, the punishment of player 1 implies 7} =7} <«B (by assump-
tion of a type A game), payoff tuple mB cannot be renegotiation-proof
since condition (12.2) is violated. Since this holds for any point along line
L, and, by symmetry, also along line L,, no point along both lines can be
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renegotiation-proof. In other words, C, and C, must lie completely
within the individually rational payoff space. QED

Examples of type A games include the extended PD game V in
Matrix 7.1 (see Figure 7.1). Other instances are Cournot and Bertrand
duopoly, where the firm which is up to minimax its opponent must choose
such a high (low) output (price) that its own payoff shrinks to zero, the
minimax payoffs of these games.

In contrast, in a type B game punishment is not so costly. For instance,
for the payoff functions (11.8) of the global emission game we have e} =0
and e} =d 7Rk =(d*(bo — ¢0®))2==} if y=0/3w which holds by assump-
tions A, in (VII1.4), Appendix VIII.2.

Illustration of the weakly and strongly renegotiation-proof emission space
Sometimes it is convenient to display conditions C,, C,, L, and L, in the
strategy space instead of the payoff space. Conditions L, and L, then become
the indifference curves IM and I}! which are well-known from Chapter 9. To
derive conditions C, and C, in the strategy space, one has to substitute the
payoff functions of (11.8) for w} and =5 in (12.10) and (12.12). Then C, and
C, become implicit functions in the e,—e, space. These are plotted in Figure
12.3, which assumes the same parameter values as in Figure 12.1.

2 4 6 8§ 10 e

Note: Payoff functions (11.8) apply; b=2, c=1,d=10 and ® = =1 are assumed.

Figure 12.3 Subgame-perfect, weakly and strongly renegotiation-proof
emission space
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Again, the dark shaded regions comprise subgame-perfect emission
tuples which are not weakly renegotiation-proof. Only emission tuples in
the light shaded regions are WRRE. Payoff tuples w%; and wW, of
Figure 12.1 have their analogy in the emission space which are the emission
tuples denoted by ¢W; and eW; respectively. Thus, emission tuples along the
segment between eV and eV, on the Pareto frontier are SRPE.

Stability of the social optimum, the quota, tax and auction equilibrium

The example displayed in Figures 12.1 and 12.3 assumes symmetric param-
eter values (that is, ® = = 1), implying that the quota and the tax bargain-
ing equilibrium as well as the auction equilibrium coincide with the social
optimum, that is, WS =mQ=nT=7A and eS=eQ=c¢T=¢". Hence, trivially,
for this symmetric case all payoff tuples are weakly and strongly renegotia-
tion-proof. For the more general case, considering also the possibility of
asymmetric payoff, we find:

Proposition 12.2

Let the stage game of the infinitely repeated emission game be described
by payoff functions (11.8), let assumptions A, in (VIIL.4) hold and let
8,— 1V iel, then the quota and tax equilibrium are weakly renegotia-
tion-proof. Under the quota regime ® = w and under the tax regime © =
l/o (implying equal proposals) are necessary and sufficient conditions
that the bargaining equilibria are strongly renegotiation-proof. The
auction equilibrium, where the exchange rate is defined in terms of emis-
sion reductions from the stage game Nash equilibrium, that is, e! =e¥ V
i e, is always a strongly renegotiation-proof equilibrium.

Proof: The first part of Proposition 12.1 is proved by computing net ben-
efits in the quota and tax equilibrium for all possible parameter constel-
lations using emissions from Table VIII.1, Appendix VIII.2. For each
parameter range it has to be checked whether C,, C,, L, and L, derived
above hold, using assumptions A . Since the proof requires a substantial
amount of computation, it is not reproduced here; however, it may be
obtained upon request.

The second part of Proposition 12.2 simply follows from the fact that
the quota and tax equilibria must lie on the Pareto frontier to qualify as
potential SRPE candidates. This is the case for ®=w and @ =1/w
respectively (see Corollary 11.1). Since the above-mentioned proof holds
for all parameter constellations, it therefore also covers @ =w and O =
lw.

The third part of the statement is an implication of Proposition
12.4 below, which claims that the auction equilibrium is a strongly
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subgame-perfect equilibrium if initial emissions are those in the Nash
equilibrium (NE) and IISRPE D TISSPE by definition. QED

The statement with respect to the auction equilibrium cannot be
extended to cover the general case of el = e/ since an explicit derivation of
w# is only possible assuming specific parameter values, but not at a general
level (that is, for payoff function (11.8)). Though wA=xM V i eI is known
from Proposition 10.4 and hence conditions L, and L, are satisfied, infor-
mation about whether conditions C, and C, hold as well cannot be
obtained at a general level. In contrast, as the proof of Proposition 12.4
shows, C, and C, can be satisfied for w; =¥ V i € I and strongly subgame-
perfect punishments. Therefore, since for el=eV mwA=nN V iel by
Proposition 10.4 and since it is known that the auction equilibrium is
located on the Pareto frontier, the auction equilibrium is an SSPE and con-
sequently an SRPE as well.

Since the social optimum may fail to be an SPE, it is clear that it cannot
always be a WRPE. Of course, whenever it is a WRPE it is automatically
an SRPE as well since the socially optimal payoff tuple is always an element
on the Pareto frontier. From the previous discussion it should be evident
that the more symmetric payoffs are, the higher is the probability that the
social optimum is an SRPE.

12.2.3 Strongly Subgame-perfect Equilibria

From Chapters 6 and 7 it is known that a distinguishing feature of strongly
subgame-perfect equilibria (SSPE) are Pareto-efficient punishments (apart
from Pareto-efficient strategies during the cooperative phase). Hence, it has to
be clarified what this means for the derivation of conditions C, and C, above.
Basically, there are an infinite number of emission tuples which are Pareto-
efficient. However, from Sub-section 12.2.2 it is known that to determine the
outer boundaries of the payoff space, one should choose the punishment
emission level as high as possible (subject of course to inequality (12.2)) and
the repentance emission level as small as possible. Assuming country 1 to be
the potential defector, this implies, as previously, e} =0 and an efficient pun-
ishment e} follows immediately from max ,(0,e}) which delivers the maximax
payoff to country 2, w¥. Hence, wy =R} where the subscript in brackets
indicates the punished player.5 Then, inserting e} into the best reply of
country 1, e (el), allows us to derive w¢. For the functions in (11.8) we have:’

b2 d?w? b2d?(b20w? + 2bcw® — 3bcow? — 2¢2w® + 2032)

R(1) — mC=
! 2(b + ¢)(bo + cO)

T T (b + @)

(12.13)
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A similar procedure delivers:

RE) p’d*> . b*d*o(b*» + 2bco — 3bc® — 2620 + Pw)
mR@ = = :

F ey ™ 2(b + )(bo + ¢O)

(12.14)

Thus, we have determined all components of the inequality system (12.1)
and (12.2) and may summarize this as follows:

SSPE:S;:mf=m =mR@ =7V S, nf =m)=nkD=xTandS;: =] e P(II'R)
(12.15)

where the respective payoffs are those given in (12.13) and (12.14) and
where condition S, ensures that the payoff tuple in the cooperative phase is
Pareto-efficient. That is, all payoff tuples which simultaneously satisfy con-
ditions S; and S, are SSPE. Of course, in the present game the upper bound
is not a binding constraint, so one may write only S;: w{=m and
S,: w§ = for short.

In Figures 12.1 and 12.3 all points between points A and B satisfy the
SSPE conditions. From the graphs it is evident that in the global emission
game the set of SSPE is a true subset of the SRPE. Recall that for the exam-
ples in Chapter 7 this was different, namely the set of SSPE payoff tuples
coincided with the SRPE payoft set. This finding for the emission game
holds not only for the specific parameter values underlying Figures 12.1
and 12.3 but is in general true for the functions in (11.8).

Proposition 12.3

In the infinitely repeated global emission game where the stage game is
defined by the functions in (11.8), and conditions A; in (VIIL4),
Appendix VIII.2, hold, TISRPE DTJSSPE,

Proof: The proof is obvious. Comparing the punishment emission levels,
e}, in (12.8) with e} as given in note 7 we find that the latter is smaller than
the former. Recalling that 9mw{/de} <0 and that w$ is country 1’s lower
bound for stable equilibria, then the claim is proved from country 1’s per-
spective. A similar procedure would show that the same holds from
country 2’s perspective. QED

Note also the following interesting properties:
Proposition 12.4

Let the stage game payoff function of the infinitely repeated emission
game be given by (11.8), assumptions A, in (VIIL.4) hold and let 3, — 1
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V i €1, then equal proposals are a necessary and sufficient condition that
the bargaining equilibria under the quota and tax regimes are strongly
subgame-perfect equilibria. The auction equilibrium, where the
exchange rate is based on emission reductions from the stage game Nash
equilibrium, is always a strongly subgame-perfect equilibrium.

Proof: The first part of the statement is proved by computing net bene-
fits under the quota and tax regimes, using emission levels of
Table VIIL.1, Appendix VIII.2. Then it is shown that w¥>mQ>=¢ and
mV>nT>xC Viel{l, 2} holds for ® = (quota regime) and © = l/w
(tax regime) which are the conditions for Pareto efficiency (and which
imply equal proposals by both countries; see corollary 11.1) by using A,
in (VIIL4), Appendix VIIL2, and where w¢ and ! are those bounds
given in (12.13) and (12.14).

The second part of the statement is proved by noting that for the
payoff functions in (11.8) w{=m{ and w§$=m) hold for all parameter
values and that the auction equilibrium constitutes a Pareto optimum for
which mA=7NV i el is true provided e' = ¢ holds by Proposition 10.4.
QED

Thus, Proposition 12.4 strengthens the second part of Proposition 12.3,
namely that equal proposals under the quota and tax regimes are not only
a sufficient condition for an SRPE but also for an SSPE. Also the auction
equilibrium is not only an SRPE but at the same time an SSPE as well.
However, since equal proposals under quota and tax regimes are the excep-
tion rather than the rule, the quota and tax equilibria are generally only a
WRPE and not an SRPE/SSPE.?

12.2.4 Restrictions of the Punishment Space

From the previous sub-section it became evident that requiring punish-
ments to be efficient reduces the payoff space of stable equilibria. More gen-
erally, any restriction of the punishment options will reduce the possibility
of backing a payoff tuple by credible strategies. This is particularly true for
asymmetric payoff tuples. In reality one might expect that agents would be
less concerned about efficient punishments, though other restrictions may

apply.

Restrictions on the side of the punisher

For instance, the upper bound of the punishment may be restricted. Reasons
for this could be that once countries have reduced emissions it is difficult to
increase them beyond a certain threshold. Abatement technology may have
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been implemented during the cooperative phase which is associated with
sunk costs, so that punishment is limited.

For example, restricting the punishment to e = ¢V, then TM =1} (see
Section 9.5) and hence [ISPE= {x| e [IS’E |’ =nN V i e I}. Similarly for a
WRPE a necessary condition is (e, e;) =m(e;(e)),e) =m(e(e)), e)) =
wC(el, eV)=m]if ema*= e/, That is, only emission tuples within the Nash
lens qualify as potential WRPE. This requires a relatively symmetric distri-
bution of abatement burdens. Apart from the social optimum, we know
from Chapter 11 that the tax equilibrium may also not satisfy this condi-
tion, that is, wf <w¥ may hold. In contrast, the quota equilibrium always
takes this hurdle and therefore has a higher chance of being realized within
an IEA. More concretely:

Proposition 12.5

Restricting the strategy space of the stage game defined by the payoff
functions in (11.8) and assumptions A, in (VIIL.4) to E,=[0, eM] Viel,
the quota equilibrium can always be sustained by weakly renegotiation-
proof strategies in an infinitely repeated game provided 8, -1 V iel,
whereas the tax equilibrium and the social optimum may fail to be stable.
If post-adjustment takes place after countries have agreed on a tax rate
according to the LCD decision rule, the tax equilibrium is not stable,
regardless of whether a country makes a strategic proposal.

Proof: The first part of the proposition with respect to the quota regime
is proved in the spirit of the proof of Proposition 12.2. The second part
of the proposition follows from Propositions 9.2, 11.5 and 11.7 and the
necessary condition w; =7 as noted above. QED’

Restricting the upper bound of punishment further makes it increasingly
difficult to back agreements that call for substantial emission reductions
compared to the NE. In particular, viewing the negotiation process of an
agreement and subsequent modifications as a dynamic process (for
example, in the spirit of sequential strategic matching; see Section 10.6),
one can imagine that governments would gradually agree to increase their
abatement efforts over time. Thus, aggregate and country-specific emissions
would steadily decline along the emission path.

Now, consider again the possibility that emissions can only be increased
by some percentages compared to the cooperative phase; then severe pun-
ishments would become increasingly difficult along the emission path.
Since, as a tendency, lower (cooperative) emission levels imply a higher free-
rider incentive to the parties involved, an abatement level may be reached
above which no further reductions are possible. Put differently, one may
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view this adjustment process as a path leading to a steady-state WRPE. Of
course, strictly speaking, this (gradual adjustment) interpretation is no
longer covered by our simple model, but the features described may very
well apply in reality.!°

Another reason why punishment might be restricted is international law.
According to international law any misconduct by a country should only
be punished in relation to the severity of the deviation. Though relative pro-
portional punishment, or reciprocal punishment as it might be called, is a
vague term and difficult to operationalize, it implies (provided governments
accept this rule of conduct) that small deviations must be punished less
severely than greater deviations.!! This requires the formulation of sophis-
ticated punishment profiles which are not simple in the sense of Abreu any
longer.

In (12.16) an attempt has been made to operationalize the idea of rela-
tive punishment (see rule 1 in (12.16)) and the steady-state argument (see
rule 2 in (12.16)) presented above in a simple manner, which is illustrated
with the help of Figure 12.4. For the punishment the following relation has
been assumed:

(1) e} —e;=Ix(ee)—¢;) |<:>ej’f =Ix(e(e;)—¢;)l+e; and (2) e]’f =(1+8&e;
(12.16)

Rule I The punisher jis allowed to increase his/her emissions proportion-
ally to the deviation by player i where x =0 is a parameter. Taking into
account that, for emission tuples exceeding emissions in the NE, countries
have an incentive to reduce emissions below ¢, and hence ¢(¢;) —¢;<0, the

(@) e (b) e
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Note: Payoff functions (11.8) apply; b=2, ¢c=1,d=10, ®=w =1 are assumed. The left
graph assumes x =1 and £=0.2, the right graph x=0.8 and £=0.05.

Figure 12.4 Weakly renegotiation-proof emission space for reciprocal and
restricted punishments
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absolute deviation in the formula above is considered.!? The higher ¥, the
easier it is to punish a country by choosing a high emission level. x =1
implies that the punisher is allowed to increase its emission by the same
amount as the deviation and therefore is compatible with the notion of
reciprocal punishment. The weak inequality sign reflects the expectation
that if it is in the interest of the punisher not to use the harshest permissible
punishment (there is slack of enforcement power), s/he may choose a
weaker punishment.

An interesting property of the punishment rule in (1) is apparent from
the alternative formulation on the RHS of the arrow in (12.16), indicating
that the punishment level, ej’f , 1s a function of the cooperative phase emis-
sion level, e. Thus parts of the idea which have led to rule (2) are already
reflected in rule (1).

Rule2 The second restriction reflects the assumption that the punishment
cannot exceed a certain level of the cooperative emission level where £=0
is a parameter. For instance, £ =0.1 implies that emissions during the pun-
ishment cannot be increased by more than 10 percent.

General remarks 1In contrast to Sub-section 12.2.2 it is not possible to
solve inequality (12.2) for the punishment emission level ¢/ and to substi-
tute this in the inequality (12.1) of country i which gets punished to derive
conditions C; and L. Now inequalities (12.1) and (12.2) have to be
expressed separately. Due to the inequality sign in (12.16), one cannot plot
these inequalities only for a particular x and & but must take into account
that these values only define the highest permissible punishment; however,
lower punishments are always possible. Thus, to satisfy condition (1) in
(12.16) one searches for the set of emission tuples which satisfy (12.1) and
(12.2) for any e} e|o0, X(ei(ej) —e;)]. By the same token, to satisfy condition
(2) the envelope of the restrictions (12.1) and (12.2) for any e]’f e|o0,
(1+&)-¢] has to be determined. Technically, this requires an algorithm
searching sequentially for all stable emission tuples in the above-mentioned
domain of the punishment space.

Results  Apart from the same (and symmetric) parameters of the previous
figures (b=2,c¢=1,d=10,0=w=1), x=1 and £=0.2 have been assumed
in Figure 12.4(a) and x =0.8 and £=0.05 in Figure 12.4(b). Condition (2)
is reflected in Figure 12.4 by curve A, for country 1 and by curve A, for
country 2 where, as pointed out above, A, is the envelope of inequalities
(12.1) and (12.2) if country 1 is the potential defector and A, if this is
country 2. Hence, emission tuples in the interior of A, and A, satisfy con-
dition (2) in (12.16).

From the figures it is evident that only emissions tuples which are in the
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vicinity of the reaction functions, r, and r,, can be sustained by WRPE
strategies. The more distant emission tuples are from the reaction function,
the higher is the free-rider incentive, which is difficult to neutralize if the
upper bound of the punishment is restricted. In particular, for emission
tuples which imply relatively small emissions, e, the ceiling ej’ﬁ =(1+§) ¢
becomes a limiting factor. In the examples ¢B is that emission tuple with the
lowest aggregate emissions which is still a WRPE. Obviously, in both cases
SeP>3e?, so that €5 would not be stable.

Condition (1) is reflected by curves B, and B,. All emission tuples above
the B, and B, lines in the lower left-hand corner of the graph and all emis-
sion tuples to the right of the B, and to the left of the B, curves in the other
two corners of the graph satisfy inequalities (12.1) and (12.2) subject to
condition (1). Obviously, reciprocal punishment does not allow the backing
of asymmetric emission tuples and emission tuples implying low emissions.

Thus, taken together, curves B, and B, further restrict the area enclosed
by A, and A,. The shaded areas remain as the WRPE emission space
subject to the two restrictions in (12.16).

Since in Figure 12.4(b) more restrictive assumptions have been made
regarding the punishment options compared to Figure 12.4(a), the WRPE
emission tuple with the lowest aggregate emissions, eB, moves closer to the
NE, ¢, and the entire WRPE emission space shrinks.

Though we have not drawn the Pareto frontier in Figure 12.4 in order to
avoid confusion, it is easily checked that in Figures 12.4(a) and (b) the set
of SRPE and SSPE is empty.

Restrictions on the side of the punished player
Another important restriction which may apply in reality concerns the
lower bound of the repentance emission level. When deriving the WRPE
conditions we assumed e!=0, that is, the country which gets punished
accepts the harshest possible punishment in order to resume cooperation.
Though from a technical point of view this assumption allows us to deter-
mine the outer boundaries of the WRPE space with respect to the entire
domain of the emission space, that is, e; € [0, d], in reality a country may
not be able to reduce its emissions so drastically. Though a country may
have good intentions (and an incentive) to show repentance, it may be
expected that at a given time and for a given abatement technology only
modest emission reductions below the cooperative level are technically fea-
sible. In particular, it should be expected that the lower the cooperative
emission level is already, the more difficult it gets to show repentance by
reducing emissions further. Similar to the argument presented in the
context of the upper bound of the punishment level, a steady-state equilib-
rium may be reached where no further reductions can be stabilized.

In Figure 12.5 the effect of such a restriction on the lower bound of the
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Note: Payoff functions (11.8) apply; b=2, c=1, d=10 and ® = =1 are assumed.

Figure 12.5 Weakly renegotiation-proof emission space for restricted
repentance strategies

repentance emission level is illustrated. To keep things simple, the lower
bound has been fixed, independent of the cooperative emission level. C,
and C, are the WRPE conditions without restriction, that is, ¢; € [0, d], C{V
and C{V assume ¢, €[1, d] and C(® and C{? are drawn based on ¢, € [2, d].
From Figure 12.5 it is evident that the WRPE emission space decreases
with an increase of the lower bound. In particular, asymmetric emission
tuples, which also imply an asymmetric distribution of payoffs, are increas-
ingly difficult to sustain as a WRPE.!3 The higher the lower bound of the
repentance emission level, the more difficult it gets for the punisher to
receive at least his/her cooperative payoff during the punishment (inequal-
ity (12.2)).

From Figure 12.5 it is also evident that because the C, and C, curves move
inward with an increase of the lower bound of the repentance emission level,
the set of SRPE (all points between A and B) also becomes smaller. The
same holds true for SSPE where points A and B move inward with the new
boundaries AV and B if e, [1, d] and A® and B® if e, e[2, d].

Summing up, in reality many restrictions on the strategy space may apply
which render the solution space in which stable agreements must lie much
smaller than ‘pure’ theory would suggest. As a tendency, neither asymmet-
ric solutions nor solutions which call for a substantial emission reduction
compared to the NE are then sustainable, even in a supergame framework.



210 Game theory and international environmental cooperation
12.3 DISCOUNT FACTORS SMALLER THAN 1

12.3.1 Derivation of the Minimum Discount Factor Requirement for
Weakly and Strongly Renegotiation-proof Equilibria

From Chapter 7 it is known that for discount factors smaller than 1 three
inequalities must be satisfied simultaneously, which are reproduced in the
context of the global emission game:

mr(el e, e, )= wic(ei(e}), el (12.17)
(e, e)=(1-3)mP(e,(¢), e) +d,m[ (e}, el e, ¢)) (12.18)
wjf‘(ei, )= ’ITJR(é’,-i> e]’:) (12.19)
V i eI where:
P = (1 -8} )mR(e), e) + 8 mi(e, e,). (12.20)

Our objective is to determine the smallest 8, which is able to sustain the
emlssmn tuplee=(e, e ) in the cooperative phase In a first step assume that
= (e/, e’) is given. It follows from (12.18) that P should be minimized,
which 18 equwalent to minimizing &!; according to (12 20). Solving (12.17),
using (12.20), gives:

TI'C - ’Tl'
(1-8)mR+8tm =anCeadl =L —Lif w'#ak  (12.21)
Tri o Trz
Hence, the optimal punishment time, 77", i
i —mR 7 —aR
. log<rn7‘ — 'rrR> . log(ﬂ% — qTR)
=T B 12.22
! log 8, ApPIOx-+1; log 3; ( )

To simplify things in the computation below, (12.22) is considered without
the integer requirement.

Since 8’;?5 8, holds because of 5,<1 and /F=1:

C_ R
Cp=p="1 "0 (12.23)
= !
is a necessary condition for 3,.
With /P =¢P*(approx.) it follows from (12.17) and (12.20) that =wF ==¢.
Substituting this into (12.18) leads to the second renegotiation-proof
requirement, CB:
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D —

(1-8)mP +3mC=m' e CB: =5, >T“ if £ wC, (12.24)
l
Hence, for a given e’ = (¢/, e]’)
d,=max {CA, CB} (12.25)

follows. In a second step we vary e’ = (e/, el) to minimize max {C?, CB}
subject to the condition that the punisher should not be worse off than in
the cooperative phase ((12.19)). For a given equilibrium emission tuple
e= (el, /) the minimum discount factor requirement of a country 7 is there-
fore given by:

8,=dMin =min [max {CA, CB}]s.t. (12.19). (12.26)

Technically, for a given ¢! the largest ¢’ is chosen which still satisfies (12.19)
(recall el< d); this is substrtuted into CA and CP and the maximum of both
is mlnlmlzed From Sub-section 12.2. 2 we know that e/’ is given by (12.8)
where i=1 and j=2. As argued there, such an el satisfying (12.19) (which is
equivalent to (12.2)) exists for any payoff of country j in the domain of
rational payofs, that is, w e [mM, w!].

Observing (12.23) and (12.24), it 1s clear that, for 3, close to 1, CA=CB.
Since we chose ¢! =0 (harshest possible punishment) in Sub-section 12.2.2,
this implies that we minimized C, and therefore automatically CP as well.
Hence, C; and C, in Figures 12.1 and 12.3 are C{* and C}* (and/or CP and
CB) drawn for 3,=1. Since we defined 3, to be strrctly less than 1, all emis-
sion tuples lylng on the boundary of C, or C, do not belong to the renego-
tiation-proof emission space. Hence, also all boundary emission or payoff
tuples which have been mentioned in the context of SRPE (for example,

wW¥1 and mW2 in Figure 12.1 and V1 and eWV2 in Figure 12.3) are excluded.

Now, for a discount factor smaller than 1, e/=0 is not always optimal
when solving (12.26). Instead, it might be conducrve to the stability of an
agreement (lower discount factor requirement) to be not so harsh on
country i in the punishment phase (e/>0), but to choose a longer punish-
ment duration. For instance, if §, is small and w&> >R, then P =1 and

=0 could already be too long to be acceptable to the defector. In other
words, there is an optimal mix of punishment duration and punishment
level.



212 Game theory and international environmental cooperation

12.3.2 Illustration of the Minimum Discount Factor Requirement for
Weakly and Strongly Renegotiation-proof Equilibria

We are now in the position to determine the minimum discount factor
requirement 3™ for given emission tuples e = (e, ej). This is demonstrated
for the quota and the tax equilibrium and the social optimum for selected
parameter values, based on the payoff functions in (11.8).

First, note that the 8™ requirements are independent of the parameter
d. Second, note that only the relation y=5A/c is decisive, not the absolute
values of b and c.

Let us start by contemplating the effect of y on stability. The discussion
is illustrated in Figures 12.6(a) and 12.6(b) where the ™"k requirements,
ie{l,2}, ke {Q, T, S}, are displayed as a function of .14

(a) Social optimum (b) Quota and tax regimes
Srznin.S STEn.Q
ST]in'S 8 s Slinin.Q
mins gninT -
1.0 i R @
0.45
0.8 0.40
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0.25 8r2nin,0
0.4 0.20 )
SmmTT
0.15 !
0.2 0.10 /— e
min,S min,Q
62 0.05 g'ninx
0 0 2
23 5 10 20 50 vy 23 5 10 20 50 vy

Note: Payoff functions (11.8) and ® =1, o =5 are assumed. The y-axis is logarithmic scaled.

Figure 12.6 The discount factor requirement as a function of vy

This particular example assumes that country 2 exhibits opportunity
costs of abatement five times higher than country 1, but equal damage. It
is evident that the discount factor requirements for both bargaining equi-
libria and the social optimum increase with an increase of +y. This implies
that the more costly abatement is compared to perceived environmental
damage, the higher is the discount factor requirement. This result can be
traced back to the following factors:
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1. An increase in y implies that equilibrium emissions of all three agree-
ments go up because abatement becomes more costly compared to per-
ceived environmental damage. That is, de//dy >0 holds.

2. It can be shown that for y going to infinity all emission levels approach
emax =9 = and net benefits increase under all regimes, converging to
the same value. Thus, the higher v is, the less of a deterrent becomes a
punishment threat (which is confined to e/=d V i € I) and at the same
time the more difficult it becomes for the punisher to receive a payoff
during the punishment exceeding his/her cooperative phase payoff.

From Figure 12.6(a) it is also evident that, in the social optimum,
country 1’s discount factor requirement is higher than that of country 2.
This is due to the fact that country 1 has to contribute more to the socially
optimal solution because it can abate emissions at less cost. Hence, this
country has a higher free-ride incentive than country 2. In the example the
discount factor requirement surpasses the upper boundary of 1 for y>8.8,
implying that under no circumstances would country 1 comply with
socially optimal abatement duties.

From Figures 12.6(a) and (b), it is apparent that for country 1 the dis-
count factor in the tax equilibrium is lower than in the social optimum. As
in the social optimum, the ‘abatement conditions’ in the tax regime are less
favorable for country 1 than for country 2. However, there is a distinct
difference: under the tax regime, country 1 is the bottleneck in the negotia-
tions (for these parameter constellations) according to the LCD decision
rule and it will propose an abatement target below the socially optimal
level.

In the quota regime (3M"Q curves in Figure 12.6(b)) the situation is
reversed. For the given parameter constellation, country 2 is the bottleneck.
Therefore, this country’s discount factor requirement is higher than that of
country 1.

We leave discussion of the discount factor requirements of the various
agreements at this preliminary stage since this politically interesting issue
will be taken up again in the context of coalition formation.!®> For the
moment it will be sufficient to note how the minimum WRPE discount
factor requirements can be determined and what are the driving forces
which determine these requirements.

Though there is no definition in the literature of what a strongly renego-
tiation-proof equilibrium means in the context of discount factors smaller
than 1, it seems obvious to define it as a stage game strategy tuple which is
Pareto-efficient; that is, its average payoff tuple in the cooperative phase
must be an element of the Pareto frontier and satisfy conditions
(12.19)—(12.21) V i € N for a particular set of discount factors. Thus, in the
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example (0@ =1 and w=15), only the social optimum would be an SRPE if
discount factors of all players are close to 1 and if 1.6 =y=28.8 holds, as
demonstrated in Figure 12.6(a).

So far we have checked for the stability of a particular cooperative emis-
sion tuple. However, according to the procedure for 8, — 1 in the previous
sections, it would seem ‘natural’ to determine instead the entire set of
WRPE or SRPE emission tuples for given discount factors, similar to what
was done for 8, close to 1 in Figure 12.3. However, in the case of §,<<1,
even though assuming a particular punishment time and a particular dis-
count factor for all players, the optimal punishment strategy tuple is not
uniquely determined and depends on the cooperative emission tuples. In
other words, the WRPE inequality system is ‘overspecified” and further
restrictive assumptions are needed in the case of 8, <<1 to draw such
general graphs as in Figure 12.3 in the case of 8, — 1. Such restrictions are
discussed in the next two sub-sections.

12.3.3 Renegotiation-proof Trigger Strategies

Another extreme assumption comparable to e! =0 in the case of , close to
1is P =0 Vi elin the present context of 8, << 1. Such an infinite punish-
ment constitutes de facto a WRPE trigger strategy (see Chapters 4 and 5 for
SPE trigger strategies). Such a trigger strategy implies F =% from which
85?2 0 follows since 8,<1 by assumption. Then, (12.17), using (12.19),
becomes:

mP=qR=7C (12.27)

Equation (12.27) says that for a punishment of infinite duration it is neces-
sary for the punishment emission tuple to lic on country i’s best reply func-
tion. This is so because otherwise country i would not accept such a harsh
punishment.

For a given e/’.' , élis now uniquely determined by (12.27). Then (the largest
possible) eji is also determined by (12.19). Hence, (12.23) (the former con-
dition C2) can be dropped and we are left with condition CB. In contrast
to the previous sections, it is now not always possible to find an e} solving
(12.19) for all payoffs in the whole domain of rational payoffs. To ensure
that such an e/ exists, requirement C{ is needed:

Cl=m=msT (12.28)
where 5T stands for Stackelberg payoff. The details of the derivation of
CF are laid out in Appendix IX.1. As for §, — 1, one must ensure that for
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Note: Payoff functions (11.8) apply; b=2, c=1,d=10 and ® = o =1 are assumed.

Figure 12.7 Renegotiation-proof emission space for an infinite punishment
duration

the punishment ej’ﬁ =d holds.!® Hence, from (12.18) a third condition has to
be derived:

CD:i=§ =1 i (12.29)

which takes into account ¢l =d.!7

Thus for 1P =%, CB, C¢ and CP V i e  must be simultaneously satisfied.
These requirements are shown in Figure 12.7 for two examples. Note that
the assumption of symmetric discount factors in the examples is chosen
just for convenience; however, it is not important for the following argu-
ments. Let us first concentrate on Figure 12.7(a) where there are ten curves.
The minimax and Nash indifference curves of countries 1 and 2 are indi-
cated by IM, IM, IV and I} and have already been discussed in Chapter 9.
I§T and I§T are Stackelberg indifference curves, tracing out all emission
tuples that give a country the same payoff as if it were a Stackelberg leader
(see Section 10.2). These two indifference curves represent conditions C§
and C¥ as given in (12.28).

Thus, all emission tuples lying to the right of the CP curve, above the C§
curve and below the CP curve are WRPE from country 1’s perspective. By
the same token, all emission tuples lying above the C¥ curve, below the C{
curve and to the left of the CP curve are WRPE from country 2’s perspec-
tive. (The CP curve stops at points A and B because there the CE conditions
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become binding.). Taken together, the gray area represents the WRPE
emissions space for 17 =o.

It is evident that only emission tuples which generate relatively low
payoffs to both countries are WRPE. On the one hand, for rf=o the
problem is that if the punishment emission level of the defector, €, is too
small, his/her payoff is so low that s/he is not prepared to accept the pun-
ishment, and in particular such a long punishment. On the other hand, for
high levels of e! it might no longer be possible to satisty (12.19).

Turning now to Figure 12.7(b), it is obvious the more that actors dis-
count time, for example, 3,=0.5 instead of 8,=0.9, the smaller becomes the
WRPE emission space. This is a similar result as stated in Corollary 7.1,
where, we may recall, for 8, —0 the WRPE emission space shrinks to the
NE of the stage game. Put differently, the more that actors discount time,
the more difficult it becomes to stabilize agreements, deviating substantially
from the stage game NE emission tuple.

From Figures 12.7(a) and (b) it is evident that the equilibrium emission
tuple of the social optimum and the two bargaining regimes (which all co-
incide due to the assumption of ® = = 1) are not renegotiation-proof for
1P =00 (¢S lies outside the gray area). It can be shown that this finding carries
over as a general result:

Proposition 12.6

Let the stage game of the infinitely repeated emission game be described
by (11.8) and conditions A, in (VIII.4) hold, then irrespective of the
parameter values, the punishment level and the discount factors of
players, the social optimum, the quota and the tax equilibrium cannot be
backed by renegotiation-proof trigger strategies.

Proof: Compute net benefits for the emission levels as given in
Table VIII.1 in Appendix VIII.2 and show that for any parameter con-
stellation at least for one country wé> =T, k e {S, Q, T} holds and hence
condition C (see (12.28)) is violated. QED!®

The result nicely stresses the difference between SPE and WRPE. For
instance, the quota equilibrium can always be backed as an SPE by using a
trigger strategy which reverts to the stage game NE in case of defection,
since W?>mN V i e I. For the tax equilibrium and the social optimum this
may also be possible; however, this depends on the specific parameter
values (since 7§ < and w <m¥ may hold). However, Proposition 12.6
clearly denies this possibility for renegotiation-proof trigger strategies.
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12.3.4 Restrictions of Punishment Space

Whereas in the context of discount factors close to 1 restrictions of the
punishment space showed up in smaller WRPE, SRPE and SSPE payoff or
emission spaces, in the context of discount factors smaller than 1 this
implies higher minimum discount factor requirements. For instance,
restricting the upper limit of the punishment to NE emissions, that is, e]’f =
ejN , then minimum discount factor requirements of the quota equilibrium
in Figure 12.6 increase for both countries almost twice as much as without
this restriction. The 3/%"Q and 35i"Q curves represent the minimum dis-
count factor requirement for this restriction where we may recall that the
dminQ and 35inQ curves are those already discussed for ¢l < e¥ = emax= ¢

Of course, all the other restrictions discussed in Sub-section 12.2.4 can
also apply here and because of their obvious effect they are not discussed
any further. A particular restriction would be to require an efficient punish-
ment which may be regarded as a necessary condition for a strongly perfect
equilibrium for a given set of discount factors. Similar to renegotiation-
proof trigger strategies, where it was possible to determine the punishment
strategy tuple uniquely (see also Appendix IX), the condition for Pareto
efficiency (see (9.32)) also defines a one-to-one mapping of eland e]’ Hence,
similar conditions as CP, C¢ and CP in Figure 12.7 may be derived and
plotted for different values of the discount factors in order to obtain the set
of SSPE. Since the procedure is similar to that in the previous sub-section,
we skip discussing the details.

NOTES

1. Parts of this chapter draw on Endres and Finus (1998a) and Finus and Rundshagen
(1998D).

2. Applications of the WRPE and SRPE concept, assuming 3, —1 V i € I, may be found in
the context of a global emission game with N players in Barrett (1994a, b) and in the
context of a Cournot duopoly in Driffill and Schultz (1995) and Schultz (1994).

3. In other words, we search for the lowest WRPE payoff which is sustainable in the emis-

sion game.
4 v lACH which follows from max r,( 0, e,) as explained in Section 9.5
Lo (e, =0, e 5.
27 2(bo + ¢0O) EX Ml =, €) asexp

5. Note that condition (12.6) is satisfied for e} =d. This follows from §2mR/gel*< 0 (mhis
the RHS term in (12.6)) and the fact that e} =d is bigger than the LHS expression and
smaller than the RHS expression in (12.7) by assumption.

6. This amounts to maximizing A, (e}, el) + (1 —=\)w,(e}, e}) for \=0. See Chapter 9, note

26.
7. The associated punishment emissions are:
bdw bd
e} =0, ei:bw-&-c@’ e%=b+cand el=0.
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Barrett (1994a) determines the parameter ranges for his models which allows one to sta-
bilize a socially optimal IEA. That is, he computes 11 ’TI‘C and 1TS for symmetrlc games
and then determines the parameter values for which ’1TU >1-rS > TI'C V ielis possible.
Though in the auction equilibrium 1TA>1TN Viel holds if el=ec ', this does not suffice
to establish stability in the sense of WRPE smce ™ >1TN is only a necessary WRPE con-
dition but not a sufficient one. Additionally, one has to test whether conditions C, and
C, can be satisfied subject to the restriction ¢, € [0, e}] V i € I. For this payoffs 'rrlA must
be computed which, as pointed out above, is only possible for specific parameter values
but not at a general level. Of course, 'rrlAZTrlN V i el is sufficient to qualify the auction
equilibrium as an SPE.

For a similar interpretation in the context of a global emission game using the stability
concept of the core, see Sub-section 13.3.4.

There is little scope for legal punishments in common international law. There are only
two ways in which the injured party can legally punish the breach of a bilateral treaty.
On the one hand, the injured party can suspend or terminate the violated treaty provi-
sions, however, only to the extent to which they are violated by the other party (Simma
1970, pp. 20ff.). On the other hand, the injured party can take reprisal measures against
the violator of the treaty. These measures may consist of reciprocal violations of the vio-
lated treaty provisions. However, reprisals must also be in proportion to the delict
according to the generally recognized principle of proportionality in common interna-
tional law (Kelsen and Tucker 1967, pp. 20ft.). It is worth mentioning that leading schol-
ars of international law think that neither of the described reactions to a breach of a
treaty constitutes legal options for parties of a multilateral treaty, that is N>2 (Heister
1997, pp. 91, 135). Only if punishment rules are an explicit part of a multilateral envi-
ronmental treaty are punishments covered by international law (Sand 1992, pp. 14ff.).
Of course, one could argue that e; H(e)— ;<0 should not be punished at all because a
country would abate more than requlred However agreeing on a high emission level ¢,
(e, >>eN ) implies also a sub-optimal choice from both countries’ point of view and
should therefore not be regarded as stable per se.

Drawing the curves C{V, C{D, C? and C{? in the payoff space would reveal exactly the
same pattern. That 1s these curves lie more inward than the curves C; and C, in
Figure 12.1.

All parameters have been chosen to ensure that assumptions A, in (VIIL.4), Appendlx
VIII.2 hold. This explains, for instance, why the smallest -y value in Figure 12.6 is 1.6.
The interested reader may consult Finus and Rundshagen (1998b), where the discussion
is continued based on the present setting.

Recall, for 3, — 1V i €I the restriction ¢; =d delivered conditions L, and L, in the payoff
space and the minimax indifference curves in the emission space.

Thus, CP is basically CPif ef =d has been substituted into w{(e,(e}), el).

A detalled proof is avarlable upon request. With respect to the auction equilibrium, a
statement is not possible for the reasons given in note 9.



13. Coalition models: a first approach

13.1 INTRODUCTION

In the remaining chapters we are concerned with the coalition formation
process in an N-country world. Though many of the previous results have
either already been derived for more than two countries or could easily be
extended to the case of N>2, the possibility that sub-groups of players may
form strategic alliances has been neglected. On theoretical grounds, one
would like to explain an entire coalition formation process endogenously.
However, it turns out that this is an extremely complex undertaking. This is
because the number of possible coalition formations is usually very large. For
instance, there may be not only a group of signatories and non-signatories,
but several coalitions may coexist. On the one hand, signatories may split up
into sub-groups with homogeneous interests since within the group of ‘envi-
ronmentally conscious’ countries no agreement on abatement obligations
may be possible. On the other hand, there is a possibility that less environ-
mentally concerned countries could form a coalition to defend their interests.

However, things are even more complex. The decision to join a particu-
lar coalition depends not only on the abatement obligations of its members
but also on the abatement strategy of other coalitions or single players and
the possible transfer scheme (for example, in order to compensate some
players) within this particular coalition and within alternative coalitions.
Thus the payoff of a country depends on the strategy triple membership,
emission allocation and transfer scheme where the strategy choices of players
influence each other mutually. Considering the fact that the number of pos-
sible emission allocations and transfer schemes is basically infinitely large,
it is evident that if the number of players is also large (and hence the
number of possible memberships is large) some simplifying assumptions
are necessary to keep a model tractable.

The following models make different assumptions. For instance, the con-
Jectural variation models (Section 13.2) consider only possible deviation
from an equilibrium coalition by a single country and discard the possibil-
ity that a sub-group of countries may jointly deviate. Moreover, equilib-
rium strategies are based on the myopic behavior of players, who consider
only the immediate reaction of fellow players to a change in their strategy

219
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but not the subsequent moves (chain reactions) which may be triggered.
Additionally, these models consider only one coalition (signatories), the
members of which coordinate their strategies and assume that all other
countries (non-signatories) behave as singletons (see Carraro and
Siniscalco 1998). The concept of the core (Section 13.3) is defined either in
a static world or in a dynamic setting. However, in the latter case only
Markov (history-independent) strategies are considered. Moreover, the
core abstracts from the individual strategies of players and reduces deci-
sions to the payoff dimension (characteristic function). The supergame
coalition model (Chapter 14), although it takes up some of the concerns
raised with respect to the models presented in this chapter, also restricts the
coalition formation process to signatories and non-signatories. Moreover,
as with the previous models, the choice of abatement targets and transfer
schemes within the coalition is basically exogenous to the model, though a
large number of alternative abatement targets and transfer schemes are
considered and their selection is thoroughly justified.

Due to these conceptual shortcomings, we shall investigate in Chapter 15
whether new developments in the game theoretical literature on coalition
formation are suitable to be integrated into the analysis of the genesis of
IEAs. From the discussion it will be apparent that there is still much work
to be done in order to construct models which are capable of explaining the
entire coalition formation process endogenously.

To the best of our knowledge, all theoretical coalition models on the for-
mation of IEAs assume an externality of the pure public bad type. This is
because for transboundary environmental problems, different spillovers
cause an additional asymmetry between countries, the strategic implica-
tions of which would have to be considered.! Hence in the tradition of pre-
vious chapters, we again restrict attention to global environmental
problems.

13.2 CONJECTURAL VARIATION MODELS

13.2.1 Preliminaries

The conjectural variation coalition models first made their appearance in the
analysis of oligopolies (see, for example, d’Aspremont and Gabszewicz
1986; and d’Aspremont et al. 1983). In the context of the formation of
IEAs, their origin can be traced back to Barrett (1991c¢, 1992¢) and Carraro
and Siniscalco (1991). Typical representatives of these models are Barrett
(1994b); Bauer (1992); Carraro and Siniscalco (1991); and Hoel (1992a).
These models are typically set up as stage games comprising two or three
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stages. In the first stage players decide whether to participate in an agree-
ment. It is assumed that this is a binary choice: ‘join’ and ‘do not join’, that
is, P,={j, nj,}. (Hence, the coexistence of several coalitions is ruled out by
assumption!) The equilibrium number of coalition members is denoted by
N and therefore the number of non-signatories is N — N*. For notational
convenience it is assumed that countries 1 to N* form a coalition and coun-
tries N*+1 to N remain outside the coalition. Consequently, the set of
players is given by U={1, ..., N}, INM={N"+1, ..., N}, and therefore
I=TPUIMand 'NIM =@ hold.

In the second stage players choose their emission levels. Usually, the fol-
lowing assumptions are made: signatories choose within their group emis-
sions cooperatively, that is, they maximize aggregate welfare of the
coalition members. Towards outsiders signatories behave non-coopera-
tively. Non-signatories continue to play as singletons and choose their non-
cooperative emission levels. Therefore, the strategy set of the second stage
comprises emissions of signatories, e*=(e{", ..., e}:) and those of non-
signatories, eM* = (e}, |, ..., 7).

In the third stage the allocation of the welfare gains among the coalition
members is decided. If countries are symmetric, this stage seems superflu-
ous since, intuitively, one would expect that signatories would agree on a
symmetric abatement allocation which implies equal payoffs and therefore
that no transfer scheme is needed.? Probably, any morally motivated
welfare allocation rule or a focus point type of argument would not alter
this result. Hence, it is also not surprising that all the well-known bargain-
ing concepts of cooperative game theory would not call for a reallocation
of payoffs via transfers.

However, if countries are asymmetric the choice of the transfer scheme
is less obvious. In particular, stability of a coalition may depend on the
sharing rule of the gains of the coalition. Typical assumptions are: (a) no
transfers; (b) Nash bargaining solution; and (c) Shapley value, where the
latter two are welfare allocation rules of cooperative game theory.?
Assumption (a), again, implies that the third stage is redundant and each
signatory receives those payoffs which directly follow from the emission and
participation strategies. That is, w)(p", €*) where p* = (], ..., j s Wi 1> -oos
njy), € = (e, eM*) and where the asterisk denotes an equilibrium strategy
combination. Only for assumptions (b) and (c) is the third stage important
where the result of the first two stages may be altered. In this case w!(p*, ",
") where ¢* denotes a matrix of transfers.

In the literature there are basically two assumptions regarding the
sequence of moves in the first two stages: (a) players choose their strategies
in both stages simultaneously (Carraro and Siniscalco 1991; Bauer 1992;
Hoel 1992a); (b) players choose their participation strategy in stage one
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simultaneously, but emission levels in the second stage sequentially (Barrett
1991c, 1992¢). In the following, the first assumption is referred to as the
Nash—Cournot assumption and the second as the Stackelberg assumption.
Theoretically, the latter assumption could imply that either non-signatories
or signatories behave as Stackelberg leaders. However, since in the follow-
ing models non-signatories are assumed to act as singletons and since it is
known from Chapter 10 that one cannot solve for more than one
Stackelberg leader, only Stackelberg leadership of the signatories (which
basically act as a single player) has been assumed in the literature so far.
Thus, strictly speaking, the Stackelberg assumption implies that the second
stage consists of two sub-stages.

As we pointed out in Chapter 10, the assumption of Stackelberg leader-
ship is sometimes difficult to justify. In the present context it may be argued
that signatories are better informed than non-signatories about emission
levels in other countries since they coordinate their environmental policies
within an IEA. Moreover, signatories cooperate by forming a ‘political
bloc¢’ against outsiders and therefore assume a stronger position in interna-
tional politics than non-signatories who ‘only’ pursue their self-interests.
Nevertheless, some qualms about this assumption remain since these expla-
nations are exogenous to the model and argue for an asymmetry of infor-
mation, though, at least in Barrett (1994a, b), countries are modeled as
being symmetric in all other respects.

There are three conditions which have to be met in a conjectural variation
coalition equilibrium. The first condition, C,, may be seen as a basic pre-
requisite for a stable coalition and concerns the profitability to each member.
This condition implies that each coalition member must be better off than in
the status quo where no coalition has formed. The second condition, C,,
requires that no signatory is better off by leaving the coalition (internal stabil-
ity); and the third condition, C,, requires that the situation of a non-signa-
tory cannot be improved by joining the coalition (external stability).

To ease the following definitions, it will prove helpful to change the pre-
vious notation slightly. Therefore, we write w)(N*, *, ¢*) instead of w!(p",
e’, ") and 7/(0, eV) instead of w{(p™, eV) (where pN = {nj,, nj,, ..., njy})
to emphasize the number of signatories.*

Definition 13.1: Profitability of a coalition
A coalition is profitable if C;:=w}(N", ", ") —w)(0, eV)=0V ieI'.

Definition 13.2: Stability of a coalition’
1. Internal stability There is no incentive for a signatory to leave the
coalition. Thatis, Cy:=m}(N*, ", ") —wM(N* = 1,¢", ")=0Viel.
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2. External stability There is no incentive for a non-signatory to join
the coalition. That is, Cy:=w/(N"+ 1, ¢", 1) —wM(N", ¢, )=0 V
jeIV.

Definition 13.2 states typical conjectural variation equilibrium conditions
as encountered in Chapter 10 (see in particular Definition 10.1, Section
10.4). Strategies N*, e", " are the ‘state variables’and N*—1, N*+ 1, ¢" and
* indicate a deviation from this state which, according to the definition,
should not be beneficial to any player in equilibrium. The definition implies
that a player who belongs to a particular group assumes that if s/he alters
his/her participation decision, all other players will remain in their groups.
This is a similar assumption as in a Nash equilibrium (NE) where a best
strategy of a player is chosen, given the best replies of all other N—1
players. In the context of a global externality this assumption almost
follows from the incentive structure of the game itself. If a signatory decides
to deviate, s/he has no incentive to ask other signatories to follow suit since
s/he benefits from the abatement activities of the coalition. Also a non-sig-
natory will find it hard to convince other non-signatories to join the coali-
tion since they may be better off remaining outside the coalition by
benefiting from the increased abatement efforts of the enlarged coalition
without having to contribute to its success. Of course, in some respects this
assumption implies that players are myopic. One can easily imagine that if,
for instance, a country leaves the coalition other signatories may follow suit
(since the smaller coalition may not be profitable any more) or, alterna-
tively, a new coalition forms which is not considered in the above definition.

From Definition 13.2 it should be evident that with respect to the emis-
sion and transfer strategies there is no similarity to the (static) NE. A poten-
tial defector takes into account that if s/he left the ‘old’ coalition
non-signatories would alter their strategies immediately (reoptimization).
By the same token, a non-signatory who is thinking about becoming a
coalition member considers that the ‘new’ and enlarged coalition as well as
the former non-signatories would instantly choose other strategies after
his/her accession to the IEA.

With these definitions the equilibrium number of signatories can now be
determined. Unfortunately, this is not possible at a general level and has to
rely on specific payoff functions. It will turn out that, apart from the
sequence of moves, the functional form of the payoff function is crucial to
the equilibrium number of signatories. Three types of payoff functions will
be considered:

Type 1: ;= b(de—e2> (Eek> (13.1)
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Type 2: m,=bg, —(Eek> (13.2)

Type 3: w,= b(de —1ez> 2N<Eek> . (13.3)

However, it will prove helpful to restrict the analysis to symmetric countries
for a start (Sub-sections 13.2.2-13.2.4). That is, b, = bj =b,c,= ¢=c VY iand
j € 1. Hence, we can abstract from transfers and only have to consider two
stages for the moment.

Payoff function of type 1 ((13.1)) implies linear marginal benefits and
constant marginal damage. From Chapter 9 it is known that this implies
orthogonal reaction functions. The second type of payoff function ((13.2))
implies constant marginal benefits and linear marginal damage costs.
Hence, reaction functions have a slope of —1. The third type of payoff func-
tion ((13.3)) implies linear marginal benefits and costs and satisfies assump-
tion A, in Chapter 9. Reaction functions are downward sloping in emission
space with slope less than 1 in absolute terms.

The division of damages by N symbolizes that each country suffers 1/N
of total damage. However, technically this is only a scaling factor: all sub-
sequent results remained valid if one assumes ¢,=f;(2e,) instead of
b, =(1/N)f;(Ze,). Note that in the literature on coalition formation some
papers use slightly different functional forms or specify the externality
problem in terms of emission reductions (for example, Barrett 1994b;
Bauer 1992; see also Chapter 9, note 5). However, the only point that
matters for the qualitative results obtained below is whether reaction func-
tions are orthogonal, negatively sloped with slope less than 1 or equal to 1
in absolute terms.

For the subsequent analysis, it will prove convenient to recall a result
mentioned in Chapter 10 in the context of non-Nash behavior
(Section 10.4). There it was shown that the greater the number of countries
involved in the externality problem, the more important it is from a
global point of view to reach a cooperative agreement, that is,
d(Ze)y —Zep)/aN>0. In the following it turns out that more general conclu-
sions are possible if the ‘degree of externality’ is not defined in absolute,
that is, Se}Y — e, but in relative terms, that is, (2e) —Ze?)/Ze?.%7 For all
three types of payoff functions one finds (assuming symmetric countries
and y=b/c):3

SeN—Se$ ol
e = e} 0N o (13.1) (13, 3)and 1<ofor(13 1) and (13.3).

Ii= Sep T ON
(13.4)
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With respect to the parameter y = b/c the relations hold for payoff functions
of types 1 and 3; for type 2 the index I, does not contain b and ¢ at all.
0l,/9y<<0 implies that abatement is particularly attractive from a global
point of view if environmental damage is high compared to the opportunity
costs of abatement. A similar index can also be defined in terms of payoffs:®

Sm—Sal ol
_EM 2T 0L for (13.1)(13.3) and 2<0for(13 1) and (13.3).

1=
2 Sm TIN
(13.5)

In the following we shall first consider the Nash—Cournot assumption and
subsequently turn to the Stackelberg assumption. All results are summar-
ized in three propositions in Sub-section 13.2.4.

13.2.2 Nash—-Cournot Assumption: Symmetric Countries

As we have shown in previous chapters, the two-stage game must be solved
by backwards induction. Hence, the equilibrium emissions of the second
stage have to be determined first, assuming the equilibrium number of
countries, N*, to be given. Thus, assuming the first type of payoff function
(and symmetric countries, that is, bl:bj:b, and ci=cj=c), signatories
perform:

1

max N*[< (deJ—Z efz) (N*~eiJ+E€_}VJ))} (13.6)

which is easily solved since countries have a dominant strategy (towards

non-signatories):1°

bdN — N*-¢
Nb '

Thus, the more signatories, the higher are the abatement duties (the lower

are emissions) of a coalition member. In contrast, non-signatories, which
are supposed to behave as singletons, perform:

(N = (13.7)

1
max [(b(de}‘” - ejNJz> —% (Sel +eM+ Ee_}wﬂ (13.8)
J
which delivers:
* bdN_ C
N = (13.9)

It is obvious that non-signatories’ emission levels are independent of the
number of signatories and the emission level of signatories. That is, each
non-signatory has a dominant strategy and e =e/.
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To check for the stability of a coalition, emissions of a signatory leaving
the coalition (internal stability check) and a non-signatory joining the
coalition (external stability check) also have to be determined. Due to the
simple structure of this game, it follows directly from (13.7) that signato-
ries’ emissions are given in these cases by:

_bdN—(N*—1)c bdN — (N* + 1)-¢

(N -1 PN +1)=
e (V= 1) e Vi
(13.10)
which is sufficient to compute conditions C;, C, and C;:
C _ANT-1)?2 L AWNT-DWNT=3) 0 ANT(NT-2)
boo2eN? T 2bN? T 2bN?
(13.11)

From (13.11) it follows that C, =0 is always satisfied, C,=0 if 1=N"=3
and C,;=0if N"=2. Hence, the equilibrium number of signatories is either
N*=2or N*=3.11In order to evaluate these equilibria, we compute:

* I | I I
ai<0’h>oyg<o’g> ’Q<0’
oN N ay oN ay
* b * *
p'=N/N,y=-, e, =Eef+Ee]NJ<Ee,§, ETrkZEqu.J+E1T]NJ>E'AT,{,V,
¢
(13.12)

* _ S _ *
Se) —Zep . Zmp—Im,
SeS 4 Ss
€k Ly

That is, the greater the number of countries involved in the externality
problem, the smaller will be the percentage of signatories. Though the
coalition improves upon the status quo, whenever cooperation would be
needed most from a global point of view (large N and small v; see (13.4)
and (13.5)), equilibrium emissions and welfare differ markedly from the
social optimum.

For the second type of payoff function it is easy to show that, due to the
slope of —1, no coalition exists. Any emission reduction by the coalition is
offset by non-signatories. Hence, the profitability of a coalition always fails
to hold and the equilibrium of the game is the NE. Accordingly, I, =1, and
I, =1, and the comparative static results in (13.12) carry over to this type of
payoff function as well (except that d1,/0y and 9l,/dy are zero).

For the third type of payoff function the equilibrium number of signato-
ries is determined in the same way as was laid out for the first type of payoff

I



Coalition models I 227

function. However, since the damage cost functions are quadratic, no dom-
inant strategy exists, which renders computation more cumbersome. It
turns out that the equilibrium coalition size is N*=2 and that the profit-
ability constraint C, may fail to hold, depending on the parameter values.
The relations in (13.12) also hold for this type of payoff function.

Carraro and Siniscalco (1992, 1993) frequently stress that the reason for
the greater coalition size in the case of payoff functions of type 1 compared
to that of types 2 and 3 is orthogonal reaction functions. They point out
that in the latter two cases there is a higher free-rider incentive on the side
of the non-signatories which expand their emissions compared to the Nash
equilibrium. Hence, the abatement efforts of the signatories are completely
(type 2) or partially (type 3) compensated. In contrast, payoff functions of
type 1 imply that non-signatories choose their emissions irrespective of the
abatement efforts of the signatories. In other words, there is no leakage
effect.!2 Though this argument is valid to explain the differences in the equi-
librium coalition size for the different payoff functions under the Nash—
Cournot assumption, it cannot be applied to the Stackelberg assumption.

13.2.3 Stackelberg Assumption: Symmetric Countries

Stackelberg leadership of signatories implies that, when choosing their
cooperative emission levels, signatories will take the reaction of the non-
signatories into account. As demonstrated in Chapter 10, this may secure
the leader a strategic advantage. However, since non-signatories have a
dominant strategy in the case of payoff functions of type 1, there is nothing
to be gained by assuming the Stackelberg leader position. Hence N* =2 or
N*=3 as derived for the Cournot assumption and the relation in (13.12)
apply.

Conclusions with respect to payoff functions of type 2 are also straight-
forward. Assume that no coalition has formed in the initial stage and that
the coalition gradually expands. Then two cases have to be considered. On
the one hand (case 1), in contrast to Chapter 10 where the Stackelberg
leader expanded emissions, the ‘obvious’ aim of a coalition is to reduce
emissions. Of course, any preliminary coalition cannot achieve this aim if
non-signatories completely offset signatories’ abatement efforts. On the
other hand (case 2), though this seems less intuitive, it must also be checked
whether a stable coalition can be reached if the countries of the preliminary
coalition expand emissions. This is in fact the case. Since assuming a
Stackelberg position is beneficial to signatories, there is always an incentive
for a non-signatory to become a signatory as long as N* <N and hence the
coalition is expanded until N* = N.!3 Since any coalition is assumed to max-
imize the aggregate welfare of its members, this implies that the grand
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coalition realizes the social optimum. Since by the (questionable) assump-
tion (see the discussion in Section 13.8) that a signatory leaving the coali-
tion behaves as a Stackelberg follower, N*=N is also internally stable.
Taken together, under the Stackelberg assumption the grand coalition is
realized for payoff functions of type 2.!* Hence, trivially, I;=0, I,=0 and
=1 hold.

Payoff functions of type 3 exhibit a more interesting pattern. We start at
the second stage of the game in which emission levels are determined. As
pointed out above, this stage itself is divided into two sub-stages. Since sig-
natories behave as Stackelberg leaders, we first have to determine the reac-
tion functions of non-signatories, assuming N* to be given. These are
derived from:

1 2 C
NI _ 2 ,NI| NI NI 12
Ir:?;( b(dej 5 e ) N (ej + Eefj +Zey) (13.13)

where Eeﬁ’jj denotes emissions of all non-signatories except j, and e/ are
aggregate emissions of signatories. Using p" = N'/N, ZeM = (1 —p")-N-eM
and ZeM =ZeN +eM, the FOC deliver the ‘aggregate’ reaction function of
non-signatories:

som _ (bdN = cSe])(1 = )

7 b+c(l—p

which exhibits the familiar property of a negative slope of less than 1 in
absolute terms. Thus, abatement efforts by signatories will be partially

offset by an expansion of emissions by non-signatories.
Signatories, maximizing the welfare of the coalition, perform:

(13.14)

1 2 C
N AN o B AT o) NI (S TY)2
mgxp, N [b(dei 2el. ) 2N(M N ei+Eej (Eei))} (13.15)

where the information about Ze (¢}) in (13.14) is used. After some basic

manipulations, the FOC deliver:

Np'd(y* + 2y = 2yp" + 1 = 2" + p*2 — yNp' + yNp*?)
Y22y =2y + 1 =20 + W+ y N2 '

Sel=
(13.16)

Substituting (13.16) into (13.14), one derives non-signatories’ emission
levels:
sy = V(L= pd(y? = 2yp” +yNp2 +y — " + p™?)

E(i‘ . * * %
Y Y242y =2y 1 =207 + W+ YN

(13.17)

A routine check reveals that neither (13.16) nor (13.17) need necessarily be
positive. In other words, there may be boundary solutions for which either
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signatories’ or non-signatories’ aggregate emissions have to be set to zero.
Hence, we have:

(0 ifZeM<0
Sel* =1 5ol if 56M € [0, vdN] (13.18)
| YdN if &M >ydN
(0 if 2¢)* =ydN
SeM'={ seM . if 31" [0, ydN]  (13.19)
(1-p) " if 36 =0
\ y+ (-

where an interior solution implies Ze¢/"=2¢] and ZeM* =X&M. Note that
if Ze!*=0, then ZeNJ* >0 and if ZeJNJ* =0 then el >0. That i is, aggregate
emissions are strlctly positive. It is straightforward to show that it can never
be a best choice for the signatories to choose emissions above Ze)* =vdN,
implying ZeNJ =0, which therefore may be regarded as some kind of an
upper bound in emission space in this coalition game.!>

(13.18) and (13.19) are sufficient to compute C,, C, and C; in order to
determine the equilibrium number of signatories. In contrast to Barrett,
who claims that this has to rely on simulations, we propose below an
approach which allows us to obtain most information analytically.
Nevertheless, it is helpful to work with an example, which is illustrated in
Figure 13.1.

In Figure 13.1(b) the payoff function of a representative signatory, }(n),
and of a representative non-signatory, wijJ(n), as a function of the number
of coalition members, n € [0, N], are drawn. In Figure 13.1(a) the difference
between these two functions, m)(n) — ’ITNJ(I’Z) and dddltlonally conditions
C, and C; are drawn. By deﬁmtlon at points »", n'L and n'V

w(n")— wM(n )=0, C;(n"1)=0 and C,(n"V)=0. In the example N =5 has
been dssumed and the equilibrium coalition size is n=N"=3 which is
derived as follows.

On the one hand, a non-signatory compares his or her payoff for N*=3
with those when joining the coalition and hence N*+1=4. The welfare
implication is indicated by the solid arrow in Figure 13.1(b) from which it
is evident that a non-signatory would lose. On the other hand, a signatory
does not want to leave the coalition since the payoffs as a non-signatory for
N*—1=2 are lower than those received for N* =3. The welfare implication
is indicated by the dotted arrow in Figure 13.1(b). Of course, this latter
welfare comparison also implies that a non-signatory has an incentive to
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Note: Assumption: N=5,bh=1, c=1and d=10.

Figure 13.1 Equilibrium number of signatories in Barrett’s model

join the coalition for N*—1=2 so that N*=3. To illustrate this incentive
the direction of the dotted arrow would have to be reversed (not drawn).
The equilibrium number of signatories can also be directly seen in
Figure 13.1(a) since conditions C, and C; are simultaneously satisfied for
n'L=N"=n"V where the superscript L stands for lower bound and U for
upper bound. It also evident from Definition 13.2 that C, and C, are similar
functions where n"-+1=n"V. Hence if n*" and »n"V are integer values, the
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equilibrium coalition size is not unique and N* = {n*L, n*U}. However, since
N*=n"Y delivers a higher payoff to signatories and non-signatories than
N*=n"L one would expect that in this case N*=n"V.1¢ One can show that
n"<n'L<N"=n"U so that n" is a lower bound for N*. Whereas it is easy to
compute n*, n*L and n*U N* can only be determined for a particular param-
eter set or for large N, that is, for N— <o at the limit.

Irrespective of the number of countries, the following general conclu-
sions can be drawn:

N * =308 N> pl* pN < pNI* SN * =SS N < gt < g NI*
e > =2ep, e >, e <e, Iy < =3mp, wih <y <w',

0" & L, n
— <0, —<0w =—, )
N e[2, N], ON 0, p 0 where & N (13.20)

That is, in the coalition equilibrium global emissions are lower and global
welfare is higher than in the NE. Each country is better off than in the status
quo and therefore the profitability condition C, holds.!” However, non-sig-
natories’ welfare is higher than that of signatories since they benefit from
the increased abatement efforts of signatories (in the form of lower
damage), but do not have to contribute to the success of the coalition. In
fact, the abatement efforts of signatories are partially offset by non-signa-
tories, which reflects the typical leakage effect (see the last paragraph in
Sub-section 13.2.2 and note 11). The minimum number of signatories is 2
and the maximum number is V. The lower bound of signatories expressed
as the fraction of participants, £&"=n"/N, decreases with the number of
countries suffering from the externality, V, and with the benefit—cost ratio,
y=blc.
In the case of large N, the following additional results can be obtained:
W o g Mg (13.21)
ay ay ay
where p”, I; and I, have been defined in (13.12). That is, there is an inverse
relationship between the degree of participation and the effectiveness of an
IEA. Thus, paradoxically, a low value of vy implies that the externality
problem is particularly pronounced (see (13.4) and (13.5)); however, the
impact of the coalition on global emissions and welfare is only marginal,
though relatively many countries sign an agreement. From Section 11.6 it
is known that the problem of the depletion of the ozone layer can approx-
imately be described by a low value of +y, whereas for the problem of global
warming a higher value of vy can be expected. This may explain why many
countries have signed the Montreal Protocol, whereas in the case of global
warming no IEA has been signed that imposes binding abatement obliga-
tions on signatories.!® However, the results also suggest that despite the
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high participation rate in the Montreal Protocol, one cannot expect that
much has been achieved from a global point of view compared to the full
cooperative outcome (social optimum).

As mentioned above, in the case of small N the relations in (13.21) can
no longer be established analytically. However, a large set of simulations
suggest that (13.21) also holds in the case of small N.

13.2.4 Summary of the Results in the Case of Symmetric Countries

In this section we state the results obtained so far in the form of proposi-
tions and briefly comment on them.

Proposition 13.1

Under the Nash—Cournot and the Stackelberg assumptions the equilib-
rium number of signatories is N*=2 or N*=3 for payoff functions of
type 1 ((13.1)). No stable coalition exists for type 2 ((13.2)) under the
Nash—Cournot assumption and the grand coalition forms under the
Stackelberg assumption, thatis, N* = N. For the payoff function of type 3
((13.3)) the equilibrium number of signatories is N"=2 under the
Nash—Cournot assumption and N e[2, N] under the Stackelberg
assumption.

Proposition 13.2

Let w*=N"/N be the degree of participation in an IEA, y=b/c the
benefit-cost ratio from emissions and I;:=(Ze; —Zef)/Zef and
I;;=CEw? —27)/Zwd indices measuring the degree of externality in the
coalition equilibrium where Ze; denotes aggregate emissions and =,
aggregate payoffs of signatories and non-signatories in equilibrium, then
for the payoff functions (13.1)—(13.3), dn"/oN <0, 91;/dN >0, 91,/aN >0,
01,/0y<<0 and 91,/9y<<O hold under the Nash—Cournot assumption,
except dl;/9y=0 and 0l,/dy=0 for payoff function (13.2). For payoff
functions (13.1) and (13.3) these relations also hold wunder the
Stackelberg assumption. For payoff function (13.2) the degree of exter-
nality is zero.

Proposition 13.3

For the payoff function of type 3 ((13.3)), assuming Stackelberg leader-
ship of signatories, the percentage of participation in the stable coalition,
1", is a declining function of the benefit—cost ratio from emissions, v,
that is, dp*/9y <0.
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Propositions 13.1 and 13.3 suggest that assuming quadratic benefit and
damage cost functions (satisfying assumptions A, in (9.2)) and signatories
behaving as Stackelberg leaders allows us to model a broad spectrum of
IEAs of different coalition sizes.!” Another advantage of Barrett’s model is
that it allows us to relate the equilibrium number of signatories to the
benefit—cost ratio from emissions and the number of countries suffering
from the externality problem. Hence, the explanatory power of this model
version is higher than that of the other versions discussed above. Of course,
the assumption of Stackelberg leadership on the side of the signatories is a
rather special assumption but, as argued above, there are arguments which
can be put forward in defense.

To this end it is also evident that Carraro and Siniscalco’s claim that
orthogonal reaction functions would be conducive to cooperation applies
only to their model version (Nash-Cournot assumption). As demon-
strated, negatively sloped reaction functions are in fact a prerequisite for
Stackelberg leadership on the side of the signatories to be used strategically
so that a higher participation in an IEA than N*=3 may be obtained. In
fact, for a payoff function of type 2 with slope of —1, N*=N. This result
also contrasts with that obtained in Chapters 10 and 11. In the coalition
context, strategic Stackelberg leadership can be conducive to cooperation,
increasing global welfare and reducing aggregate emissions compared to
the NE. This is so since signatories as Stackelberg leaders do not reduce
emissions in a ‘naive’ way but are aware of the leakage effects caused by
non-signatories.

It is interesting that for all model versions — except for the Stackelberg
assumption and payoff functions of type 2 — the same qualitative results
could be derived, namely that whenever cooperation is needed most from a
global point of view a coalition achieves only little (Proposition 13.2). In
the case of Barrett’s model, this part of the analysis had to rely partially on
simulations (if N is small), though for the other model versions this was
shown to hold in general. It turns out that this result carries over to the
dynamic coalition model in Chapter 14. Roughly speaking, this is due to
the fact that whenever the difference between NE and social optimum is
large, the free-rider incentive is also very strong and hence a stable coalition
can only achieve a moderate abatement target.

13.2.5 Heterogeneous Countries

In Sub-section 13.2.1 we argued that for symmetric countries the welfare
distribution within the coalition is more or less trivially solved: each
country receives the same payoff and no reallocation of payoffs is necessary.
It is obvious that any asymmetric distribution would result in a smaller or
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at best the same size of the coalition. For instance, recall that N*=2 or
N* =3 for the payoff function of type 1. Suppose that N*=3 and that one
country, say 1, receives more than an equal share of the gains from co-
operation, which of course implies that another country, say 2, must receive
less of the pie. Since, for N* =3, a signatory is indifferent between remain-
ing in the coalition or leaving it, country 2 would leave the coalition if such
a reallocation took place.

It also seems obvious that if countries are symmetric they choose that
abatement level which maximizes joint welfare. Any other target would reduce
welfare to a signatory and cannot secure a higher participation in an IEA.

In the case of asymmetric countries the implications of the welfare allo-
cation rule and the choice of the abatement target(s) on the equilibrium
coalition is less obvious. That is, both issues, which may be summarized as
the design of an IEA, affect the participation rate in an IEA and the com-
position of its members and hence, ultimately, affect the success of an
agreement. Of course, if unlimited transfers are possible, the highest par-
ticipation and global welfare is obtained if signatories maximize the coali-
tion’s welfare and hence only the relation between the welfare allocation
rule and the success of an agreement must be investigated. A similar sim-
plifying assumption (for which a justification was given in Chapter 8) is to
rule out any transfers, so that only the relation between abatement target(s)
and the success of an IEA has to be analyzed.

So far the question of how the design of an agreement affects its success
has received only limited attention. On the one hand, the importance of this
issue has not been recognized in the literature to date; on the other hand, a
systematic analysis of this issue is difficult. The main obstacle to obtaining
more general results is, apart from the numerous possible designs of IEAs
which one would have to investigate, that results crucially depend on the
type and degree of asymmetry between countries.

In the following we briefly summarize the findings of four papers. It is
important to stress that in these papers transfers are restricted to taking
place within the group of signatories. The possibility that signatories ‘bribe’
non-signatories via transfers to participate in their agreement or the pos-
sibility of transfers from non-signatories to signatories to induce higher
abatement efforts of signatories (‘abatement leasing’) are neglected. This
issue will be taken up in Sub-section 13.2.6.

Bauer (1992 ) assumes the following payoff function:
r%
i

N
=iy =t (13.22)
Jj=1

where r; denotes emission reductions and i is a country-specific index, i =1,
2, ..., N. The first term in (13.22) represents (linear) benefits from emission



Coalition models I 235

reductions, the second term (quadratic) costs from abatement. Thus, payoff
functions (13.22) are of type 1, that is, reaction functions are orthogonal.
Consequently, a distinction between the Nash—-Cournot and the
Stackelberg assumptions is not necessary.

The idea behind the specification in (13.22) is that the index 7 represents
differences in the size of countries. Accordingly, large countries benefit pro-
portionally more from emission reductions since a larger area is affected by
environmental damages. There are economies of scale from abatement so
that it is less costly for larger countries to reduce emissions than for smaller
countries. Taken together, the function in (13.22) implies that a country that
is double the size of a smaller country can reduce twice as much emissions
at the same marginal costs as the smaller country.

Bauer finds that only coalitions of two countries of similar size are
stable; that is, countries 1 and 2, 3 and 4, or 2 and 3, 4 and 5 and so on may
form stable coalitions. Countries of different size with rank differences
larger than 1, for example, countries 1 and 3, will never form stable coali-
tions. It is particularly interesting that in Bauer’s model several coalitions
may coexist at the same time. However, coalitions comprising more than
two countries are only stable if coalitions of two countries act as single
countries. This is, of course, an unrealistic assumption which is not in line
with the notion of self-enforceability.

What is crucial in driving Bauer’s result is the assumption that signato-
ries choose that reduction level which maximizes aggregate welfare and that
transfers within the coalition are ruled out. Thus, Bauer does not pursue
the interesting question of whether there is a transfer scheme which could
balance the asymmetries between countries so as to induce a higher partic-
ipation rate. She also does not investigate whether the choice of another
abatement target would lead to more optimistic results (given the assump-
tion of no transfers). Since the abatement target which maximizes joint
welfare imposes a particular strain on the smaller partner in the coalition,
one should expect that either a lower abatement target or an asymmetric
abatement allocation would achieve more.

Hoel (1992) also assumes a payoff function of type I defined in terms of
emissions. He assumes the same benefit function from emissions for all
countries, but different damages. The constant marginal damage parame-
ter is presumed to follow a uniform discrete distribution. Hoel considers
several possibilities of how the emission level of a grand coalition is chosen
assuming no transfers. Among those are: (a) socially optimal emission allo-
cation (unconstrained optimization); (b) socially optimal emission alloca-
tion subject to the constraint that no country is worse off than in the status
quo; and (c) uniform emission reduction according to the median country’s
proposal. Though the various solutions lead to different global welfare
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implications when abstracting from stability considerations, Hoel reports
that a stability check reveals that not more than two countries would form
a stable coalition. Thus, as in Bauer’s model, in the case of asymmetric
countries, the maximum number of signatories may fall short of the
maximum number in the case of symmetric countries (where N* =3). This
is different in the next model.

Botteon and Carraro (1997) use estimates from Musgrave (1994) of five
world regions for abatement and damage cost functions of fype I and
conduct a stability analysis allowing for transfers. Among signatories payoffs
are distributed either according to the Shapley value or the Nash bargaining
solution.?’ They confirm the result of the symmetric country case, namely
that the maximum number of signatories is N* = 3. Moreover, they demon-
strate that there is not only one single set of potential signatories but that
various combinations of players could form a stable coalition. They find that
membership in the coalition depends on the burden-sharing rule.

For their data set the Shapley value leads to a coalition generating a
higher global welfare than a coalition in which the Nash bargaining solu-
tion is applied. This finding supports our conjecture mentioned above, that
the design of an agreement has an impact on global efficiency.

Barrett (1997b) proceeds in two steps. In the first step he considers payoff
functions of type 1, in the second step those of 7ype 3 where he defines these
functions in reduction space. For both types he considers two model ver-
sions, one without and one with side-payments. He assumes that signatories
maximize the aggregate payoff to the coalition. Barrett allows for different
marginal benefit and damage cost parameters between countries (though the
functional form of the net benefit functions is the same for all countries) and
thus the possible degree of asymmetry is relatively large.

Payoff Functions of Type 1: Barrett shows that without transfers the
maximum number of signatories is three, but also that no coalition may
exist at all, depending on the degree of asymmetry. With transfers, employ-
ing the Shapley value, he finds that the minimum number of signatories is
two, but the maximum number does not exceed N* = 3. Though the results
claim no general relevance, it seems very likely that the finding of the sym-
metric country case of a maximum coalition of three countries carries over
to heterogeneous countries.

Payoff Functions of Type 3: Barrett assumes that countries belong to
one of two groups of countries with homogeneous group characteristics.
For both assumptions — no transfers and transfers — he basically finds his
results of the symmetric country case confirmed (by using simulations).
That is, N* €[2, N], and whenever cooperation would be needed most, a
coalition achieves only little.
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Thus summarizing, the few attempts to model asymmetric countries
suggest that the basic results obtained in the case of symmetric coun-
tries may carry over to the more general setting of heterogeneous countries.
However, conclusions can only claim preliminary status since a systematic
analysis is missing. In particular, the question of how the welfare allocation
rule and/or the choice of the abatement target within the coalition affects
the success of an IEA has not been given sufficient attention so far and
awaits an intensive treatment in future research.

13.2.6 Model Extensions: Transfers between Insiders and Outsiders,
Minimum Commitment, Fairness and Economies of Scale

In this section we want to discuss briefly some model extensions and aspects
which have not been covered yet.

Transfers and minimum commitment

Though we have indicated our reservations about the assumption of trans-
fers in Chapter 8, we should like to discuss briefly some results obtained by
Botteon and Carraro (1997, 1998) and Carraro and Siniscalco (1993). With
respect to symmetric countries, the following result can be derived accord-
ing to Carraro and Siniscalco (1993, pp. 315ft.):

Proposition 13.4
If countries are symmetric it is not possible to enlarge an internally and
externally stable coalition by self-financed transfers.

Proof: First note that self-financed transfers refer to transfers which are
paid out of the welfare gain that signatories obtain by forming a larger
coalition compared to the status quo. For signatories it is only attractive
to pay transfers to a non-signatory to induce it to join if the additional
gain is larger than the transfer. Furthermore, a non-signatory only joins
the coalition if the transfer which it receives, ¢, is larger than the welfare
loss it occurs from becoming a signatory. If we denote the status quo
coalition size by N*, then the enlarged coalition size is N* + 1 and the two
conditions taken together are:

N [mI(N*+ D) =N = = a PN —md(N + 1), (13.23)

However, from the definition of stability and the assumption that a trans-
fer is needed to induce a non-signatory to join the coalition (the inequal-
ity sign of the external stability condition Cj is strict!) it follows that
mM(N)<m](N"+1) and hence compensating a non-signatory implies
an overall gain of [w}(N*+1) —m}(N")]—1/N" to a signatory. However,
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alternatively a signatory could leave the coalition to gain
TFJNJ(N* ) —1'er(N* +1) which by the definition of instability of N*+1 is
preferable. QED

Due to this negative result, Carraro and Siniscalco (1993) go on to analyze
whether the coalition can be expanded if there is a minimum commitment
by some countries to cooperation (see also Petrakis and Xepapadeas 1996).
There are two possibilities: first, there may be a commitment on the side of
the signatories where some countries try to expand the coalition via trans-
fers; second, there is the possibility that some outsiders are committed to
pay transfers to signatories in order to benefit from increased abatement
efforts and save abatement costs (abatement leasing). Carraro and
Siniscalco show that in both cases more positive results may be obtained,
depending on how many countries are committed.

Apart from the fact that this finding is hardly surprising, the basic
problem with minimum commitment is that it is nothing other than assum-
ing that some countries play an unconditional cooperative strategy. From
Chapter 3 we know that such a strategy can never be an NE and hence, as
Carraro and Siniscalco themselves note, such an assumption violates the
notion of self-enforceability.2!

A more interesting result is obtained by the study of Botteon and
Carraro (1997) with heterogeneous countries and simultaneous moves of
signatories and non-signatories. The authors show for their example that
without commitment transfers can be used by signatories to expand their
coalition. Of particular interest is the finding that for their data set such an
expansion is possible if the gains of the coalition are distributed according
to the Shapley value, but not if the Nash bargaining rule is applied. Once
more, this stresses the importance of the design of an agreement for the
stability and global efficiency of a coalition.

Fairness

There are two papers which have taken another route to generate more pos-
itive results with respect to coalition formation which are very much in the
tradition of Sudgen’s theory of reciprocity and Margolis’s unselfish behav-
ior (see Section 10.7). Jeppesen and Andersen (1998) introduce ‘non-
material’ payoffs in Barrett’s model which are derived from fairness. They
argue that free-riding would be seen as unfair behavior by governments.
Therefore, governments derive some payoff from the membership as such.
Similarly, in Hoel and Schneider’s (1997) model governments receive dis-
utility from breaking an agreement (loss of reputation). Not surprisingly,
both papers find that such moral aspects increase the number of participat-
ing countries in an IEA. However, it is evident that such arguments are not
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compatible with the fundamental assumption of economic theory. What
makes Hoel and Schneider’s analysis interesting is their finding that trans-
fers from signatories to outsiders may decrease the number of participants
in an IEA. In particular, counterintuitively, the aggregate effect of transfers
may be negative. Though non-signatories do more when receiving transfers,
signatories do less (‘abatement leasing’) and overall, if N is large, emissions
may increase.

Economies of scale

Heal (1994) views coalition formation as being similar to an assurance
game (see Sections 3.4 and 3.6) where cooperation pays once enough
players accede to an IEA. He argues that there must be a minimum
number of countries in order for a coalition to be profitable and to come
into force. He calls this a minimum critical coalition. Most of Heal’s anal-
ysis is concerned with the derivation of the conditions of a minimum crit-
ical coalition. However, basically, transforming his approach into the
context of the previous setting, it turns out that his definition of a
minimum critical coalition is nothing other than the definition of the
profitability of a coalition. Since it is known from above that profitability
is only a necessary but by no means a sufficient condition for the stability
of a coalition, Heal misses an important point. Hence, the really interest-
ing aspect of Heal’s analysis lies somewhere else: it is the idea that there
might be economies of scale in forming a coalition. For instance, sharing
the cost of R&D in developing new abatement technology may reduce
costs substantially so as to induce more countries to join an IEA. Thus,
integrating this idea into the conjectural variation models above would
lead to more optimistic results.

13.2.7 Issue Linkage

Since the conjectural variation models are technically rather simple, they
are ideally suited to analyzing the effects of linking an environmental agree-
ment with another agreement. Since the instability of an IEA is caused by
the non-excludability of the public good environment, the second agreement
must deal with the provision of an excludable good, as for instance a club
good (Carraro 1997).22 For instance, Carraro and Siniscalco (1997),
Botteon and Carraro (1998) and Katsoulacos (1997) consider the link
between an IEA and cooperation on R&D. Signatories of an IEA share the
costs of R&D and can exploit more-efficient technologies. Hence, the unit
production costs of the signatories decrease through cooperation and they
obtain a competitive advantage over non-signatories. Thus, if a signatory
thinks about leaving the coalition it has to expect not only that abatement
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of the remaining signatories will be lower after they have reoptimized their
strategies, but also that it will have higher production costs. Thus, the forces
inducing a country to remain in the coalition are stronger through issue
linkage and therefore, not surprisingly, these papers find (using simula-
tions) that the equilibrium number of signatories may be greater in the
linked agreement than in the pure IEA.

Since Carraro and Siniscalco (1997) assume that there are decreasing
economies of scale in cooperation on R&D, the equilibrium number of sig-
natories may fall short of the grand coalition. Moreover, as the authors
assume an oligopolistic market structure of the Cournot type, the gains
from cooperation on R&D are limited. Since lower unit production costs
imply a higher output by signatories and hence a lower market price, it
might be in the interest of signatories not to have too many coalition
members. In fact, for some parameters of the market demand and produc-
tion function, it may happen that the linked agreement comprises fewer sig-
natories than the original IEA (Carraro and Siniscalco 1997). Thus, issue
linkage may also destabilize an IEA; this would be even more pronounced
if account were taken of transaction costs from coordinating two agree-
ments.

In a similar spirit Barrett (1997c) sets up a model in which an IEA is
linked to a trade agreement. Trade of signatories with outsiders is com-
pletely banned, but outsiders may trade among themselves. Barrett shows
(using simulations) that if minimum participation is ensured in the linked
agreement, the agreement may be capable of securing a large number of sig-
natories. An example of such a link is the Montreal Protocol on the deple-
tion of the ozone layer where trade with non-signatories is partially
restricted (Barratt-Brown 1991; Benedick 1991; Blackhurst and Subra-
manian 1992).

The problem with all the issue linkage models mentioned above is that
they make rather special assumptions regarding the market structure. In
particular, Barrett’s (positive) result rests crucially on the assumption of an
oligopolistic market structure. Assuming instead perfect competition, a
‘trade cartel’ would be of no interest to signatories. Moreover, the assump-
tion in Barrett’s model that imports of non-signatories to signatories’
markets are completely cut off seems also a very restrictive assumption and
is not compatible with the rules of GATT/WTO. Probably, it would be
more realistic to assume only a tariff imposed on non-signatories (see, for
example, Finus and Rundshagen 1999). In reality it is also hardly conceiv-
able that all countries belonging to a large trade agreement would automat-
ically be required to become members of an IEA. However, admittedly,
allowing for mixed membership creates a lot of analytical problems.
Finally, we should like to point out that Barrett implicitly assumes fixed
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plant location, which makes it easier to mitigate free-riding. A more realis-
tic and interesting approach would account for the possibility of endoge-
nous plant location since firms can freely move their location if
environmental standards become too costly for them (see Finus and
Rundshagen 1999 and the literature cited therein).

13.2.8 Discussion

In this sub-section we want to discuss some general aspects of the conjec-
tural variation models to the extent that they have not yet been mentioned
under a particular heading. Most important is the inconsistency of the
assumptions underlying the definition of internal and external stability as
given in Definition 13.2. Whereas with respect to emissions and transfers
an instant reaction is assumed, with respect to the number of signatories
and non-signatories it is assumed that all players except the defector stick
to their participation strategies. Whereas the first assumption is in the tra-
dition of the conjectural variation models encountered in Chapter 10, the
second assumption is in the tradition of the incentive structure of the stage
game of a global emission game as laid out in Chapter 9. Thus, strictly
speaking, all models mentioned above are not pure conjectural variation
models. There are three possibilities to base the equilibrium concept on
more consistent assumptions.

The first possibility would be to define internal stability and external
stability in the tradition of a static NE. Hence, C,=m}(N", ¢,
) —aM(N"—1, elf, e*,l, t, £)=0 V iel’ and Cy —'rrNJ(]\f’k e,
) — Ter(N* +1, e]’ Lt )>0 V] e IM . Thatis, only deV1at10ns by a single
player are considered; all other strategies are assumed to remain constant.
However, it is easily confirmed that for the payoff functions of types 1, 2
and 3 the condition for internal stability would always fail to hold. That is,
there is always a free-rider incentive and therefore the incentive structure is
similar to that in a PD game.

Hence, the second possibility would be to define stability within an infi-
nitely repeated game framework specifying credible threats to punish defec-
tion as laid out in previous chapters (see in particular Chapter 12). This
route will be taken in Chapter 14.

The third possibility would assume instant reactions with respect to all
strategies: also with respect to the number of participants in an IEA. That
is, a consistent conjectural variation equilibrium would be defined by

Cy=m(N", ¢, )—aMWN", ¢, )=0 V iel! and C; —TrNJ(N*
e, ) —mI(N", e", ")=0V je IM. Hence, if a signatory leaves the coali-
tion it cannot excluswely assume that N*—1 signatories and N—(N"—1)
non-signatories will reoptimize their strategies but must reckon that an
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alternative coalition could form. Thus the myopic view where a player con-
siders only the immediate reaction to his/her deviation is given up in favor
of a farsighted view in which all subsequent actions of players are
accounted for (Carraro and Moriconi 1997).

In the context of symmetric countries this definition implies that the
former equilibrium N* according to Definitions 13.1 and 13.2 is no longer
an equilibrium. Since it is always beneficial to be a non-signatory if a coali-
tion exists, a signatory has an incentive to leave the coalition, knowing that
it will be replaced by a former non-signatory.2* Hence, the number of sig-
natories would permanently remain at N*; however, C, does not hold and
membership permanently circulates. Consequently, in a strict sense, the
former equilibrium N* is no equilibrium any more (since C, and C; are not
simultaneously satisfied), though it may be called a ‘steady state’. Thus, also
the threat to resolve a coalition of N* once a signatory leaves is an empty
threat since by the definition of a profitable coalition there is an incentive
to form a coalition.?* Only in the context of heterogeneous countries may
a stable coalition at N” exist. If the new coalition reoptimizes its strategies
to a lower abatement level after a signatory has left, then the defector may
lose. This is because if countries are heterogeneous the abatement target of
the coalition depends on the membership and some countries may have a
lower payoff as a non-signatory than as a signatory.

However, even in the case of symmetric countries an equilibrium coali-
tion may exist, though not at (the former) N*. We denote this ‘new’ equilib-
rium by N*C. To see this, consider Matrix 13.1 which assumes payoff
function of type 3 and Nash—Cournot behavior between signatories and
non-signatories. The rows are ordered according to the number of signato-
ries. The first entries are the payoffs of non-signatories, the subsequent
entries those of signatories. From previous sections it is known that N* =2.
As argued above, N*=2 is only a steady state according to the modified
stability definition since a signatory leaving the coalition knows that it will
be replaced by a non-signatory and hence can enjoy a payoff of @' =0.19.
Now consider a coalition of four countries. If a signatory leaves, it must
conjecture that in the new coalition of three countries, again, a country
leaves. This leads to the steady-state coalition of two countries. Comparing
the payoff as a signatory in a coalition of four countries (] =0.43) with
that as a non-signatory, if a coalition of two countries forms (7Y =0.19)
does not make it attractive to leave the coalition. Hence, according to the
modified stability definition above, the coalition of four countries is an
equilibrium coalition, that is, N*©=4. Consequently, the grand coalition
cannot be stable since it pays a country to be a non-signatory in a coali-
tion of four countries instead of being a signatory in the grand coalition
(m]=1.14<2.49==M).
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Matrix 13.1  Consistent conjectural variation equilibrium?

l\.Iumber'of Payoffs
signatories
1 (singletons) -0.9 -0.9 -0.9 -0.9 -0.9
N*=2 0.19 0.19 0.19 —0.84 —0.84
3 1.5 1.5 -0.3 -0.3 -0.3
N*C=4 2.49 0.43 0.43 0.43 0.43
5 1.14 1.14 1.14 1.14 1.14

Note: *Payoff function (13.3), b=2, c=1, d=2, N=5 has been assumed.

It is interesting to note that in other examples (for example, where the
number of countries is larger), several equilibrium coalitions may coexist.
However, since the payoff vector of larger coalitions (strictly) Pareto-dom-
inates smaller coalitions, it should be expected that the largest coalition will
be the final equilibrium.

With the suggested modifications, reconsidering the problem and
looking at it from another angle, one may very well argue that the merit of
the conjectural variation models is, apart from their simplicity, that they
explicitly limit punishment options to an (instant) reoptimization strategy.
That is, these models take into account the actual limit punishment options
in international politics (see Sub-section 12.2.4). The above-described reop-
timization strategy would be rational and an SPE in the sense of a conjec-
tural variation equilibrium since it takes full account of all subsequent
moves (see Section 10.4) and conjectures are actually confirmed in equilib-
rium. Due to these advantages, we shall present in Chapter 15 a farsighted
coalition formation game which is based on the modified conjectural varia-
tion approach presented above. This model will include two additional
refinements: it allows for the possibility that several coalitions coexist and
the possibility of exclusive membership.

A more general question with respect to the assumption of instant reac-
tions is whether it is appropriate to account for the incentive structure in
international pollution control (see the discussion in Chapter 10). It seems
‘natural’ to expect that, though a country may decide to become a signa-
tory and agrees with abatement obligations of the coalition, it may later
breach the agreement to obtain a transitory gain if this is not punished.
However, this conjecture is not shared by Barrett, who argues that once a
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country has decided to be a signatory it would comply with the obligations of
the coalition.

There are two problems with this statement: first, on theoretical grounds,
it is not satisfactory to assume commitment by signatories in an ad hoc
manner; second, on empirical grounds the claim can hardly be sustained if
confronted with reality. Though Barrett (1997a) tries hard to make the
point that countries only sign treaties which they intend to fulfill by quoting
the political and institutional science literature (for example, Chayes and
Chayes 1993, 1995), there have been many instances where non-compliance
has occurred.? It is particularly surprising that Barrett defends his
approach by quoting such superficial work for two reasons. First, Chayes
and Chayes interpret cases of non-compliance as ‘capacity problems’ (see,
in particular, Chayes and Chayes 1995, pp. 13ff.). That is, countries do not
free-ride because of self-interest but because of temporary lack of
resources to comply. Thus, it is hardly surprising that they find evidence
backing their hypothesis that countries have a propensity to fulfill treaties.
Second, testing the hypothesis of compliance empirically, one has to take
into account that the obligations of many treaties do not go beyond what
would be implied by the NE anyway.2¢ Thus from compliance as such one
cannot infer the efficiency of a treaty.

Taken together, the point raised in the last paragraph comes down to the
question already raised in Chapter 10: whether a dynamic process would not
be better modeled as a ‘true’ dynamic game, rather than as a single stage game
as in the conjectural variation framework. This question also seems rele-
vant in the context of coalition formation.

Finally, note three minor points with respect to the models discussed in
the previous sections. First, under the Nash—Cournot assumption all coun-
tries, and under the Stackelberg assumption non-signatories, maximize
payoffs according to a zero conjecture with respect to emissions which, con-
sidering their reaction functions, is not confirmed if Definition 10.1 of a
rational conjectural variation equilibrium is applied. Again, this stresses
that Definition 13.2 of a stable coalition is a hybrid of a conjectural varia-
tion and a static or repeated game equilibrium.

Second, it is not compelling why a coalition equilibrium should be
defined in terms of external stability and not only with respect to internal
stability. Why cannot a coalition defend its coalition against non-
signatories intending to join? This point is particularly relevant in issue
linkage games where, above a certain number of signatories, further acces-
sion may decrease the ‘old’ signatories’ welfare accruing from the club-
good part of the agreement. Therefore, it may be better to restrict
membership so as to stabilize the linked agreement. In this light, Carraro
and Siniscalco’s (1997) finding that a linked agreement may lead to a
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smaller coalition size than in the isolated IEA would have to be reconsid-
ered.

Third, under the Stackelberg assumption it is assumed that a signatory
which possesses superior information as a Stackelberg leader maximizes its
payoff according to Nash-Cournot once it leaves the coalition. This
assumption obviously requires some form of irrationality by players and is
difficult to justify. It is this very assumption which leads, for instance, to the
grand coalition for a payoff function of type 2 under the Stackelberg
assumption. Assuming instead for the preliminary coalition of N*= N that
a signatory is as clever when leaving the coalition as when remaining in the
coalition, no stable coalition would exist.

13.3 THE CORE

13.3.1 The Concept

Though the concept of the core belongs to cooperative game theory, it is dis-
cussed here since it represents an important branch of the literature on
coalition formation. As laid out in Section 2.3, a typical feature of cooper-
ative game theory is the assumption that legally binding contracts can be
signed. Consequently, this concept seems inadequate in the context of
international pollution control. However, rejecting this concept on this
ground would be too simple. In fact, a closer look at the concept reveals
that some form of implicit punishment is indeed part of the definition of
the core.

There are basically two definitions of the core, one assuming no transfers,
the other assuming unlimited transfers among the coalition members. Since
the latter assumption has exclusively been made in all papers on interna-
tional pollution control until now, we shall restrict our attention to this
assumption as well (though we have raised objections to this assumption in
Chapter 8). Before defining the core, we need two definitions (Luce and
Raiffa 1957; Moulin 1995; Ordeshook 1992):

Definition 13.3: Characteristic function
The characteristic function provides for each possible coalition I' C1 the
information about the highest obtainable aggregate payoff which is
called the worth of a coalition, that is:

J =
w(l') max EJ m;
i€l
where €’ is the emission vector of the coalition and m,=B,(¢;) — $,(Ze, )
the payoff function of a player.
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Definition 13.4: Imputation

An imputation wV = (¥, ..., w,¥) is a payoff vector which allocates the
payoffs of a socially optimal solution to each member of the coalition
according to some particular rule.

With the help of Definitions 13.3 and 13.4, it is straightforward to define
the core of an economy (see Foley 1970):

Definition 13.5: Core

An imputation is in the core with respect to the endowments of the
economy if it cannot be blocked by any non-empty coalition. No other
coalition can do better for all its members with its own resources. That
is:

D att=wl’)VICL
el
From Definition 13.5 it is evident that the core depends on the worth of
the coalition, w(I'), which in turn depends on the behavior of the players
outside the coalition.?” A frequently made assumption is that the non-
coalition members put the coalition members down to their minimax or
maximin payoffs. This leads to the « and B characteristic function:

(T = mi J NI

w(I) If)l]\lgl mgx IEEIJ w,(el, eM) (13.24)
BTy = : J NI

wB(I) m;a}x %}1 ZEEIJ w,(el, eM) (13.25)

w(I7) implies that the non-coalition members move first and choose their
highest emission levels, e, to which the coalition members react by
choosing their best replies, e(Zef™). wB(I7) implies that coalition members
move first and choose their best replies, assuming that the non-members
will punish them as hard as possible. In the global emission game context
both characteristic functions are identical, that is, w*(I7) = wB(I') (since in
both cases ¢,=e™* V je IM).28 Of course, if I'=1, wo({I})=wb({I})
=37,

In the international environmental context the assumption about the
behavior of non-members in the « and 8 characteristic functions seems not
very realistic. It implies that the coalition members assume that players
outside the coalition will carry out punishments which are injurious to their
own welfare. Therefore, Chander and Tulkens (1995, 1997) propose the
assumption that non-coalition members choose their strategy according to
Nash behavior. If the coalition maximizes the aggregate welfare of its
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members, this leads to a ‘partial-agreement Nash equilibrium’, abbreviated
to PANE:?

Definition 13.6: Partial-agreement Nash equilibrium (PANE)
Given a coalition I’ C1, a partial-agreement equilibrium with respect to
IV is strategy vector &= (&, éM) which is characterized by:

1. & maximizes > , for eM =eM;

ier
2. VjeIM: eM maximizes m, for ¢! =&’ and e =¢2]
where &’ is the emission vector of the coalition with typical element &}
and éM is the emission vector of the non-coalition members (behaving
as singletons) with typical element &Y.

Definition 14.6 is very similar to the equilibrium in the emission space in
the conjectural variation models under the Nash—Cournot assumption,
assuming that the equilibrium coalition size is given.3® Non-members,
behaving as singletons, maximize their payoff non-cooperatively whereas
the coalition members maximize their joint welfare cooperatively, acting as
a single player. Given this assumption, the PANE constitutes an NE.
Definition 14.6 allows us to specify the vy characteristic function:

wI(I’) =S (&7, &M) (13.26)

where €= (&7, &M) is the PANE with respect to 7.

Taken together, the «, B or y core are defined by Definition 13.5 where
the characteristic function is given by (13.24), (13.25) and (13.26) respec-
tively.

13.3.2 Results

For most games it is difficult to characterize the entire set of imputations
which lie in the core. Therefore, all papers analyze only whether an impu-
tation can be constructed for the socially optimal emission vector which lies
in the core. That is, one checks whether an imputation of the grand coali-
tion = (¥, ..., w\¥) lies in the core where w¥=73(eS)+¢, and 7, is a
transfer which is implied by some transfer scheme. A first indication
whether this may be the case is to check whether the so-called ‘individual
rationality constraint’ is satisfied by the imputation. This necessary condi-
tion is derived from considering that w({i}) =7M, wh({i})==3C (where
wM=mx3C in the global emission game) and w¥({i})==} hold, implying
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that a player in the coalition must receive at least an individual rational
payoff or a payoff above the NE payoff respectively to sign the agreement.3!
A single-player coalition, {i}, simply forms if a player leaves the grand
coalition which — according to the core concept — completely splits up into
singletons and those players either minimax (a core), maximin (8 core) or
play Nash (y core) against the defector.32

Moreover, considering the fact that a player is punished very harshly if
s/he leaves the grand coalition according to the a and 8 characteristic func-
tions, it is not surprising that some imputations lie in the « and B core and
therefore the core of most games is not empty.?3 For instance, Miler (1989)
reports for his acid rain game that all Pareto optima lie in the « core and
therefore he calls this concept useless in predicting the outcome of a game.
Basically, any imputation in which welfare is redistributed such that each
country receives at least its minimax payoff would lie in the core. In fact, if
payoff functions are not too asymmetric transfers might not even be neces-
sary for such an imputation to lie in the core.

With respect to the vy core it is more difficult to satisfy the individual
rationality constraint and therefore it does not come as a surprise that the
v core (if it is non-empty) is contained in the a core.3* In the case of hetero-
geneous countries, some sophisticated allocation rule may be needed to
ensure that the social optimum lies in the y core. Chander and Tulkens
suggest in various papers consideration of the following transfer scheme:

$i(e5)

Sdy(eS)
where #,>0 implies that a transfer is received and ;<0 that a transfer is paid
by a country. Since the definition in (13.27) implies that #;is not a vector but
a single number, it is necessary from a technical point of view to assume
that all transfers are administered by an international agency. This agency
either receives a transfer from country i (1,<<0) or pays a transfer to
country i (¢,>0).

The transfer scheme comprises two parts. The first part is a payment o
each country which covers its decrease in benefits between the NE and the
social optimum (first bracket). The second part is a payment by each
country covering the total decrease of benefits in proportion to the fraction
of marginal damage in each country to aggregate marginal damage in all
countries (second bracket). That is, those countries which perceive damage
as more severe (have a higher preference for a clean environment) pay a
larger portion of their gains which they receive from a joint and socially
optimal abatement policy.

For the transfer scheme implied by (13.27) it can be shown that the fol-
lowing result can be established (see Chander and Tulkens 1997):33

=[Bi(e]) =B e - [ZBi(ef) —ZBy(ed]  (13.27)
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Proposition 13.5

Let the payoff function from global emissions be given by
m,=B,(¢;) — d,(Ze,), assumptions A, in (9.2) hold and let eS=(e}, ..., )
be the (unique) socially optimal emission vector. Then the imputation
wV=(mY, ..., m\¥) defined by = V=md(eS)+¢ where ¢ is given by
(13.27) lies in the core provided one of the following assumptions is true:
(a) damage functions are linear; (b) VI CL, [T'1=2, 3, _1d,(e5)=di(eV)
V i e I’; and (c¢) countries are symmetric.

Proof: See Appendix X.2. QED

Assumption (a) implies orthogonal reaction functions and thus non-
signatories choose their emission level independently of the coalition.
Assumption (b) basically implies that for coalition members marginal
damages do not fall too much when moving from the social optimum to the
NE.3¢ The finding that w ¥ =m5(eS)+¢ lies in the core if assumption
(¢) holds is anything but surprising. Of course, for symmetric countries
t7 =0 and any country gains from a socially optimal solution compared to
the NE and compared to any smaller coalition size than the grand coali-
tion.

13.3.3 Discussion

In this sub-section we shall discuss the assumption and properties of the
core concept as well as those of the models used by Chander and Tulkens
in various papers:

1. In many papers, for example, Chander and Tulkens (1992, 1997), the
authors use a far more complicated model than the simple global emis-
sion model that we introduced in Chapter 9. Since all main results
of Chander and Tulkens, which have been summarized in Prop-
osition 13.5, can also be established (without qualifications) in the
simple framework, the motto of Rasmusen of no fat modeling’ has
been violated by these scholars.3”

2. Though this has not been explicitly mentioned above, the core concept
assumes as the conjectural variation models only two groups of coun-
tries: those which form a coalition and those outside the coalition
which either play as singletons (y core) or jointly form a ‘punishment
coalition’ (« and B core).

3. By its very nature, the core is a static equilibrium concept. However,
from the definition of the characteristic function it is clear that some
behavioral assumptions are made as to how players react if a country
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leaves the coalition. Thus, the assumptions of the core are very much
in the tradition of the conjectural variation models which may be inter-
preted as static representations of dynamic games (see Tulkens 1998).
Instant reactions are assumed which do not allow a defector to net any
transitory gain. Thus, the same critique as was raised with respect to
conjectural variation models applies here (see Chapter 10 and Sub-
section 13.2.8), namely that the core does not adequately account for the
free-rider incentive in international pollution control.

In view of this, defending the core concept by criticizing concepts
like the strong Nash equilibrium (see Chapters 6, 7 and 12) or the coali-
tion-proof Nash equilibrium (see Chapter 15), that they would not
account for reactions by players to a deviation, seems a rather weak
argument of Chander and Tulkens (1997, s. 3). Their critique is based
on the fact that, in a static context, these equilibrium concepts deter-
mine (in the tradition of an NE) a best reply, given the best reply of the
other players.3® However, with a dynamic story in mind when analyz-
ing a coalition formation process, it seems natural to evaluate the
dynamic and not the static version of these alternative equilibrium con-
cepts. A casual look at the definitions of the dynamic versions of these
concepts (or recalling the definition of a strongly subgame-perfect
equilibrium or renegotiation-proof equilibrium in a finite (Chapter 6)
or an infinite (Chapters 7 and 12) time horizon in a two-player game)
would immediately make clear that the critique is false. Moreover, after
all, a consistent assumption in a one-shot game implies no reaction by
the very meaning of this term (see the discussion in Section 10.1).

It is also not correct to claim that the core has an advantage over the
conjectural variation models because the latter models would not
account for reactions after a deviation of a (original) coalition member
(Tulkens 1998, s. 4). As has been demonstrated above, conjectural vari-
ation models assume that if a signatory leaves the coalition, the
reduced coalition reoptimizes its strategy.

If the core is given a static interpretation, then it is immediately evident
that it is not an equilibrium in a non-cooperative game theoretical
sense. If the core is given a dynamic interpretation, then the o and B core
versions imply a non-credible threat. Neither in a finite nor in an infinite
time horizon is minimaxing a player for the rest of the game a
subgame-perfect trigger strategy. In contrast, the threat to play an NE
once a player defects as assumed in the 7y core concept is a subgame-
perfect equilibrium in a supergame framework.’® However, such a
threat would neither be a weakly or strongly renegotiation-proof nor a
strongly perfect equilibrium.

It seems not very plausible that according to the y-characteristic function
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a coalition splits up into singletons once a country leaves the coalition.
This would only be convincing if the number of signatories were
smaller than the usually considered grand coalition and if the coalition
size corresponded to the minimum number of countries specified in
some minimum participation clause of a treaty. A more natural
assumption would be that the coalition without the defector j reopti-
mizes their strategies as laid out in Sub-section 13.2.8 in the context of
the conjectural variation models.*

Though the characteristic function summarizes the strategies of the
coalition in a compact way, information about a single player’s incen-
tives gets lost. As in the conjectural variation models, it is hardly realis-
tic to assume that all coalition members unanimously maximize joint
welfare*! and that transfers are truly paid according to formula (13.27).
The transfer scheme in (13.27) is similar to the ratio equilibrium of
Kaneko (1977) and Mas-Colell and Silvestre (1989) and therefore it has
sound justification in public goods economics. Its advantage over the
‘conventional’ type of compensation payments is that it is explicitly
linked to emission reductions in each country. Thus, it can be given an
interpretation as a cost-sharing rule between countries pursuing a joint
abatement policy.

However, apart from the (open) question of how such a transfer
scheme can be credibly enforced, formula (13.27) provides an obvious
incentive to countries to misrepresent their environmental preferences.
Knowing that a country’s contribution to an international monetary
fund crucially depends on the fraction ¢!(e5)/Zd;(e%), a country will
bias its estimation of ¢!(¢5) downward. By the same token, it must be
expected that countries do not truly reveal their opportunity cost of
abatement, so as to induce transfers which are more favorable to them.
Taken together, this implies that it can hardly be expected that the ‘true’
social optimum can be correctly determined (see Chander and Tulkens
1992, pp. 396ft.).

The explanatory power of the core concept as applied in all papers on
international environmental problems is rather low. The finding that
the socially optimal emission vector lies in the core if associated with
an appropriate transfer scheme is in stark contrast to the empirical
findings that for some environmental problems no IEA exists, the par-
ticipation rate of most IEAs is well below full participation, and abate-
ment targets are far from being socially optimal. One reason for the
optimistic results generated by the core concept is the assumption that
the coalition resolves once a member leaves it. This is a very harsh pun-
ishment, which helps to sustain a first-best solution. Another impor-
tant reason is the assumption of transfers. If transfers were ruled out,
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then the social optimum would hardly lie in the core, which is particu-
larly true for the -y core. Then smaller coalitions and abatement targets
below socially optimal ones may only lie in the core. A reason why such
a modification has not been considered so far is the more surprising
since no plausible explanation is given as to how such a transfer scheme
can be realistically enforced. The assumption of Chander and Tulkens
that such a transfer scheme is simply monitored and administered by
an international agency seems rather naive.

13.3.4 Dynamic Adjustment to a Socially Optimal Steady-state
Equilibrium

In some papers the core concept has been integrated into an explicit
dynamic story. The basic idea is to test whether it is possible for a coalition
to reduce emissions gradually from NE to socially optimal levels (Tulkens
1979). Along such an emission path the local optima have to be in the core
in order to view such a path as stable. The motivation for the assumption
of a dynamic emission path is twofold: first, it is hardly realistic to assume
that players move at once from the non-cooperative equilibrium to the full
cooperative equilibrium; second, governments may only possess informa-
tion about the damage and abatement cost functions around the present
state but not over the full range of these functions. Thus, governments
adjust their emissions only gradually towards the final state by using local
information.

Whereas in Chander and Tulkens (1991, 1992) such a ‘time iterative
process’ is analyzed in continuous time, in Germain et al. (1995, 1996),
Kaitala et al. (1995) and Germain et al. (1998) this is done in a discrete
time setting. Whereas some of the papers (such as Chander and Tulkens
1991, 1992, and Kaitala et al. 1995) assume a notion of the stability
concept slightly different from the previously discussed core concepts,
Germain et al. (1996, 1998) base their stability analysis on the vy core
concept. All papers assume a flow pollutant, except the last-mentioned
paper.*? Since all previous models in this book have assumed a flow pollu-
tant and since we have identified the y core concept as the most suitable
among the core concepts, the following discussion is based on Germain et
al. (1995, 1996).

The basic idea of all the papers is not much different from that in the
static context. One checks whether an imputation of the grand coalition lies
at each time r=1, 2, ..., T in the y core, assuming a locally optimal emis-
sion vector and some transfer scheme. After T iterations the final optimal
state will have been reached. This state is the global optimum, or in the
former terminology, the social optimum. The transfer scheme assumed to
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achieve this is very much in the spirit of that used in the static context above
(see (13.27)).
More concretely, assume payoff at time 7 to be given by:

i = Bi(ei,;) - d)i(zek,;) (13.28)

where B,(e; ) is a concave benefit function and &,(Ze, ) is a linear damage
cost function, that is, ¢,(Ze, ;) =d;Ze;.B,(¢; ) is assumed to be known for
alle; ,=¢; , =0 where:

€y =min e, m;, ¢ 41l 0=m;, . =1L (13.29)

It can now be shown that max 2, subject to constraint (13.29) leads to

the global optimum after a ﬁmte number of iterations where ¢, denotes the
locally optimal emission vector of the grand coalition at tlme t, that is,
e,_r= €5 (see Germain et al. 1995, Theorem 1).

The transfer scheme assumed during the iterative process is given by:

= [B,(e,N) - B,(ejz)] - [‘b,(e,N) - d),(e;k;)] + Ed’,‘[gj(e;;) _g/(e/N)]
(13.30)

where:
gl,:Bi(ei,t)—d‘ei’t,dzEd U=/ Zb, =d/d, 0=0,=1, Z§,=1.
(13.31)

Then, as in the static case, the following result can be established:

Proposition 13.6

Let the payoff function from global emissions at time ¢ be given by
(13.28) where the benefit function is strictly concave and damages are
linear and let e;=(e] ,, ..., €y ,) be the (unique) locally optimal emission
vector. Assuming that countries have local information about payoffs for
all emissions as defined by (13.29) and that they gradually approach the
global optimum via local optima in several stages, then the imputation
m o =(mY, ..., myh) defined by ¥ =] t(e )+l where 7}, is given by
(13 30) lies in the core at each stage t=1,.

Proof: See Appendix X.3. QED

We would like to finish this section with two remarks. First, the assump-
tion of a time-iterative process in which countries gradually approach an
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optimal state is a major step in adapting models to reality (see also Sub-
section 12.2.4). Many international environmental agreements have seen an
evolution as described by this process (Caldwell 1984). Commonly, to begin
with, a formal IEA is only a framework convention, stating good inten-
tions. Then moderate abatement obligations are specified in a next step;
these are successively revised and increased over time in successive proto-
cols. Examples include the Montreal Protocol on the reduction of the
depletion of the ozone layer and the Helsinki Protocol to reduce sulfur.

Second, though the adjustment of emissions is modeled in a dynamic
framework, the threat and punishment strategies do not change compared
to the static version of the core concept (see Appendix X.3). From a game
theoretical point of view this is disturbing. As demonstrated for repeated
games, it should be expected that the time horizon would have an influence
on players’ strategies. Basically, the core concept as applied in the above-
mentioned papers implies that players follow a strategy which neither is
based on the history of the game nor does it take the future into account:
an assumption which can hardly be rationalized.

NOTES

1. An empirical paper which analyzes the stability of a grand coalition set up to fight acid
rain in Europe is Finus and Tjotta (1998). Since their setting resembles that of
Chapter 14, their work will be discussed there.

2. This issue will be considered more thoroughly in Sub-section 13.2.5.

3. See the brief discussion of these concepts in Chapter 11, Section 11.3.

4. The definition implies that the status quo is given by the Nash equilibrium where no
coalition has formed. The term coalition is reserved for the cooperation of at least two
countries.

5. The ‘=’instead of the strict inequality sign is used for two reasons. First, it seems equally
likely that a signatory remains in a coalition or leaves it if nothing is gained from leaving.
Also, a non-signatory may remain outside or may join the coalition if this does not affect
his/her payoff. Second, the strict inequality sign would imply that for the net benefit func-
tion of type 1 below no coalition equilibrium exists. (Though Carraro and Siniscalco
1993, 1998 use the strict inequality sign in their definition of stability, they report on
small coalitions obtained in various model versions based on payoff functions of type 1.)

6. The advantage of this relative index is twofold. First, the index is independent of the unit
of measurement. Second, the signs of the derivatives hold for all three payoff functions
and for the Cournot and Stackelberg assumptions. Moreover, they would also hold if the
functions were slightly modified, and therefore rather general conclusions are possible
using this relative index. In contrast, Barrett (1994b) uses the absolute index and derives
results which only hold for specification (13.3) but would nor hold if damages were
assumed to be given by ¢, =/,(Ze] + gf‘”) instead of ¢, = (I(N)/’[(Eeg + ejNJ).

7. In Endres (1997) the parameter c is interpreted as the environmental awareness of the
society of a country. He analyzes the effect of a change of this variable on the degree of
externality in a static game with two countries. In Endres and Finus (1998c¢) the analysis
is extended to NV countries and a dynamic framework. Particular attention is given to the
effect of a change in the environmental consciousness of society on the success and
stability of an IEA.
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We assume that the appropriate non-negativity constraints are invoked on the parame-
ters such that eV =0 and e$=0V i e  hold.
Trs >0Viel holds for all pdyoff functions.
We assume in the following that the appropriate constraints on the parameters apply so
that positive emissions are ensured.
A signatory in a coalition of N”=3 is indifferent about leaving the coalition, implying
N*=2, and receiving a non-signatory payoff. Hence, N"=3 and N" =2 seem equally
llkely, though Carraro and Siniscalco (1991) claim that there is a unique equilibrium of
=3.
Leakage effects have been studied in the energy market by Bohm (1993); Felder and
Rutherford (1993); and Golombek ez al. (1995). Energy conservation by ‘green’ countries
leads to a reduction in demand for crude oil. Consequently, energy prices drop. This in
turn triggers higher demand by less environmentally conscious countries and renders the
environmental policy of green countries less effective. See also Barrett (1992c); Bohm
and Larsen (1993); and Hoel (1994) on leakage effects and countervailing measures.
In a symmetric Nash equilibrium e¥'=b/c and w¥ = (b2 —N))/2c. As long as N*<N,
the best strategy of signatories as Stackelberg leaders is to expand emissions up to
Eei* =bN/c so that non-signatories emit nothing. Then, a signatory receives
! =(b’N(2—N"))[2cN" and a non-signatory wM* = — Nb?/2¢. It is easily confirmed that
C >0 for any N*<N, and C,>0 for N*=N. (External stability is automatically ensured
for N*"= N by definition.)
This result contrasts to Barrett’s (1994b) finding of no stable coalition for this payoff
function.
Differentiating a signatory’s payoff function with respect to e , assuming EejM =0, gives
amlloe] = bd — be] — cNp2e!. Substituting bd/p.c for ¢! (Wthh follows from’Ze] =ydN)
we get aw{/ael =bd— b2d/puc — Npbd<0 where the sign follows from w= Un. Since
8211']/86]7 <0, it follows that om!/de]<0 V e]=bdlpc which implies by symmetry
EeJ >de QED
This claim and all subsequent assertions in this section are proved in Appendix X.1.
Barrett (1994a, b) does not consider the profitability constraint when determining the
coalition equilibrium.
Only a framework convention has been signed stating ‘good intentions’ at zero costs,
which explains why it has been signed by many countries.
Of course, a shortcoming is that the failure of some IEAs to come into force cannot be
explained by this model version since N* € [2, N ]. Then, payoff functions of the second
type and Nash—Cournot behavior could be a possible explanation. See also the model in
Chapter 14 which does not suffer from this deficiency and where N* € [0, N].
Both concepts imply that aggregate welfare of the coalition is maximized.
Xepapadeas (1997, p. 205) tries to justify such assumptions of commitment. He writes:
‘The internal stability requirements . . . can, however, be regarded as too restrictive in
reality.” However, we feel that such arguments are misguided. Once a stability concept
has been chosen, one should stick to the implied results and not reinterpret them because
they are ‘too strong’ compared to the gray tones of reality.
On the characteristics of private, club and public goods, see Arnold (1992); Cornes and
Sandler (1986).
Therefore, Carraro and Siniscalco (1992, 1993) frequently stress that the underlying
incentive structure of international environmental problems is not that of a PD game
but rather of a chicken game, where each country would like to be a non-signatory but
would join the coalition if it did not form (see Section 3.6). However, as shown above for
acontinuous strategy space, in a consistent conjectural variation framework no coalition
exists for symmetric countries and in the traditional stage game framework the incentive
structure resembles that of a PD game more than of a chicken game. Only for the
‘hybrid’ Definition 13.2 of a coalition equilibrium is their assertion true. See also the dis-
cussion in Sub-section 9.7.2 on the incentive structure in a global emission game.
This issue is taken up again in the context of the core (see Section 13.3) where exactly
this kind of inconsistency occurs.
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As Keohane (1995, p. 217) puts it: ‘compliance is not very adequate. I believe that every
study that has looked hard to compliance has concluded . . . that compliance is spotty.’
In their prominent empirical study on compliance of IEAs, Brown Weiss and Jacobson
(1997, pp. 871ff.) find severe instances of non-compliance for all IEAs covered by their
study. Sand (1997, p. 25) reports that no fewer than 300 infractions of the CITES treaty
have been revealed per year. Also the whaling convention has been frequently breached
by all important parties to the treaty (Heister 1997, p. 68). Moreover, many IEAs also
have a very poor compliance record with respect to reporting requirements (GAO 1992,
pp. 3ff.; Sand 1996, p. 55; Bothe 1996, pp. 22ff.). Since official compliance-monitoring in
almost all IEAs relies exclusively on self-reporting by the states, some suspicion with
respect to good official compliance records of some IEAs seems also to be justified
(Ausubel and Victor 1992, pp. 23ft.).

See, for example, Finus and Tjotta (1998) and Murdoch and Sandler (1997). The exten-
sive IIASA study on the effectiveness of IEAs draws a similar conclusion: see Victor et
al. (1998, pp. 661ft.).

Due to the assumption of transfers, only payoff vectors based on the socially optimal
emission vector (imputations) can qualify as potential candidates to lie in the core.
(Otherwise a Pareto improvement for all coalition members would be possible.) For the
assumption of no transfers this would be different.

More generally, the o and B characteristic functions are equivalent for games with trans-
ferable utility (Ordeshook 1986, p. 331). For the definition of minimax and maximin
payoffs, see Sub-section 4.3.2.

Chander and Tulkens define the PANE with respect to I C1. However, there is no reason
why this definition should not also comprise the grand coalition, that is, 'C1.

See Tulkens (1998) on the similarity of both approaches.

w({i}) may also be called the disagreement point. This is the payoff a player can expect to
receive when players cannot agree on a grand coalition.

Note that the definition of the characteristic function is puzzling since it implies that if
a player leaves the grand coalition s/he forms a ‘one-player coalition’ and the former
coalition members become non-members. Whereas in the conjectural variation models
the coalition members are the ‘good guys’ and the non-members the ‘bad guys’, this is
reversed in the core. In other words, a country which does object to the terms of a treaty
proposes an alternative coalition (Tulkens 1998).

Shapley (1971) showed that the core of convex games is non-empty. A game is called
convex if its characteristic function is convex. (Since the characteristic function already
includes the behavioral assumption of the countries outside the coalition, the result is
true for any core concept.) This function is convex if w(I{) +w(I3) = w(l UL} + w(I{ N L)
VI, BCI & wIU{i})—wl)=w@U{i})—wd3}) Vi ¢ I}, ] CH hold. That is, there
is a kind of increasing marginal utility for coalition membership. It is easily checked that
the latter condition does not necessarily hold in the global environmental context. For
instance, consider N =4, then w({1, 2, 3}) +w({2, 3,4})=w({1, 2, 3, 4}) + w({2, 3}) must
hold. However, for a payoff function of type 3 in (13.3), »=0.2 and ¢ =1 and the -y char-
acteristic function, this condition is not satisfied.

An intuitive reason for this result is the observation that w*({i}) =< wY({i}) holds.

As a matter of notation: I CI implies that I/ is a true sub-coalition of I.

It is surprising that Chander and Tulkens (1995, p. 18) claim that this assumption would
hold for a broad class of quadratic utility functions since a counter-example is readily
constructed. For instance, this assumption fails for payoff functions (14.1) in Chapter 14,
assuming N =3, 1 <y <4 (which takes condition NNC, in (XI.3), Appendix XI.1 into
account) and if countries 2 and 3 form a coalition, that is, I = (2, 3).

Of course, in some papers a transboundary pollution problem and not a global environ-
mental problem has been assumed. However, this does not affect the main conclusions.
A definition in an N-country context is given in Chapter 15.

The underlying assumption is the payoff function m,=8,(e;) —b,(Ze;) as described in
(9.1) which satisfies assumptions A, in (9.2) and hence by Theorem 9.2 there is a unique
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NE. Therefore no SPE except playing the stage game NE repeatedly exists in a finite
setting by Theorem 4.2.

The behavior of non-coalition members according to the o and B characteristic func-
tions has already been criticized in Sub-section 13.3.1.

See the justification for the LCD decision rule as assumed in the bargaining process in
Chapter 11.

Germain ef al. (1998) may be regarded as the most advanced of these papers. Whereas
Chander and Tulkens (1991, 1992) are purely theoretical papers, the others apply their
framework to an acid rain game between seven northern European regions.



14. Coalition models: a second
approach

14.1 INTRODUCTION

In this chapter the coalition formation process in a global emission game is
analyzed in a supergame framework by applying the concept of a weakly
renegotiation-proof equilibrium (WRPE).! We proceed in two steps. First,
stability of a grand coalition is analyzed (Section 14.3), assuming discount
factors close to 1 (Sub-section 14.3.2) and discount factors smaller than 1
(Sub-section 14.3.3). Stability will be investigated for seven different emis-
sion vectors:

a socially optimal solution;

a globally optimal uniform emission tax;

a globally optimal uniform emission reduction quota;

a uniform emission tax if the median country’s proposal is applied;

a uniform emission reduction quota if the median country’s proposal

is applied;

6. a uniform emission tax if the lowest common denominator decision
rule (LCD decision rule) is applied;

7. a uniform emission reduction quota if the LCD decision rule is

applied.

ARl

Additionally, the maximum emission reduction under a uniform tax and
uniform quota regime will be determined which can be sustained as a
WRPE. This is done to evaluate the efficiency of the two policy regimes
independently of the decision rule chosen among the negotiators.

Each emission vector implies a different abatement target and a different
welfare allocation among countries. Transfers to alter the welfare alloca-
tion implied by an emission vector are not considered.? Since a uniform tax
is a cost-efficient instrument to tackle a pure public bad (see Section 11.2),
a globally optimal uniform tax leads to a socially optimal emission alloca-
tion and hence emission vectors 1 and 2 are identical. Emission vector 3 is
generated if global payoffs are maximized, subject to the constraint that a

258
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uniform emission reduction is applied. Emission vector 4 is derived if
N countries make a proposal of a uniform tax; subsequently the proposals
are ordered according to their level, for example, ¢, 1, ..., ¢, and proposal
L+ is applied in all countries. The same applies to emission vector 5
under the quota regime. For the model specification in this chapter it will
turn out that the median country’s proposal is identical to the globally
optimal level of that instrument. Thus, emission vector 4 is identical to 1
and 2 and emission vector 5 is identical to 3. Emission vectors 6 and 7 are
determined according to the bargaining procedure outline in Chapter 11
(see in particular Section 11.4). That is, the smallest uniform tax (quota)
proposal of the N countries, tA(r*), is applied where A =min[t, 1,, ..., 1]
(rA=min[r,, ry, ..., 7y]).

The choice of the emission vectors is motivated as follows. Socially and
globally optimal emission vectors 1 to 3 are chosen as typical benchmarks
frequently encountered in welfare economics to evaluate second-best solu-
tions. Moreover, these emission vectors imply that the (grand) coalition
maximizes the aggregate welfare of all coalition members, which is a
typical assumption of the conjectural variation models and the core model
encountered in Chapter 13. The motivation to consider the median
country’s proposal (emission vectors 4 and 5) is threefold. First, in the
public choice literature many models determine the election outcome
according to the median voter (Mueller 1989). Second, it is straightfor-
ward to show that a bargaining game in which the ‘median country deci-
sion rule’ is applied has an equilibrium in dominant strategies as this has
been demonstrated for the LCD decision rule. That is, no country has an
incentive to misrepresent its preferences by putting forward a biased pro-
posal. Third, the check on whether the median country proposal is a
WRPE does not require the assumption of transferable utility (as does the
LCD decision rule) and therefore is in the tradition of non-cooperative
game theory.

The motivation to consider the LCD decision rule has been extensively
laid out in Chapter 11 and therefore no further comment is needed.

Since it will turn out from the analysis in Section 14.3 that a grand coali-
tion is very unlikely to form irrespective of the emission vector if N is large,
the formation of sub-coalitions is investigated in a second step
(Section 14.4). The formation process comprises the decision of member-
ship and coalition size, the choice of the abatement target within the group
of signatories and the choice of the policy instrument to achieve the envis-
aged abatement target (see Sub-section 14.4.1). The model allows us to
derive the coalition size (Sub-section 14.4.2) and the choice of the policy
instrument (Sub-section 14.4.3) endogenously, whereas for the membership
and the abatement target some (plausible) exogenous assumptions will be
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made. The results if all aspects of the formation process are considered
simultaneously are reported in Sub-section 14.4.4.

The analysis of the first (grand coalition) and second step (sub-coalition)
presents ample evidence to answer the two questions raised in the Introduc-
tion of Chapter 11 and one more:

1. Why are abatement targets within most IEAs rather low, even though
cost-benefit considerations would suggest higher targets?

2. Why do only sub-groups of countries sign an IEA though more coun-
tries suffer from an environmental externality?

3. Why have effluent charges (as one representative of market-based
instruments) not been applied in any IEA so far whereas quotas have
found widespread application?

As in Chapter 13, the answers will be related to the model parameters
benefit—cost ratio from emissions, y=b/c, and the number of countries
suffering from the externality, V.

14.2 PRELIMINARIES

The subsequent analysis is based on a standard type of payoff function
similar to those encountered in Chapters 9 and 11 which satisfies assump-
tions A, in Chapter 9. In particular, consider the following payoftf function
of country i

1 RPN Y _
Tri=b<dei—2ei2>—l'2N-</;ek> ,b>0,c>0,d>0,e,€[0,2d],ie{l,...,N}
(14.1)

where b and d are benefit parameters and c is a cost parameter. This implies
equal benefits from emissions in the N countries but different damages
which are (discrete) uniformly distributed. Countries with a higher index i
suffer more from pollution than do those with a lower index number.3
Though equal benefits may be seen as a restrictive assumption in (14.1) this
specification allows us to identify the interests of the N countries uniquely.
Countries with a higher index have a greater interest in emission reduction
than those with a lower index. This is evident from computing emissions in
the static Nash equilibrium (NE) and the social optimum and where
9eN9i<0, d(wP —wN)/9i>0and =P — 7N <, >, =0 hold.# That is, countries
with a higher index choose lower emissions in the non-cooperative equilib-
rium than those with a lower index. The high index countries also benefit
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more from a socially optimal solution than low index countries due to their
higher damage. In fact, low index countries may receive a lower payoff in
the social optimum than in the NE (recall Proposition 9.2).

For specification (14.1) a familiar result from Chapter 13 also applies:

 Sell—Ze} - Zwy—Zwy ol a1, I, al,
I: % , L SR N>O Y <0, N>0 ¥ <0. (14.2)
That is, the externality is distinct if many countries suffer from the global
pollutant and if environmental damage is very high compared to the
opportunity costs of abatement.

For payoff functions (14.1) it is straightforward to derive a globally
optimal uniform tax, ¢*, or expressed as relative emission reductions from
the NE, rT"=3rI" where /" =(1—rI")-eN. As mentioned above, since a
uniform tax is efficient in the context of global emissions, ¢* =S and r* =r$
where rS=3rp, eS=(1—rP) e/ and /5 denotes a socially optimal or
Pigouvian tax. Note that for (14 ef= es V iand e 1. By the same token,
a globally optimal uniform emission reductlon quota, rQ*, can be derived
where 2" =(1—r2)-¢]. Since e’ #e/¥ and hence eR"#e?" V iand je 1,
such a solutlon is not cost- efﬁment if benefit functlons are identical in all
countries as assumed in (14.1).

It is also straightforward to derive proposals #; under a uniform tax
regime and r, under a uniform emission reduction quota regime. For (14.1)
it turns out that ¢, <t, < ...<t,_,<tyand r,<r,< ..<r,_,<r,. Thatis,
under both regimes country 1 is the bottleneck which determines the terms
of the agreement if the LCD decision rule is applied. This is not surprising
since, given equal opportunity cost of abatement, country 1 evaluates envi-
ronmental damages lower than its N —1 neighbors and is therefore inter-
ested in the lowest emission reduction.

Asmentioned in the Introduction, £y, 1y, =" andry.. ), =1 for (14.1).
This implies that if in the subsequent analysis a globally optimal tax or
emission reduction quota is not stable, this is also true for the median
country proposal.

143 THE GRAND COALITION
14.3.1 Stability Concept

For the different emission vectors mentioned in the previous sections stabil-
ity according to the WRPE concept can easily be checked. All relevant back-
ground information has already been derived in Chapters 7 and 12 so we can
immediately proceed to the results. The only difference is that now the
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WRPE inequality system may be very large if NVislarge. Thisisevident when
recalling that in the case of discount factors close to one N2 (see (12.1) and
(12.2)) and in the case of discount factors smaller than N-(N+1) (see
(12.17)—(12.19)) inequalities have to be satisfied simultaneously. Thus, in
contrast to Chapter 12 where a stability check could be conducted analyti-
cally for 8 — 1, in the case of more than two countries the analysis has to rely
on simulations. However, this procedure seems to be justified because all
simulation results presented below are quite robust and show a clear pattern.
Moreover, due to the sheer size of the inequality system an algorithm is
needed to check for stability. The details are provided in Appendix XI.2 for
the case of 8— 1 and in Appendix XI.3 for the case of § <1.

As in the case of two countries, only deviations by one country are con-
sidered. In the context of a global emission game this assumption seems to
be justified (see also Sub-section 13.2.1). On the one hand, a country plan-
ning to take a free-ride has no incentive to do so jointly with other coun-
tries because the transitory gain is larger if other countries comply. On the
other hand, on the side of the punishers there is no incentive to form a
coalition when breaching the punishment obligations. If during the punish-
ment phase a country among the punishers were to emit more (or less) than
requested to punish the defector, it would not ask other countries to follow
suit. The punishment constitutes a public good to control an agreement
and therefore free-riding is most attractive to a country if conducted only
by itself. Therefore, if a punisher does not meet its obligations, it is treated
as a free-rider and will be punished. Of course, by the construction of the
WRPE concept, such a punishment is regarded as unnecessary since the
punishers receive more during the punishment phase than during the co-
operative phase.

14.3.2 Stability Analysis for Discount Factors Close to 1

In Table 14.1 the results of the stability analysis are reported. To evaluate
the different emission vectors a welfare indicator is provided which meas-
ures the “degree of optimality’. The indicator is defined as follows:

_ Smk—3al

DOk==Ti " =TL
Smd—Zmd

100 (14.3)
where k stands for the policy regime and the particular abatement target,
for example, k=T, or h=Q,,,.. Put differently, DO* indicates how close a
particular emission vector comes to the social optimum. By definition, the
degree of optimality in the social optimum is 100 percent and since r1* = r?,
DO =DOS =100 percent holds. From Table 14.1 four main results may
be derived:
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1.  Whenever the potential gains from cooperation would be great (N large
and vy small, see (14.2)) stability poses a problem. This holds generally
for ‘optimal’ and second-best solutions and is independent of the
policy regime. This result is supported by noting that 9DORmax/g N <0,
9DORmax/gy >0, 9DOTmax/g N <0 and DO Tmax/gy > (.

2. The socially optimal solution (r§=rI") is only stable in a few cases
where N is small and v is large. These are the parameter constellations
for which abatement targets are rather low. The same holds true for a
globally optimal emission reduction quota (¥Q*). Hence, whenever a
joint abatement policy is most attractive from a global point of view,
‘optimal solutions’ are not stable. Recalling that the median country
proposal under the tax regime is identical to rI* and under the quota
regime to rQ, it is evident that such proposals scarcely have a chance
of realization. Therefore, it does not seem sensible to consider the
median country proposal any further.

3. Whenever the tax agreement is stable under the LCD decision rule,
then this is also true for the quota agreement; however, the degree of
optimality and global emission reductions are higher. Moreover, there
are cases where the quota agreement is stable, though no tax agreement
can be stabilized (for example, N=10, y=10 and y=30).

4. The degree of optimality of the maximum backable emission reduc-
tion under the tax regime is higher than under the quota regime for the
‘non-critical’ parameter values (N small and vy large). In Table 14.1 this
is true for N=15, y=50 and N=10, and-y=2000. For all other param-
eter values the opposite holds.

The results summarized in 1 and 2 confirm a result established for the con-
jectural variation models in Chapter 13: namely, that whenever cooperation
is needed most from a global point of view, a coalition achieves only little.
In particular, for global environmental problems where N is large, a stable
grand coalition seems very unlikely even if politicians were almost perfectly
patient. But even if a grand coalition were stable, reduction targets agreed
upon would have to be very low. This is a result which is confirmed by the
historical evidence of IEAs signed so far.

The results summarized in 3 and 4 can be taken as a first indication that
in a second-best world? the choice of a quota regime to tackle global emis-
sions might be rational. Though governments cannot be expected to be
concerned about global efficiency, it is evident that the typical efficiency
argument in favor of the tax regime no longer holds in a second-best envi-
ronment. From an institutional economics point of view this may explain
why the quota and not the tax has emerged from the evolution of institu-
tions.
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Table 14.1  Stability analysis of the grand coalition for 6 — I?

Quota Tax

Q¥ Q1 /Qmax  DOQ1I  DOQmax I rT1 7 Tmax DOTI  DQTmax

N Y ) (%) SOV (o) o) () (o) (o) (o)
5 10 4840 19.60 42.00 64.0 97.4 48.00 1330 2330 49.6 74.4
5 30 26.80  10.10 26.80  60.3 98.9 26.70 5770  19.30 395 92.6
5 50 18.50 6.70 18.50  58.6 98.8 18.50 3.60 16.70  36.7 99.1
5 100 10.50 370 10.50  56.9 98.7 10.40 1.90 1040 342 100.0
5 500 2.30 0.80 230 553 98.7 2.30 0.40 230 321 100.0
5 1000 1.18 0.40 1.18  55.0 98.6 1.18 0.20 1.18  31.8 100.0
5 2000 0.60 0.20 0.60 549 98.6 0.60 0.10 0.60 31.7 100.0
5 3000 0.40 0.13 040 549 98.6 0.40 0.07 040 31.6 100.0
10 10 76.50  27.60  36.00 59.0 71.9 76.20  22.50 390 514 11.9
10 30 5840 17.80 24.00 51.6 65.2 5820 11.30 10.50  35.5 333
10 50 4720 12.80 19.00  46.9 64.2 47.10 7.50 10.50  29.8 40.1
10 100 32.00 7.50 14.00 414 68.2 31.90 4.10 9.50 244 50.8
10 500 8.90 1.70 6.00  35.0 89.0 8.90 0.90 550  19.1 85.5
10 1000 4.69 0.88 420 340 98.6 4.69 0.45 373 184 95.8
10 2000 2.40 0.45 240 335 99.7 241 0.22 239  18.0 100.0
10 3000 1.60 0.30 1.0 333 99.7 1.62 0.15 1.2 179 100.0
20 10 90.80 31.10 31.00  56.8 56.6 90.70  31.70 —31.20 58.4 =774
20 30 8320 2590 22.00 526 45.9 8310 19.00 —3.50  40.9 =79
20 50 76.80  20.70  18.00  46.7 41.4 76.70  13.60 1.50 325 4.3
20 100 64.40 1350 13.00 37.6 36.3 64.40 7.90 450 233 13.8
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20 500 28.10 3.50 6.00 235 38.1 28.10 1.80 440 127 28.9

20 1000 16.49 1.83 450 209 47.1 16.49 0.93 354 11.1 38.4
20 2000 9.03 0.93 320 19.6 58.3 9.03 0.47 272102 51.3
20 3000 6.22 0.63 250 191 64.2 6.21 0.31 2.24 9.9 59.2
50 30 95.80 3230 18.00  56.1 34.0 95.70  30.60 —43.10 54.0 —109.0
50 50 94.30  30.10 16.00  53.7 31.0 94.30  24.50 —23.50 454 —55.5
50 100 90.90  23.80 12.00  45.5 24.7 90.90  16.30 —8.80  32.8 —20.1
50 500 70.40 8.20 6.00 21.8 16.3 70.40 4.50 —-1.40 123 4.0
50 1000 54.93 4.45 430 156 15.4 54.92 2.33 1.99 8.3 7.2
50 2000 38.15 2.33 3.10 119 15.6 38.15 1.20 1.92 5.0 9.8
50 3000 29.23 1.58 250  10.5 16.4 29.23 0.80 1.76 5.4 11.7
100 50 98.00  32.90 14.00  55.8 26.5 98.00  33.00 —64.82 56.1 —175.0
100 100 97.10  30.40 11.00  52.9 21.4 97.10  24.80 —30.60  44.6 =728
100 500 90.10  14.10 500 2838 12.9 90.10 830 —-330 175 =75
100 1000 82.64 8.24 430 189 10.1 82.64 4.50 —0.43  10.6 -1.0
100 2000 70.92 4.50 3.10 123 8.6 70.91 2.36 0.69 6.6 2.0
100 3000 62.11 3.09 2.50 9.7 7.9 62.11 1.60 0.93 5.1 3.0

Note: 2 rQ" = globally optimal emission reduction quota; ¥l = emission reduction quota according to the LCD decision rule; rQmax = maximum uniform
emission reduction quota which can be backed as a WRPE; DOQmax = degree of optimality of rQmax; DOR! =degree of optimality of rQl; yT*=;5=
socially optimal emission reduction; Tl =emission reduction under the tax regime according to the LCD decision rule; rTmax =maximum emission
reduction under the tax regime which can be backed as a WRPE; DOTmax = degree of optimality of rTmax; DOTI =degree of optimality of rT1; italic
figures indicate instability in the sense of WRPE.
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14.3.3 Stability Analysis for Discount Factors Smaller than 1

In the previous sub-section the stability analysis was confined to a discount
factor close to 1. In reality, however, political representatives are hardly
(almost) perfectly patient since short-term success is important for politi-
cians in democracies (Hahn 1987, p. 300). It will be interesting to investi-
gate whether there are differences regarding the ‘patience requirements’ in
the two policy regimes. Of course, such an analysis is only interesting for
those parameter constellations of the previous sub-section for which stabil-
ity is possible if §— 1. In order to reduce the data set further, the analysis
is restricted to N =20.

For convenience, Blmin is expressed as maximum interest rate, p™3*, where
dmin =1/(1 + pMma) holds.® Therefore, p™* is the maximum discount rate for
which a country can be deterred from taking a free-ride by the other N —1
countries. Since it turns out that country 1 has always the lowest maximum
discount rate requirement, attention has been restricted to p™3* in Table 14.2
exclusively. In other words, pax=p. (where p; is the actual discount rate) is
a necessary and sufficient condition for country 1 (i=1) not to take a free-
ride (provided all other countries comply with the agreement). However, it
is a sufficient condition for all other countries, i # 1.

The following analysis is restricted to the abatement target resulting
under the LCD decision rule. Two main results can be derived from
Table 14.2:

Table 14.2  Discount rate requirement of country 1 under the LCD
decision rule?

v
10 30 50 100 500 1000 2000 3000
N=5 Quota 16 11 10 9 8 8 8 8
Tax 7 6 5 5 5 5 5 5
N=10 Quota 1.8 2.1 20 1.7 1.5 1.5 1.5 1.4
Tax — — 1.0 1.2 1.1 1.1 1.1
N=20 Quota — — — — 0.3 0.3 0.3 0.3
Tax — — — — 0.2 0.2 0.2 0.2

Note: * The discount rate p["@* has been calculated on the 1 percent significance level for N =
5 and on the 0.1 percent level for N=10 and N =20. — means not stable for p, —0.
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1. Only if the number of countries suffering from the global externality is
small can a stable agreement be expected. Already in the case of ten
countries the discount rate must be less than 2.1 percent. For N =20,
country 1 must be even more patient, that is, p,=0.3. The result backs
the assertion above that a grand coalition is very unlikely to form if a
pollution problem is of a real global character.

2. The discount rate requirement of country 1 is less restrictive under the
quota than under the tax regime. If low index countries are not only
less interested in emission reductions but also have a higher time pref-
erence rate than their neighbors, then these ‘critical’ countries find it
easier to comply with a uniform emission reduction quota than with a
uniform effluent charge.

The first result again suggests an investigation of the formation of sub-
coalitions. This will be done in Section 14.4 below. The second result can
be interpreted as an additional explanation of the fact that the emission
reduction quota has been so popular in international pollution control,
though it is not a cost-efficient instrument.

14.3.4 Extensions

From the previous section it appeared that for global externalities a grand
coalition is unlikely to be a WRPE if the number of countries is large.
Considering that this result has been obtained assuming ‘optimal’ punish-
ment profiles, it is clear that if punishment profiles are restricted for some
reason, stability of a grand coalition would be even more unlikely. In par-
ticular, in the case of many countries, the optimal coordination of punish-
ment may be difficult and associated with high transaction cost. Therefore,
in reality one should expect that simple punishment profiles according to
rules of thumb will be applied to allow immediate and deterrent punish-
ment. The effect of such simple punishment profiles on the discount rate
requirement is investigated in Finus and Rundshagen (1998a). It is not sur-
prising that the authors find that the discount factor requirements are
higher for restricted than for unrestricted punishment profiles (that is, rmax
(unrestricted) > rmax (restricted); see Chapter 12). What is more interesting
is their finding that, particularly for the critical parameter values (N large
and vy small), the discount factor requirements are greatly increased if
simple punishment profiles are applied. That is, countries face a dilemma:
on the one hand, particularly if many countries participate in an IEA,
simple strategy profiles will be employed to make coordination easier; on
the other hand, in this case the discount rate requirements are already very
high assuming optimal punishment strategy profiles. Moreover, Finus and
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Rundshagen’s results suggest that it is not only worthwhile thinking about
the effect on the success of an IEA of the agreement procedures (for
example, median country proposal versus LCD decision rule) and the
instruments employed to achieve an abatement target agreed upon in an
IEA (such as taxes versus quota), but also to think about which rule of
thumb should be chosen to coordinate punishment. Different rules lead to
different discount factor requirements and therefore the design of punish-
ment obligations should be given a high priority when negotiating an agree-
ment.

In the previous section it turned out that, particularly for the critical
parameter values, a socially optimal emission reduction is not a WRPE.
From Chapter 12 it is clear that if the social optimum is a WRPE, it is auto-
matically a strongly perfect renegotiation-proof equilibrium (SRPE) too.
The quota and tax agreements according to the LCD decision rule,
although they might be a WRPE, are never an SRPE. Since for payoff func-
tion (14.1) the tax and quota proposals of countries differ, that is, 7,# l and
r;#r;, agreements based on the LCD decision rule are never Pareto-
efficient. Consequently, only a socially optimal agreement is a potential
candidate which could qualify as strongly subgame-perfect equilibrium
(SSPE). Since an SSPE requires not only Pareto-efficient normal phase
payoffs and a credible punishment profile but also an efficient one, the set
of parameter values for which a socially optimal agreement is an SSPE is
smaller than that for which such an agreement is an SRPE. By the same
token, imposing only the restriction that an agreement is a subgame-perfect
equilibrium (SPE) renders the set of parameter values larger than that for
which it is an SRPE.

The first extension is considered by Barrett (1994a, b). In a similar model
setting he investigates the parameter set for which a grand coalition —
aiming at a socially optimal agreement — is an SSPE. His findings are very
much in line with those obtained above. For those parameter constellations
for which a grand coalition could substantially improve upon the status
quo it is either not stable or achieves only little.

Results of the second extension are reported in Finus and Rundshagen
(1997). It is shown that for many parameter values for which a socially
optimal agreement (*™* in Table 14.1) and an agreement on a globally
optimal uniform quota (#Q* in Table 14.1) cannot be sustained by WRPE
strategies, this is possible by SPE strategies. Moreover, the quota and tax
agreement according to the LCD decision rule (#Q1 and 71 in Table 14.1)
are stable for almost all parameter values. Thus, by applying the SPE
concept the problems in international pollution control to form stable IEAs
could not be explained. Moreover, conclusions about when a stable agree-
ment could be expected and when such an agreement would be effective
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would not be possible. This stresses that the WRPE concept is a useful
extension of the SPE concept in order to explain politically interesting and
relevant phenomena.

This last assertion is supported by an empirical study by Finus and
Tjotta (1998). The authors analyze the stability of a grand coalition which
intends to reduce acid rain in Europe. They show that a socially optimal
agreement would not be a WRPE. The reason is twofold. First, due to the
wind patterns in Europe emission transportation coefficients (see Chapter
10, note 18) exhibit a large asymmetry. Second, environmental preferences
and abatement costs vary substantially between countries. Both reasons
imply that the gains from a socially optimal agreement are very unevenly
distributed among signatories. Therefore, the authors go on to determine
the maximum backable emission reduction (such as rQmax in Table 14.1) by
WRPE strategies. They find that the maximum emission reduction is only
marginally above that in the NE. This result helps to explain why emission
reductions as laid down in the Oslo agreement signed in 1994 are not a
‘great leap forward’ and basically freeze emissions at the NE level of the
year 2000.

144 THE SUB-COALITION
14.4.1 The Formation Process

So far it has been assumed that if countries decide jointly to improve envi-
ronmental quality they seek to form a coalition of all countries. It became
apparent that there are many obstacles which render the probability of a
stable grand coalition rather low. This result is perfectly in line with exist-
ing environmental conventions in which only some of N countries partici-
pate if they come into force at all. For example, the Convention for the
Regulation of Whaling has been signed by 36 countries and the Antarctic
Treaty by 26 countries, even though all states should have an interest in the
problem.

Basically, environmentally conscious countries face a dilemma. On the
one hand, they like to see many countries participating in an IEA to improve
environmental quality and to share the abatement burden with them. On the
other hand, if the LCD decision rule is applied, the abatement target which
can be established within a grand coalition might be very low. Moreover, it
has been demonstrated that less environmentally concerned countries are
also the critical ones regarding stability. Therefore, one would suspect that
those countries which have a high interest in an international environmen-
tal policy seek partners but only among those with similar interests. This
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procedure seems even more likely when taking into account that coordina-
tion in international politics is associated with transaction costs.”

As mentioned in the Introduction to Chapter 13, the number of possible
sub-coalitions is very large.® To narrow down the analysis, it is assumed that
countries with higher environmental damages will form a coalition among
themselves (see also Botteon and Carraro 1997; and Hoel 1992a).
Therefore, in the context of the present model the set of non-signatories is
given by IV ={1, 2, ..., N,}, and the set of signatories by I'={N,+ 1, ...,
N }. Within a potential coalition three issues have to be decided simultane-
ously: abatement target, instrumental choice and coalition size.

Abatement target

It is assumed among signatories that the LCD decision rule is applied to
determine the abatement target. As in the case of a grand coalition, it turns
out that for a given coalition size it is the country with the smallest index
which makes the lowest proposal. Therefore, it is this country’s government
which determines the terms of the agreement (see Appendix XI.1). For
instance, if N=10 and I’= {7, 8, 9, 10}, then country 7 is the bottleneck
country and its proposal is laid down in the treaty.

For the non-signatories it is assumed that they choose their initial non-
cooperative emission level, e. Since non-signatories have an incentive to
increase their emissions above e/ as a result of the higher abatement efforts
of signatories, it has to be checked whether signatories can control the ‘free-
riding’ of non-signatories through suitable punishments.

From this it follows that the stability of an IEA comprises two compo-
nents:

1. External stability 1t has to be checked whether it is possible for a
coalition to control emissions of non-signatories using WRPE strate-
gies. That is, non-signatories are not allowed to increase their emissions
above the initial level, e}.

2. Internal stability 1t has to be investigated whether signatories can
control their agreement internally using WRPE strategies. That is, sig-
natories are not allowed to increase their emissions above the level
implied by the agreement on 7, and ry, ;.

Due to lack of space the following analysis is restricted to 8— 1. A descrip-
tion of the stability test is given in Appendix XI.4.

Instrumental choice

Potential signatories choose the instrument employed in the IEA according
to the majority decision rule (MDR). For instance, if N=10, '={7, 8, 9,
10} and preferences are given by 7: Q, 8: Q, 9: Q and 10: T, this coalition of
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four countries would employ an emission reduction quota. The same
applies for any preliminary coalition which is constructed during the coali-
tion formation process.

Coalition size

It is assumed that the coalition formation process starts with country N (the
most environmentally conscious country) approaching country N—1 in
order to discuss a joint environmental policy.? In this first round each
country makes an emission reduction proposal. According to the LCD
decision rule, only the smaller of both suggestions will be realized. This is
country N —1’s proposal. Since it can be shown that country N always
prefers to cooperate with country N — 1, even though country N’s propo-
sal is not accepted, the LCD assumption seems indeed plausible. !0

For this preliminary sub-coalition the associated welfare levels of coun-
tries N and N—1 can be computed. They serve as a benchmark to decide
whether a third country should be asked to join. In the second round of the
negotiation process country N —2 is asked to submit its proposal if coun-
tries N—2, N — 1 and N would form a coalition. For this new coalition, coun-
tries N and N — 1 will also make an offer. Again, the parties have to agree on
the smallest offer which is submitted by the countries with the lowest index
number, that is, country N — 2. Provided country N and N — 1 benefit if N —2
joins (and determines the condition of the treaty), then these countries offer
country N — 2 participation in their preliminary agreement. If both countries
were to lose if country N —2 joins, these countries would form a coalition
only among themselves. If countries N and N — 1 hold different views regard-
ing an extension of its preliminary coalition, the coalition formation process
stops. This is because otherwise the country which is against enlargement can
threaten to leave the coalition. Hence, the coalition size is decided according
to the unanimity decision rule (UDR) where the formation process stops
once a country votes against an enlargement.!! Thus, in contrast to the con-
jectural variation models, signatories can defend their coalition against
potential accessors if this is not beneficial to them.

In order to keep track of the simultaneous decision process, we proceed
in two steps. In the first step the equilibrium number of signatories is deter-
mined, assuming the instrumental choice to be exogenously given (Sub-
section 14.4.2). In the second step, this is done if the instrumental choice is
endogenously determined within the negotiation process leading to an IEA
(Sub-section 14.4.3). Results are discussed in Sub-section 14.4.4.

14.4.2 The Equilibrium Number of Signatories in the Two Policy Regimes

To gain a deeper understanding of the coalition formation process, a
typical example is shown in Table 14.3. All relevant background informa-
tion is provided in Appendix XI.1.
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Table 14.3  The formation process of a sub-coalition?

Coalition size 1 2 3 4 5 6 7 8 9 10
Country N,+1 10 9 8 7 6 5 4 3 2 1
"No+1(%70) 0 29.3 45.0 51.3 51.9 49.1 44.1 37.5 29.1 17.8
T nax(70) 0 32.5 53.5 65.0 69.9 67.0 54.0 44.0 34.0 24.0
(%) 0 5.1 11.9 18.5 23.8 27.5 29.3 29.0 25.8 17.8
T —-2190 —2081 —1819 —1508 —1216 —981 -820 755 828 —1163
™y —-1730 —1514 —1244  -983 —766 —614 —546 —603 —895
s —1210 —981 =750 =552 —-409 —338 378 —627
us =718 =517  —339 -204 —132 155 —362
Quota: e —-285 —126 0 74 67 —98
u 87 203 279 287 165
m, 406 483 507 425
™y 685 725 685
™, 942 942
™, 1198
Enlargem.
yes:no 1:0 2:0 3:0 4:0 5:0 6:0 7:0 3:5 0:9 —
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INg+1 84.5 144.4
ax 84.5 151.5
1T(%) 0 5.1
0 —-2190 —2066
™y —1744
e
™7
Tax: up
s
Ty
m3
m
m
Enlargem.
yes:no 1:0 2:0
Countries in favor
of a quota 9
Countries in favor
of a tax 10
Instrument chosen T

178.3
195.8
12.1
—1789
—1513
—1237

3:0

9-10
T

191.8
220.1
18.9
—1460
—1225
-991
—756

4:0

7-8

9-10

191.5

229.9
244

—1150
—946
=742
—538
—335

5:0

6-7

8-10

182.2
201.0
28.1
—898
—714
—529
—345
—160
24

6:0

5-7

8-10
T

166.5
165.0
29.2
=742
—563
—385
—206
=27
152
331

3:4

4-7

&-10
Q

145.1
134.0
25.0
—810
—609
—408
—207
—6
195
396
597

2:6

3-10

116.6
105.0
19.3
—1011
=778
—545
—313
—80
153
386
618
851

0:9

75.0

73.0

10.5
—1452
—1165
—879
—593
—306
-20
266
552
839
1125

Note:  The example assumes N =10, =30, c=1 and d=10.
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From the table it is evident that in the quota regime all potential signa-
tories favor an enlargement of the coalition until a coalition size of eight
countries is reached, including countries 3—10. If eight countries participate
in the IEA, only three countries are in favor of an enlargement. Therefore,
according to the UDR, the equilibrium coalition size comprises eight coun-
tries (shaded column).

Up to a coalition size of five countries the reduction level proposed by
country Ny+ 1, ry ., increases. In this range ambitious abatement targets
are proposed by country N, =+ 1 because the marginal benefits from a joint
emission reduction are high. Then, for a coalition size above five countries,
the proposal of country N,+ 1 decreases. Nevertheless, all potential signa-
tories benefit from an enlargement until a coalition of eight countries has
formed. In this range, the gains to the potential signatories from an addi-
tional contributor are stronger than the (negative) effect of a lower joint
abatement target. If more than eight countries were to join, then the reduc-
tion target would become too low for countries with high environmental
damage and a majority of countries would be against an enlargement.

In contrast, in the tax regime the equilibrium coalition size is not eight
but seven countries. In this example country 4’s tax proposal, 7,=165.5
cannot be backed by WRPE strategies. Therefore, it is assumed that the
maximum stable tax rate, #,,,, = 165 will be applied in the agreement. Since
countries 5-10 prefer a coalition of seven countries (which then includes
country 4) to a coalition of only six countries, though only the low tax rate
1.« 15 applied country 4 is asked to join.

For other parameter constellations Table 14.4 summarizes the relevant
information which will be discussed in Sub-section 14.4.4.

14.4.3 The Endogenous Determination of Instrumental Choice

So far the policy regime has been assumed to be exogenously given and the
equilibrium coalition size has been derived for each regime. Now, the choice
of the policy regime within the negotiation process is also considered. This
choice will affect the equilibrium coalition size and the abatement target
agreed upon in an IEA as well.

Generally, countries may hold different views regarding the instrument
which is applied in an IEA. There is a tendency for countries with low index
numbers to prefer the emission quota because for a given reduction level
they have to carry a lower reduction burden than under the tax regime.!2 In
contrast, countries with high index numbers prefer a tax because this leads
to an emission allocation which favors them.

However, since the instrumental issue is linked to the other two issues,
countries with high index numbers might also favor a quota if this implies
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that more countries participate in an IEA and/or the abatement target
agreed upon is higher than in a tax regime. To gain more insight into the
forces we again use Table 14.3 to illustrate a typical negotiation process.

From the previous discussion we know that for this example the equilib-
rium coalition size comprises seven countries in the case of the tax regime,
and eight countries in the case of the quota regime. For each possible coali-
tion size the countries which are in favor of a particular instrument are
listed in the second and third last rows.

For example, if countries 9 and 10 form a coalition, country 9 prefers a
quota regime (—1730>—1744) and country 10 a tax regime (—2081<
—2066). In the case of such a stalemate, it is assumed that the preliminary
coalition settles for the tax. This ‘conservative’ assumption seems appropri-
ate because it turns out below that for most parameter constellations the
quota regime will finally be chosen among the signatories. Generally,
however, it is assumed that the majority decision rule (MDR) is applied
with respect to this issue. The outcome of the decision process is indicated
for each stage by the bold numbers and listed in the last row in Table 14.4.

However, in the preliminary coalition comprising countries 9 and 10 the
instrumental issue is not really important because both countries would
unanimously prefer one more country to join their ‘club’. This is true, irre-
spective of the policy regime. Consequently, the coalition is enlarged. Only
if six countries have joined the coalition does the instrumental choice
become important: three countries prefer a tax and three a quota regime. If
one more country joins, four signatories prefer a quota and three a tax
regime. According to the MDR, signatories agree upon the quota. Then,
the coalition is extended to eight countries of which all unanimously prefer
the quota and the extension of the coalition ceases.

It is important to take account of the strategic linkages between issues.
For instance, country 10 might think of blocking enlargement at an early
stage of the formation process in order to influence the decision process in
favor of the tax regime. In the example illustrated in Table 14.3, country 10
could veto an extension from six to seven countries in order to have a
majority of countries favoring the tax. However, comparing payoffs to
country 10 in a coalition of six countries applying a tax rate with a coali-
tion of eight countries applying a quota, country 10 prefers a coalition of
eight countries. Therefore, country 10 will not make use of its veto at the
early stage of a coalition comprising six countries.

According to the procedure described above, the endogenous instrumen-
tal choice and coalition size has been determined for other parameter con-
stellations. The results are presented in Table 14.4.
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Table 14.4  Equilibrium size and instrumental choice of a sub-coalition for 6 — 12

Coalition rSC rGC DOSC DOGC DOS¢ Instrumental
N v size (%) (%) (%) (%) (%) choice

10 Q 4 22.9 19.6 65.1 64.0 97.4 T
T 4 22.0 13.3 64.2 49.6 74.4

30 Q 4 11.9 10.1 614 60.3 98.9 Q
T 4 9.9 5.7 54.9 39.5 92.6

50 Q 4 8.0 6.7 59.7 58.6 98.8 Q
T 4 6.4 3.6 52.0 36.7 99.1

100 Q 4 4.4 3.7 58.0 56.9 98.7 Q
T 4 34 1.9 49 4 34.2 100.0

5 500 Q 4 0.9 0.8 56.4 55.3 98.7 Q
T 4 0.7 0.4 47.0 32.1 100.0

1000 Q 4 0.5 0.4 56.1 55.0 98.6 Q
T 4 04 0.2 46.6 31.8 100.0

2000 Q 4 0.2 0.2 56.0 54.9 98.6 Q
T 4 0.2 0.1 46.5 31.7 100.0

3000 Q 4 0.2 0.1 56.0 54.9 98.6 Q
T 4 0.1 0.1 46.4 31.6 100.0

30 Q 8 29.0 17.8 70.3 51.6 65.2 Q
T 7 29.2 10.5 68.0 33.3 33.3

50 Q 8 21.7 12.8 66.2 46.9 64.2 Q
T 8 20.2 7.5 63.4 29.8 40.1
100 Q 8 13.2 7.5 61.0 41.4 68.2
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T 8 11.7 4.1 56.3 24.4 50.8
10 500 Q 8 3.2 1.7 54.2 35.0 89.0 Q
T 8 2.7 0.9 48.1 19.1 85.5
1000 Q 8 1.6 0.9 53.1 34.0 98.6 Q
T 8 1.4 0.5 46.8 18.4 95.8
2000 Q 8 0.8 0.5 52.5 33.5 99.7 Q
T 8 0.7 0.2 46.1 18.0 100.0
3000 Q 8 0.6 0.3 523 33.3 99.7 Q
T 8 0.5 0.2 459 17.9 100.0
100 Q 13 34.4 13.0 71.4 36.3 36.3 Q
T 12 23.7 4.5 55.5 13.8 13.8
500 Q 15 10.8 3.5 57.7 235 38.1 Q
T 15 10.2 1.8 55.3 12.7 28.9
20 1000 Q 15 5.8 1.8 53.8 20.9 47.1 Q
T 15 5.4 0.9 51.1 1.1 38.4
2000 Q 15 3.0 0.9 51.5 19.6 58.3 Q
T 15 2.8 0.5 48.6 10.2 51.3
3000 Q 15 2.0 0.6 50.7 19.1 64.2 Q
T 15 1.9 0.3 47.8 9.9 59.2

Note: 2 rS€ = global emission reduction of the sub-coalition; ¥S€ = global emission reduction of the grand coalition if country 1’s proposal is applied,
or, if this is not stable, the maximum stable emission reduction (see Table 14.1); DOSC =degree of optimality of 5¢; DOYC =degree of optimality of
rS¢; DOSC = degree of optimality of the grand coalition if 1@,y or i,y is realized.
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14.4.4 Results

In Table 14.4, the equilibrium number of signatories (if all three issues are
decided simultaneously) has been marked bold in the column headed
‘Coalition size’. The equilibrium instrumental choice resulting from the
coalition formation process is listed in the last column.

From this table five main results can be derived:!?

1. The relative coalition size (w* = N/N) is not very sensitive to changes
in the parameter values, but decreases in N and increases in v. This
implies that the number of signatories is lower for the ‘critical’ param-
eter values (N large and -y small).

2. The degree of optimality of the sub-coalition, DOSC, decreases in .

3. The degree of optimality of the sub-coalition, DOSC, is higher than
that of the grand coalition, DOSC, if the LCD decision rule is applied.
The difference is particularly distinct for large N.

4. For the critical parameter values (N large and y small) the degree of
optimality of the sub-coalition, DOSC, is higher than that of the grand
coalition which chooses the maximal backable emission reduction
target, DOSS, (for example, N =20 and vy = 100).

5. Inmost cases the quota regime emerges from the decision process. Only
if N is small may a tax regime be chosen among signatories (for
example, N=15 and y=10).

The first result confirms the findings of the conjectural variation models
of Chapter 13 (see Propositions 13.2 and 13.3). The second, third and
fourth results underline the rationale behind the formation of sub-coali-
tions. Even though the signatories are not concerned with global welfare
but only with welfare in their countries, agreements based on compromises
(LCD decision rule) might be more efficient if they were signed among a
small group of relatively homogeneous countries instead of if a grand
coalition is formed. In the light of possible high transaction costs, this argu-
ment receives even more momentum. In particular, for the critical param-
eter range of low values of y and large N the formation of a sub-coalition
seems particularly attractive. The rationale for the fifth result is the follow-
ing: according to (14.1) a low value of N implies a low variance of damage
between countries and therefore also a low variance of payoffs. Therefore,
the allocation of payoffs from a joint abatement policy is also relatively
even under the tax regime for small N. Consequently, a majority of coun-
tries votes for a tax in order to capture the efficiency gains associated with
this instrument.

However for large N, the interests of countries are heterogeneous, which
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leads to an uneven distribution of payoffs from emission reductions under
a uniform tax. This in turn causes stability problems which can only par-
tially be compensated by low reduction levels.

In contrast, under a quota regime abatement is based on initial emission
levels (NE) which already reflect the preferences of countries to some
extent. Hence, the abatement burden is allocated more in line with the inter-
ests of countries. This also allows higher abatement targets to be approved
within an IEA and/or a higher stability.

Since there exists an incentive for the initiator governments (countries
with a high index) that other countries contribute to a joint environmental
policy and approve high abatement targets, a quota regime becomes partic-
ularly attractive if the global externality problem is distinct, which is the
case if NV is large.

14.5 SUMMARY AND DISCUSSION

Coalition formation has been studied in a supergame framework by apply-
ing the WRPE concept. The stability of a grand coalition and the forma-
tion process of a sub-coalition has been analyzed in order to answer the
three questions posed in the Introduction:

1. Abatement targets of most IEAs are rather low since otherwise the free-
rider incentive cannot be controlled by the signatories. It was shown
that a grand coalition is very unlikely if signatories aim at a globally
optimal abatement target or if the median country proposal of a
uniform emission tax or a uniform emission reduction quota is applied
within the agreement. However, even if more moderate abatement
targets are laid down in the agreement, for example, the smallest tax or
quota proposal among the N countries (LCD decision rule), stability
is still a problem whenever an environmental problem is of a real global
character (V large) and/or environmental damages are high compared
to abatement costs (low ).

2. Due to the above-mentioned stability problems, it is more likely that
only some environmentally conscious countries would form a sub-
coalition. For the initiator countries a smaller coalition may have an
advantage in that more demanding abatement targets can be realized.
Particularly for the critical parameter values (large N and small vy) it
was shown that a sub-coalition may be more efficient than a grand
coalition.

3. The analyses of the grand and the sub-coalitions suggested many
explanations as to why the quota may be so popular in international
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pollution control despite its postulated inefficiency in a first-best world:
(a) except for some non-critical parameter values, the quota may lead
to higher global welfare and lower emissions in a second-best world in
which an agreement is reached according to the lowest common
denominator. Some aspects of the rationale behind this result have
been discussed already in Chapter 11 (cost-benefit versus cost-
efficiency effect; see Section 11.6); (b) in this chapter it was shown addi-
tionally that it is usually easier for the grand coalition to sustain a
quota than a tax agreement since the interests of those countries with
the lowest interest in environmental protection are better accounted for
and welfare among countries is more evenly distributed; (¢) from
almost all simulations the quota emerged as the final outcome of the
endogenous decision process of a sub-group of environmentally con-
scious countries: only for environmental problems of regional charac-
ter (IV small) may signatories agree on a uniform emission tax.

The advantage of the model in this chapter is fourfold. First, internal
stability of a grand or of a sub-coalition is checked within a consistent and
plausible framework. Possible transitory gains from free-riding are
accounted for and contrasted with the punishment options of the coalition
members. Thereby, the difficulties of coordinating punishment and of
restricted punishment options in international politics are integrated into
the analysis. Thus, in contrast to the conjectural variation models, compli-
ance is neither assumed in an ad hoc manner nor is it assumed that compli-
ance is ensured through instant reactions by the punishers. The approach
also contrasts with the core models which unrealistically assume that the
coalition resolves once a country free-rides. Such threats are not credible in
the sense of the WRPE concept.

Second, the definition of external stability is more convincing than that
of the conjectural variation models. The initiator countries only allow
other countries to join their (preliminary) IEA if all signatories agree.

Third, the present model departs from the (unrealistic) assumption of
homogeneous countries and investigates stability for a variety of different
abatement targets. In particular, the LCD decision rule accounts for the
problems of agreeing on a joint abatement target at the pre-stage of the for-
mation of an IEA. In contrast, almost all conjectural variation models
(except Hoel 1992a) ignore this conflict and assume that signatories agree
on abatement targets which maximizes aggregate welfare of the coalition
members. Moreover, the present model accounts for the reservation of
governments in the past to pay transfers whereas the conjectural variation
(except Hoel 1992a) and the core models assume unlimited (though self-
financed) transfers.
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Fourth, the present model derives endogenously the choice of the policy
instrument to achieve an abatement target. The model allows us to explain
why a uniform emission quota has found such widespread application in
many IEAs. In contrast, the conjectural variation and core models have
nothing to say on this issue.

Nevertheless, the present model is far from perfect with respect to the
theoretical requirements of an ideal coalition model as laid out in the
Introduction of Chapter 13. First, in the tradition of all models assuming
heterogeneous countries (except Bauer 1992), the analysis had to rely on
simulations. However, this disadvantage was compensated by considering
a large set of parameter values and various decision rules about how the
abatement targets (seven different emission vectors), the coalition size
(grand and sub-coalition) and the instrumental choice (UDR and MDR)
are agreed upon in the coalition, which delivered very robust results.

Next, in the tradition of the conjectural variation models, only the exis-
tence of one but not of several sub-coalitions was considered.

Finally, the punishment options were restricted to the emission space. A
more realistic assumption would be to extend the punishment strategy
space to other policy fields in the tradition of issue linkage models.
However, in the case of many signatories the question arises whether simul-
taneous membership of all signatories in two or more agreements is a realis-
tic assumption (see Sub-section 13.2.7). Moreover, governments may also
hesitate to punish a country using other policy issues since this may jeop-
ardize the possibilities for cooperation on those issues too. Taking these
qualifications into account the assumptions of the present model seem less
restrictive and, in fact, may reflect the limited punishment options in inter-
national relations quite well. This is even more true when recalling that the
present model allows us to take account of various limitations of punish-
ment profiles (see Chapter 12, in particular Sub-section 12.2.4, and Sub-
section 14.3.4 of this chapter).

NOTES

1. This chapter draws heavily on Finus and Rundshagen (1998a).
. See Chapter 8 for a justification of this assumption.

3. See Hoel (1992a) for a similar specification of the payoff function. Note that all qualita-
tive results obtained below also hold if damages are not divided by N. Thus, 1/N is only
a scaling factor. See Finus and Rundshagen (1997).

4. All results mentioned in this section are derived in Appendix XI.1.

5. The term second-best world with respect to result 4 is used because in a first-best world
the stability problems of an agreement are usually neglected.

6. This definition implies that the probability that the game continues is assumed to be 1
(see Section 5.1). Note that §, — 1 is equivalent to p; —0.

7. In the following, transaction costs are not modeled since their effects are rather obvious
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(transaction costs increase as a function of the number of signatories); however, their
impact should be kept in mind when interpreting the results below.

This is particularly true in a supergame in which the number of potential equilibria is
large.

The described formation process over several stages makes it easier to grasp the intuition
behind the determination of the equilibrium coalition size. However, strictly speaking,
complete information would allow players to move directly to the final equilibrium in
one step.

This result is apparent when observing Table 14.3. A general proof of this result may be
obtained upon request.

Alternatively, one could also consider a majority decision rule (MDR) with respect to
this issue. However, it turns out that the equilibrium coalition size is quite robust with
respect to the decision rule. See Finus and Rundshagen (1997).

This result has been demonstrated in the case of the grand coalition. For the sub-coali-
tion it is also true that the country with the lowest index, that is, N, + 1, prefers the quota
rather than the tax regime. The proof is simple and follows by construction.

The results also hold if the coalition size is decided according to the MDR. See Finus
and Rundshagen (1997).



15. Coalition models: a third approach

15.1 INTRODUCTION

A drawback of the coalition models discussed in the previous chapters is
that they exogenously assume that there is a group of players which co-
operate (signatories) and a second group of players which play as single-
tons (non-signatories). However, a priori, it is not clear whether equilibria
in which several coalitions coexist can be excluded. Suppose such equilib-
ria actually exist. Then the assumption of the previous models that an equi-
librium coalition must only be immune to deviations by a single country
may no longer be adequate. Then, a coalition structure should only be
called an equilibrium if it is not challenged by any kind of deviation,
regardless of whether a single country or a sub-group of countries deviates.

The aim of this chapter is to discuss some recent developments in the
game theoretical literature on the formation of coalitions which allow for
the coexistence of several coalitions. Most of these concepts have not yet
been applied to the problem of international pollution control. Of those
which have been applied to similar problems, only very general results have
been derived, making it difficult to draw sound conclusions of practical rel-
evance.! The subsequent discussion therefore pays particular attention to
introducing the reader to the idea of these concepts and to evaluate them
with respect to a possible application in future research. A simple example
will illustrate the basic ideas of these concepts.

All subsequent concepts belong to the realm of non-cooperative game
theory, though some of them have been developed from cooperative con-
cepts. Hence, the classical approaches of cooperative game theory which
are based on the characteristic function (or derivatives of it) have to be
extended to account for the individual incentives of players in a coalition
structure and to account for the spillovers across coalitions (that is, a best-
reply strategy vector of a coalition depends on the strategies of the other
coalitions). This extension is straightforward since all subsequent concepts
assume the same component game, though they differ in how they model the
coalition formation process. That is, all concepts are based on the assump-
tion that once a particular coalition structure has formed (first stage), coali-
tion members cooperate among themselves and play a non-cooperative

283
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strategy against other coalitions (second stage). The idea corresponds to the
Nash—Cournot assumption of the conjectural variation models encoun-
tered in Chapter 13. How these models differ is in the first stage, in which
players decide on their membership. This issue will be discussed below.

In a non-cooperative game theoretical context a compact device to
analyze the coalition formation process is the equilibrium valuation, also
called a per-membership partition function. It is defined as follows (see also
Bloch 1997):2

Definition 15.1: Equilibrium valuation or per-membership partition
function

Let c={c,, ..., ¢\;} denote a coalition structure with M coalitions, c € C
where C denotes the set of coalition structures, ¢;N ¢, =, ¢;Uc, U ... U
¢y =1 then an equilibrium valuation is a mapping which associates with
each coalition structure ¢ € C a vector of individual payoffs m"(c)=
{m(c;, ©), ..., my(cy, ©)} where () € II'(C) and where 7*(c) is a set of
payoffs which result from the maximization of players according to a
particular rule, a given sharing rule of the gains from cooperation and a
given coalition structure. The first argument in Tr;‘(cj, ¢) refers to the par-
ticular coalition to which country i belongs, the second to a particular
coalition structure.

First, note that the definition assumes away one of the original problems
of endogenous coalition formation, namely how the gains from coopera-
tion are divided among coalition members. That is, the equilibrium valua-
tion assumes a fixed sharing rule. Though for symmetric countries the
assumption of an equal sharing rule seems quite plausible (see the
Introduction to Chapter 13), such an assumption (like any other assump-
tion) is exogenous to the model.? However, since almost all general results
which have been obtained so far by applying ‘new’ concepts to the problem
of coalition formation rely on the assumptions of ‘ex ante symmetric
players™* and an equal sharing rule, we shall make these assumptions for
simplicity in this chapter, too.?

Second, note that a similar critique can be raised with respect to the
assumption of the choice of the strategies within the coalition. Again, for
symmetric countries it is plausible that the coalition members will max-
imize joint welfare (see the discussion in Chapter 13). It is also plausible
that a coalition will play a Nash strategy toward outsiders since this implies
that a Nash equilibrium is played in the final stage of the finite game which
is a necessary prerequisite for a strategy to be subgame-perfect. However,
as pointed out in Chapter 13, this implies either that players are assumed
to abide by the rules of the coalition or that the instant reactions of players
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do not allow players to reap a transitory free-rider gain. Therefore, this
weakness should be kept in mind when interpreting the following results in
Section 15.4.6

Third, note that due to the ‘external’ specification of the rules of the

game, players’ equilibrium valuations can solely be identified by the coali-
tion structure.” This eases computation tremendously.

The key difference between the coalition models discussed in this chapter

may be structured with respect to four aspects:

1.

The first aspect is the time dimension of the coalition formation
process. There are two basic assumptions: either the formation process
is viewed as a one-shot game or it is seen as a dynamic process. That s,
one can distinguish between games with (a) simultaneous choice of
membership and (b) sequential choice of membership. In the latter
case, the first stage of the game is divided into further sub-stages.

The second aspect concerns the membership. In open-membership
games all players can freely accede to a coalition just by announcing
that they will do so. The conjectural variation models are typical rep-
resentatives already encountered in previous chapters. In exclusive-
membership games the coalition members decide whether to allow
other players to accede to their coalition or whether to merge with
other coalitions. The formation of sub-coalitions in the supergame
model in Chapter 14 is a representative of an exclusive membership
game.

The third aspect concerns the stability concept. Of course, the exact
definition depends on the time dimension of the coalition formation
process and we shall be more specific on this issue below. For the simul-
taneous move membership game we consider the perfectly coalition-
proof Nash equilibrium (CPNE), the strongly subgame-perfect
equilibrium (SNE), some forms of core stability and the largest consis-
tent set. These concepts are closely related to those discussed in previ-
ous chapters. For sequential move membership games stability
concepts are tailored to the special assumptions of the formation
process. We shall discuss the equilibrium binding agreement and the
sequential equilibrium.

The fourth aspect concerns the direction of spillovers (Yi 1997).8 One
can distinguish positive and negative spillover (externality) games.
Most generally, in positive externality games actions taken by a coali-
tion increase ceteris paribus the payoff of outsiders. Typical games
which belong to this category are coalition formation in Cournot-oli-
gopoly to reduce output and in Bertrand-oligopoly to avoid excessive
price underbidding so as to stabilize profits. Another instance is the



286 Game theory and international environmental cooperation

provision of a public good such as a ‘clean environment’. Countries
cooperating within an IEA reduce emissions compared to some status
quo. In both instances, outsiders of the coalitions benefit from such
kind of cooperation.’

In negative externality games actions taken by coalition members
have a negative effect on outsiders. Typical examples include the provi-
sion of club goods. For instance, the gains from cooperation on R&D
(which may materialize in a cut in production costs) accrue only to
coalition members. Since this reduces the competitiveness of outsiders,
such actions exhibit a negative externality on them. A similar instance
is the formation of custom unions whereby tariffs within the union are
abolished but tariffs against outsiders protect the union’s market. By
such actions goods produced by outsiders are partially replaced by
goods produced by union members and the terms of trade are wors-
ened from the outsiders’ perspective.

Thus according to this categorization the issue linkage games men-
tioned in Chapter 13, Sub-section 13.2.7, combine both types of exter-
nalities. In the following we restrict our attention exclusively to positive
externality games.

In what follows we characterize the per-member-partition function for
positive externality games in Section 15.3. Results derived in this section
will form the basis for the computations of the coalition structure in sub-
sequent sections in which the various concepts are illustrated with the help
of a simple example. In Section 15.3 we introduce the stability concepts of
coalition-proof Nash equilibrium and strong Nash equilibrium. For sim-
plicity this is done in a static context. The extension to the dynamic model
framework will be indicated subsequently. In Section 15.4 simultaneous
move coalition formation concepts will be discussed, and in Section 15.5
this is done assuming a sequential formation process.

15.2 CHARACTERIZATION OF THE PER-MEMBER-
PARTITION FUNCTION FOR POSITIVE
EXTERNALITY GAMES

In this section we characterize the conditions of the equilibrium valuation
for positive externality games (see Bloch 1997; Yi 1997). These conditions
are useful when analyzing a global emission game below in the context of
various coalition formation concepts.

The following example assumes for simplicity payoff function (13.1),
implying concave benefits and linear damages from emissions. Countries
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are assumed ex ante symmetric. The component game is a two-stage game
where in the first stage countries choose coalitions and in the second stage
coalitions choose their emission levels. In the second stage coalitions max-
imize the payoffs of their members and play Nash—Cournot against other
coalitions (see Section 13.1). Since actions taken by the players in the
second stage are fixed and already known in stage one by backward induc-
tion, and since payoffs are received at the end of the second stage, the whole
game can be analyzed in a reduced form of a single stage. The equilibrium
valuation function 7*(c)={m(c;, ¢), ..., Ty(¢;, ¢)} captures the relevant
payoffs.

Four conditions characterize such a positive externality game (Bloch
1997; Yi 1997):10

C,: mi(c;, c)<mi(c;, ¢') where ¢,Cec, ¢’ and ¢'\c; can be derived from c\c,
by merging coalitions in c\c;.

If coalitions merge to form larger coalitions, coalitions which are not
involved in the merge are better off:

Cy: mi(c;, o) <mi(c;, ) iff ;1< ¢l

Members of small coalitions enjoy a higher payoff than members of large
coalitions for any given coalition structure.

The next two conditions deal with the effect on members of an old and
a new coalition if a member leaves coalition i to join coalition j:

Cy mi(c,, o) <wicMk}, ¢') where ¢’ =c\{c,, ¢ Ulc Uik}, cMk}}
and l¢;1=l¢;1=2.

If a member of the coalition i leaves its coalition to join a larger or equal-
sized coalition j, the members of the old coalition are better off.

Cym(c;, ©) >wZ(ch {k}, ¢') where ¢’ = c\{¢;, ¢} Uic,U {k}, MKt}
and l¢;1=l¢;1=2.

If a member k of coalition i leaves its coalition to join a larger or equal-
sized coalition j, then the deviator becomes worse off.
Now we can show the following:

Proposition 15.1
The symmetric global emission game with payoff functions (13.1) in
which the coalition maximizes the aggregate payoff of its members and
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plays a non-cooperative strategy toward outsiders (Nash—Cournot
assumption) satisfies conditions C,—C,.

Proof: Appendix XII.1. Qep!!

Moreover, it turns out that in the subsequent analysis in Sections 15.4
and 15.5 the following definition is useful:

Definition 15.2: Stand-alone stable
c={c,, ..., ¢y 1is stand-alone stable iff m,(c, ¢)=m,({i}, ¢') where
c'=cc,UlcMi}, (i} Viel

A coalition structure c is stand-alone stable if and only if no player finds it
profitable to leave its coalition to be a singleton, holding the rest of the
coalition structure constant. From this it follows immediately that, by def-
inition, the degenerate coalition structure consisting only of singletons is
stand-alone stable. Moreover, it is straightforward to establish the follow-
ing result:

Proposition 15.2

In the symmetric global emission game with payoff functions (13.1) in
which the coalition maximizes the aggregate payoff of its members and
plays a non-cooperative strategy toward outsiders (Nash—Cournot
assumption) the largest coalition in a coalition structure which is stand-
alone stable comprises no more than three coalition members.

Proof: Is straightforward and therefore omitted. QED

Conditions C,—C,, Proposition 15.2 and two additional conditions
which are derived in Appendix XII.1 are used in Appendix XII.2 to derive
the preference profile for the example based on payoff function (13.1). The
preference profile is derived for N € [3, 4, 5]. It forms the basis for deriving
the coalition structure for all coalition formation concepts discussed below.

15.3 STATIC GAMES

In this section we want to introduce the stability concept of a strong Nash
equilibrium (SNE) and a coalition-proof Nash equilibrium (CPNE) to
which we refer in Section 15.4. This is most easily done in a static context.
At the end of this section we shall indicate how the definition must be
extended to the component game.

Both stability concepts require that a coalition structure is only called
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stable if no single player has an incentive to change his/her strategy. This
corresponds to the notion of a Nash equilibrium (NE). Thus, as the
name indicates, any SNE and CPNE must be an NE, too. In particular,
consider the following definition of an SNE (see also Ordeshook 1986,
pp. 3041f.).

Definition 15.3: Strong Nash Equilibrium (SNE) (Aumann 1959)

A strong Nash equilibrium is a strategy profile s* for which no coalition
¢,C1I can increase its payoff by changing its strategy. That is, m,(s") =
fn'i(sj, s,j) \4 ¢ClI and i e [ where 8; is coalition j’s strategy vector and S_;
the strategy vector of players in C\cj.

From the definition it follows that the payoff vector of an SNE must be
Pareto-efficient with respect to the entire payoff space since otherwise a sub-
group of countries or the coalition as a whole would jointly alter their strat-
egies. From this it is immediately evident that no SNE exists in a standard
type of global emission game. This is so since the Nash equilibrium (for
example, payoff function of types 1 and 3) or Nash equilibria for example,
payoff function of type 2 in the case of symmetric countries) are inefficient
in positive externality games (as defined in this chapter).

As has been argued already in the two-player context (see Chapters 6 and
7), requiring equilibrium strategies to be Pareto-efficient with respect to the
entire strategy space may be an unnecessarily restrictive condition. In the
N-player context, the SNE concept is fraught with an additional weakness.
Deviation by a sub-group of countries is deemed to be feasible even though
the deviation itself may be subject to further deviations which may lead to
an outcome which is Pareto-dominated by the original agreement. It is this
very restrictive definition of a stable equilibrium that is responsible for no
SNE existing in many games.

The CPNE concept takes up this concern and rules out such non-credible
deviations. It allows an equilibrium to be challenged only by self-enforcing
deviations. That is, efficiency is only required with respect to the set of self-
enforcing agreements.!2

The basic idea of a CPNE may be illustrated with the following example
(Bernheim et al. 1987). Suppose there are four players in a room who agree
on some strategy vector. Then one player, say 4, leaves the room and hence
cannot change his/her strategy any more. Given player 4’s strategy, the three
remaining players may now think about altering their strategies. Again, one
player leaves the room after the agreement and cannot change his/her strat-
egy any more. The process continues until one player is left in the room. The
original agreement among the four players is a CPNE provided that, at any
stage of the process, no sub-group of players left in the room wishes to
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switch to another strategy vector, regardless of the order in which players
leave the room.

Such an agreement can be found by backward induction. The last player
left in the room has no incentive to deviate if his/her last agreement had the
property of best response. The last two players left in the game must play a
Pareto-undominated NE in the game induced on them by the strategies of
the players who left the room. The induction process continues through the
total number of players.

Definition 15.4: Coalition-proof Nash equilibrium (CPNE) (Bernheim et
al. 1987)

Let I'/s_, denote the game induced on sub-group ¢, by strategy vector s_,.
(a) Thenif N=1, s" e Sis a coalition-proof Nash equilibrium iff s* max-
imizes ,(s). (b) Let N>1 and assume that coalition-proof Nash equilib-
ria have been defined for all games with n <N players. Then (i) for any
game I" with N players 5" is self-enforcing if, for all ¢;C1, s’ is the coali-
tion-proof equilibrium in the game I'/s*_,, and (ii) s is a coalition-proof
Nash equilibrium if it is self-enforcing such that there does not exist
another self-enforcing strategy s” for which m,(s") >m,(s") V ¢,CL

Thus every sub-group of players plays a CPNE against the other players.
From the definition it is evident that every SNE is a CPNE, too; however,
the opposite does not hold. Hence, SSNEC SCPNE C SN 13,14

It is important to note that the CPNE imposes not only a restriction on
the deviation strategies (which must be self-enforcing) but also on the set of
players who deviate. Only among the players who originally deviated are
further deviations considered. That is, if players 1 and 2 deviate, only these
players may further deviate, but not players 1 and 3 for instance. Though
this a conceptual weakness of a CPNE, it reduces the number of deviations
to consider and therefore eases computations.

In a (static) global emission game the NE is also a CPNE. By the defini-
tion of an NE, no single country wants to deviate. Moreover, any sub-group
of players which jointly deviated would again be subject to a further devi-
ation. This follows simply from the fact that any such deviation implies an
emission tuple which does not simultaneously lie on the reaction function
of all deviators, implying an incentive to further deviations by at least one
player.

To highlight the difference between the CPNE and the SNE concept con-
sider the following simple matrix game. Each of three countries has two
actions a; and na, where country 1 chooses rows, country 2 columns and
country 3 matrices. In this game countries 1 and 2 may be small countries
whose interests more or less coincide, whereas country 3 is a big country.
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Matrix 15.1 could represent a modified chicken-assurance game as laid out
in Section 3.5. Action «; could represent ‘invention of catalytic converters
(cats)’ for cars, action na; could represent the status quo (see Section 3.4).
If the big country does not make cats mandatory (na,), it is a best strategy
for countries 1 and 2 to make cats mandatory (a,, a,)."” (a,, a,, na,) is an
NE since country 3 has no interest in changing its strategy (given the strat-
egies of countries 1 and 2) to a,. Similarly, if big country 3 introduces cats,
it is best for countries 1 and 2 to produce cars without cats. (na,, na,, a) is
the second NE in this game.

Matrix 15.1 Three-player abatement game with two Nash equilibria, one
coalition-proof Nash equilibrium and no strong Nash equilibrium

a, nas,

a, na, a, na,
a, 3,3,9 10,1,4 a, (5,5100,1,2
na; | 1,0,4 | 4,4,6 na, | 1,0,2 16,6,0

From the payoft structure it is evident that w,(a,, a,, nay)>mw,(na,, na,, a,)
V i e T and therefore one should expect at first thought that countries would
play (a,, a,, na;). However, this NE is upset if countries 1 and 2 coordinate
their strategies and jointly deviate to (na,, na,). It is evident from
Matrix 15.1 that no further deviations will occur from (na,, na,, na,;) and
hence this deviation is a credible challenge to the NE (q,, a,, na,).'°
Consequently, (a,, a,, na,) is not a coalition-proof equilibrium. In contrast,
the (Pareto-inferior) NE (na,, na,, a,) is coalition-proof since no group of
two players has an incentive to deviate jointly. Also the group of all coun-
tries will not deviate, though it has an immediate incentive to move to the
Pareto-superior NE, since this deviation would be subject to a further devi-
ation to (na,, na,, na). Since the payoff vector resulting from the play of
(na,, na,, na,) does not Pareto-dominate the NE (na,, na,, a;), the deviation
of the group as a whole is not credible in the sense of a CPNE.

Note that in this game no SNE exists. Only the Pareto-efficient NE («,
a,, na;) qualifies as a potential candidate; this, however, is subject to a joint
deviation by players 1 and 2, as argued above.

We saw above that the two-stage coalition formation game may be ana-
lyzed in a reduced (one-stage) form (since payoffs are received at the end of
the second stage and equilibrium strategies of the second stage are fixed
and known in the first stage). Thus, for our purposes, the definition of an
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SNE and a CPNE in a dynamic setting is not necessary.!” Only in
Definitions 15.3 and 15.4 do strategies s,, s_; and s have to be replaced by
¢, \¢;and ¢ and ,(...) by the equilibrium valuation (...).

15.4 COALITION FORMATION MODELS:
SIMULTANEOUS MOVES

In this section we look at coalition formation models where countries
choose their coalition membership simultaneously. The incentive profile to
derive the subsequent results is provided in Appendix XII.2.

15.4.1 Open-membership Game

In the open-membership game of Yi and Shin (1995) players can form
coalitions freely as long as no outsider is excluded from joining a coalition
(see also Y1 1996, 1997). Each player’s strategy space is a message space M
where IMI=N. All players simultaneously announce a message m, (or in the
words of Yi and Shin they ‘announce an address’). Players which have
announced the same message form a coalition. For instance, if N=4 and
m;=m,=my=1and m,;=2, {{1, 2, 3},{4} } forms. However, this coalition
structure is no NE since country 3 has (given the announcements of the
other countries) an incentive to announce 1, =2 instead. Though country 4
is better off in the coalition structure {{1, 2, 3},{4}} than in the coalition
structure {{1, 2},{3, 4}}, it cannot deny country 3 accession to its single-
ton coalition according to the open-membership rule.

Table 15.1 summarizes the equilibrium coalition structures for N=3,
N=4 and N=5 if the CPNE and the SNE concepts are applied.
Appendix XII.3 provides the details of the derivation of these results.

With respect to the CPNE concept it is interesting to note that the equi-
librium coalition structure implies the coexistence of several coalitions.
Though Table 15.1 covers only N €[2, 5], for large N one finds that more
than two coalitions coexist. For instance, for N =9 three coalitions of three
countries form. Except for N =3 the grand coalition is never a CPNE. The
reason is simple. Any CPNE must be an NE too. Any NE under the open-
membership rule must be immune to deviations by a single country. In
other words, an equilibrium coalition structure must be stand-alone stable
according to this rule. Since by Proposition 15.2 the largest coalition in a
stand-alone coalition structure is 3, one can conclude that not only for N=
4 and N=5 will no grand coalition form in the emission game but also
not for N>5. In fact, one can conjecture that coalition structures are
rather symmetric for large N. Consider — with a slight abuse of notation —
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Table 15.1  Equilibrium coalition structures of simultaneous move coalition formation games®

Simultaneous move coalition formation games
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Note: * Assumption: payoff function (13.1) and symmetric countries.



294 Game theory and international environmental cooperation

the following coalition structure ¢ = {Ic1, lc,l, ..., ley 1}, le | = el = =yl
with I¢;|=lcyl +2. According to condition C, above, a member of ¢, has
an incentive to leave its coalition to join a smaller coalition. Thus,
le,I=lcyl+1 can only be an equilibrium coalition structure.!® Conse-
quently, ignoring integer constraints, {{N/2},{N/2}} ,{{N/3},{N/3}, {N/3}}
etc. are potential equilibrium NE coalition structures. Of course, coalition
structures involving smaller coalitions are also stand-alone stable. For
instance, for N=4 {{1, 2},{3},{4}} or {{1},{2},{3},{4}} are stand-alone
stable. However, these coalition structures are Pareto-dominated by larger
coalitions (though lc/=3 V i e M), (for example, {{1, 2},{3},{4}} is dom-
inated by {{1, 2},{3, 4}}), so that it can be expected that for N=4 the
CPNE coalition structure(s) involve(s) the coarsest coalition structure with
two or three countries in a coalition.

From the discussion it comes as no surprise that for N=4 no SNE exists
since lc,|=3 Vi € M implies a Pareto-inferior coalition structure. The result
stresses once more that the SNE concept may be too strong in that no
outcome can be predicted:

Proposition 15.2

In the symmetric global emission game with payoff functions (13.1) and
where the coalition maximizes the aggregate payoff of its members and
plays a non-cooperative strategy toward outsiders (Nash—Cournot
assumption) a CPNE coalition structure implies for any N=5 (a) [N/3]
coalitions of size 3 if R =0; (b) [N/3] coalitions of size 3 and one coali-
tion of size 2 if R =2; or (c) [V/3] — 1 coalitions of size 3 and two coali-
tions of size 2 if R=1 where R =N — k-3, k=[N/3]. This equilibrium is
unique. There is no SNE equilibrium coalition structure for N=4.

Proof: Since the proof is straightforward using results of the discussion
above, conditions C,—C,, Proposition 15.2 and results provided in
Appendix XII.2, it is omitted here. QED

An obvious disadvantage of all simultaneous move membership games,
and therefore also of the open-membership game, is that there is no story
of how a particular coalition structure evolves. That is, there is no explana-
tion as to how countries coordinate on a particular equilibrium.

A particular disadvantage of open-membership games is the assumption
that each country can freely join any coalition. That is, in the language of
the conjectural variation models encountered in Chapter 13, an equilib-
rium coalition structure must be externally stable. As already mentioned in
Sub-section 13.2.8, in a global emission context there is no obvious reason
why a coalition cannot restrict membership if the accession of outsiders
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implies a welfare loss. In other games the assumption of open membership
can be more easily justified. For instance, in international trade the acces-
sion to GATT/WTO is generally open to all countries if they abide by the
rules. Nevertheless, in reality there are many bilateral or multilateral trade
agreements which favor only members and where the members put up high
barriers to entry for outsiders. An obvious instance is the current discus-
sion about the enlargement of the European Union to include Eastern
European countries.

In particular, in issue linkage games it may be more effective to restrict
membership (see Sub-section 13.2.8). If too many members accede to a
linked agreement, the gains accruing from the club good agreement may
become too small, so that the public good part of the agreement cannot be
stabilized any more.

One advantage of the open-membership game is that if the CPNE stabil-
ity concept is applied there is a unique equilibrium for N=4. Of course, this
result rests on the assumption of symmetric countries and payoff function
(13.1). In fact, it seems very likely that this result does not hold in more
general environments.

Another advantage of the open-membership game is that the results for
the CPNE concept correspond to intuition. Due to the free-rider incentive,
there is no grand coalition for N=4. Moreover, the coexistence of several
coalitions also seems plausible considering the fact that it may be easier to
reach an agreement among a smaller group of countries than among all
countries. However, due to the restriction to symmetric countries, final con-
clusions must be drawn with caution.!?

15.4.2 Exclusive Membership Games

I" games

In I" games all players announce which coalition they want to belong to,
including the list of all participants of this coalition (Hart and Kurz 1983).
In order for a coalition to form, the unanimous agreement of all players is
required. More precisely, in the I" game the message space of country iis a
set of coalitions to which it wants to belong M, = {C,CN,ie C,;, ¢,CC;}. A
coalition ¢, forms if and only if all members i of ¢; have announced m;=c;.
This definition implies that, whenever a member deviates and leaves the
coalition, the whole coalition breaks apart. Due to this assumption, the set
of NE is very large (for example, for N =5 it comprises all permutations, see
Appendix XII.4). For instance, if each country announces a singleton coali-
tion, this announcement is immune to a deviation. This is so since an NE
considers only single deviations, and forming any other coalitions requires
a change of at least two messages. Thus, in I' games the equilibrium
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refinements SNE and CPNE are particularly useful. Nevertheless,
Table 15.1 reveals that a single coalition structure can hardly be expected in
the example. From the table it appears that an equilibrium SNE or CPNE
coalition structure involves typically either the grand coalition or a coali-
tion structure with one coalition of N —1 countries and a singleton coali-
tion. The reason for such large coalitions is the assumption that a coalition
breaks apart into singletons once a player or group of players deviates. This
assumption has already been criticized in the context of the y core as a not
particularly credible threat.

A games

In A games this last-mentioned concern is taken up (Hart and Kurz 1983).
As in I" games, all members announce a coalition to which they want to
belong and a list of coalition members. In contrast to I' games, however, in
A games the participation of all listed members is not needed for a coali-
tion to form. Thus, as in the open-membership game, the message space is
used as a coordination device (Bloch 1997, pp. 322ff.). However, member-
ship is exclusive because only coalition structures which have been
announced can eventually form. The definition implies that, whenever a
member leaves the coalition, it assumes that all other coalition members
remain together (as in the conjectural variation models in Section 13.2).

For instance, consider N =4. Now, in contrast to the open-membership
game, {{1,2,3},{4}} is an NE-coalition structure. Though any of the coali-
tion members in the larger coalition would like to join the singleton coali-
tion, this is not in 4’s interest. Since unanimous agreement is required by
the exclusive membership rule, and 4 will never propose {{1, 2},{3, 4}},
{{1, 2, 3}, {4}} is stable.

From Table 15.1 it is evident that according to the CPNE concept more
than one equilibrium coalition structure exists. (See Appendix XII.5 for a
derivation of the equilibria.) For N=4 the grand coalition is no CPNE and
the coalition structure comprises several smaller coalitions. As in the open-
membership game, the reason is that any CPNE in a A game must be an NE
and an NE must be stand-alone stable. Thus, no coalition structure will be
an equilibrium involving coalitions of size greater than 3.

Obviously, the coalition structure in the A game allows for finer equilib-
rium coalition structures than the open-membership game. The reason is
the following. Consider — with a slight abuse of notation — the coalition
structure ¢ = {2, 2, ..., 1} where the numbers indicate the size of each coali-
tion. Then any of the coalitions of size 2 would like to merge with the sin-
gleton coalition. Since, however, the singleton member is indifferent to such
a move, the coalition structure above is a CPNE in the A emission game. In
contrast, in the open-membership game such a merger could be enforced.
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Again, from I¢;/=3 it follows that for N=5 no SNE exists, confirming
our reservation against the SNE concept.

Thus, taken together, the coalition formation process in A games seems
quite plausible. Coalitions are not resolved once a country deviates and
exclusive membership seems a plausible assumption in the global emission
context,20

15.4.3 Core-stable Coalition Structures

The concepts discussed in this sub-section are interesting in that they
combine the stability concept of the core, as laid out in Section 13.3, and
the conjectural variation setting of Section 13.2. This setting is constituted
by the component game which has been introduced in Section 15.1. There
are two extreme assumptions. Shenoy (1979) proposes a concept which he
calls core stability. The concept assumes that, following a deviation, other
players react as if they were maximizing the payoff of the deviating coali-
tion. That is, a deviating group of players supposes that the remaining
players support their deviation by forming an optimal coalition structure.
This is a very optimistic assumption. In contrast, Hart and Kurz (1983)
propose a and B stability where a deviating coalition expects the worst
from external players. This is a very pessimistic assumption. As in the «
and B core in Section 13.3, an a-stable coalition structure is a partition for
which there is no group of players who could obtain a higher payoff irre-
spective of the behavior of the external players. In a B-stable coalition
structure, there is no group of players who can expect to obtain a higher
payoff whatever the reaction of the external players may be (see
Bloch 1997, pp. 330ft.):

Definition 15.5: Core-stable coalition structure
A coalition structure c is core-stable if there is no group of n players and
a coalition structure ¢’ Dn such that for all i e n 7 (c") >} (c) holds.

Definition 15.6: a-stable coalition structure

A coalition structure c is a-stable if there is no group of n players and a
partition ¢’ such that for all partitions c,,, formed by external players
i (¢' Ucyy,) > (c) holds for all i e n.

Definition 15.7: B-stable coalition structure

A coalition structure c is B-stable if there is no group of n players such
that, for all partitions c,,, of external players, there exists a partition
¢, of nsuch that for all i € n 7;(c,Ucy,,) = (c) holds.
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From the definitions it is evident that, in general, deviations occur more fre-
quently under core stability, than under B stability and under B stability
more often than under « stability. Consequently, if C¢, C* and CP denote
the set of core-, a- and B-stable coalition structures, C¢C CPC C« holds
(Kurz 1988). In fact, it is easily checked for the global emission game
example that CP = C® holds.

Asitisevident from Table 15.1, a core-stable coalition structure for N=4
does not exist. (See Appendix XII.6 for a derivation of the equilibria.) This
s not surprising since, given the optimistic conjectures about external
players, there is always a coalition structure for which it is beneficial for a
group of players to deviate. As under the SNE concept no restriction is
imposed on such a deviation to be immune to further deviations.

Under a and B stability either the grand coalition or one large coalition
and a singleton coalition is stable. The reason is that any deviation triggers
further deviations, leading to small partitions which are Pareto-dominated.
Again, no restriction is imposed on such a deviation to be immune to
further deviations, which allows us to stabilize large coalitions.

Thus, an obvious weakness of all three stability concepts is the ad hoc
assumption regarding the behavior of external players. Neither the opti-
mistic assumption under core stability nor the pessimistic assumption
under a and B stability is usually a best reply for external players. Thus,
these behavioral assumptions are rather unrealistic and confirm our reser-
vations against the core concept, as has been raised already in
Section 13.3.

15.4.4 Farsighted Coalitional Stability

As the term ‘farsighted coalitional stability’ (FCS) indicates, this concept is
designed to take account fully of all reactions following an action by a
group of players. According to Chwe (1994), the advantage of this concept
is that it remedies some of the deficiencies of other concepts. In contrast to
core stability, an equilibrium exists in most environments. Moreover, reac-
tions by external players to a deviation by a group of players is defined more
consistently. In contrast to the SNE concept, a deviation is only accepted if
it improves upon the payoffs of the deviating players and if and only if all
possible further deviations are taken into account. In contrast to the CPNE
concept, where only deviations which are self-enforcing are valid, the FCS
also considers the possibility that some players intentionally deviate to a
coalition structure which is subject to further deviations since they are
interested in the final outcome. A set of coalition structures which is
immune to such deviations is called the largest consistent set and is denoted
by CFCS, It is defined as follows:?2!
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Definition 15.8: Largest consistent set

A set CICSC C is consistent if no coalition ¢; or a member of a coalition
¢; has an incentive to move from the coalition structure c¢ to another
coalition structure ¢’ € C since ¢’ is not strictly preferred by all deviators
or ¢’ is indirectly dominated by another coalition structure ¢”.

Itis important to note that at each stage of the deviation process, all players
who currently deviate must prefer the new coalition structure. It does not
suffice if the original members would like a further deviation, but not all
the members of the present coalition of which the original deviators are
members.

As laid out in Appendix XII.7, to determine the largest consistent set,
first, a list of all possible permutations is needed. Second, a preference rela-
tion between different coalition structures must be established. Third, a
coalition structure which is not obviously Pareto-dominated by another
coalition structure is picked and any possible deviation and ‘chain devia-
tions’ are tested for.22

Obviously, the farsighted coalitional stability concept introduces some
interesting strategic aspects into the coalition formation process which are
absent from the concepts discussed so far. For instance, consider N =5, for
which the grand coalition is stable (see Table 15.1). Since the grand coali-
tion is not stand-alone stable, a country, say 5, has an incentive to leave the
grand coalition, that is, {{1,2, 3,4, 5}} = {{1,2, 3,4},{5}}, which is subject
to a further deviation, say by country 4, that is, {{1, 2, 3, 4},{5}}={{1, 2,
3},{4},{5}}. Since {{1, 2, 3},{4, 5}} is strictly preferred by all players to
{{1, 2, 3},{4},{5}}, this would be, potentially, the final coalition structure.
However, since {{1, 2, 3,4, 5}} strictly Pareto-dominates {{1, 2, 3},{4, 5}},
this chain deviation is not valid and therefore the grand coalition is consis-
tent.

In contrast, for N=4, the grand coalition is not consistent since {{1, 2,
3,4} = {{1, 2, 3},{4}} and {{1, 2, 3},{4}} is not dominated by any other
coalition structure. {{1, 2},{3, 4}} is also stable. Though {{1, 2},{3,4}} is
directly dominated by {{1, 2, 3, 4}},{{1, 2, 3, 4}} is dominated by {{1, 2,
3},{4}} and hence for {{1, 2},{3, 4}} to be not consistent it must be indi-
rectly dominated by {{1, 2, 3},{4}}. This is, however, not the case since not
all countries (here it is country 3) forming a grand coalition from {{1, 2},{3,
411} benefit from coalition structure {{1, 2, 3},{4}}.

Note that {{1, 2, 3},{4}} is only consistent by the definition of a strict
Pareto-dominance. Since country 3 would prefer to join coalition {4} one
could think of the following scenario: {{1, 2, 3},{4}}={{1, 2}.{3},
{4}y ={{1,2},{3,4}}, where the final coalition structure is stable according
to the discussion above. That is, country 3 leaves the coalition to become a
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singleton and thereby creates an incentive for country 4 to accept its mem-
bership. Since the first move leaves the payoff to country 3 unchanged
(though the second move implies an increase in its payoff), this chain devi-
ation is ruled out by Chwe’s definition.

On the one hand, requiring only weak dominance would produce a
unique equilibrium in the example, and therefore the above definition seems
unnecessarily restrictive. On the other hand, this definition avoids cyclical
deviations in other examples and may therefore be justified.

Taken together, the farsighted coalitional stability concept appears the
most advanced among the simultaneous move concepts. It takes the strate-
gic considerations of players fully into account. It therefore satisfies the
condition of a rational conjectural variation equilibrium at every state (see
Chapter 10, Definition 10.1), and may therefore be regarded as a convinc-
ing static representation of dynamic games. It is a further development of
the farsighted concept mentioned in Sub-section 13.2.8 in that the coexis-
tence of several coalitions is in addition considered. The strict Pareto-dom-
inance at each stage of a deviation process implies de facto exclusive
membership, for which we have indicated some sympathy already. In con-
trast to the I' and A games, the FCS neither assumes in an ad hoc fashion
that the coalition breaks apart nor that the remaining coalition structure is
preserved following a deviation but that the external players play a best-
reply strategy. Thus, reactions to a deviation are consistently modeled.
Therefore, it seems promising to apply the FCS concept to a more general
model of coalition formation (such as payoff function (13.3) and heteroge-
neous countries and so on) in future research.?3

15.5 SEQUENTIAL MOVE COALITION MODELS

15.5.1 Equilibrium Binding Agreements

Ray and Vohra (1997) motivate their equilibrium binding agreement (EBA)
with the help of the following story behind a coalition formation process.
Initially the grand coalition gathers. Then some leading perpetrators may
propose a different coalition structure if this is in their interest. The perpe-
trators split up to form a coalition, say c;, by themselves. In a next step,
either the coalition ¢, or the coalition C\¢; may be subject to further devia-
tions. Those countries which initiate further deviations are called secondary
perpetrators. The process of disintegration continues until a coalition
structure has been reached where no country wishes to split up into finer
partitions. From this brief introduction it is already apparent that the term
equilibrium binding agreement is a misnomer: it implies that the EBA
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concept belongs to the realm of cooperative game theory. However, except
for the weakness which is pertinent to all models discussed in this chapter,
namely that stability within the component game is either assumed ad hoc
or via the assumption of instant reactions by players, the EBA concept
clearly belongs to non-cooperative game theory since an EBA must be a
self-enforcing coalition structure.

Important for understanding the concept is the assumption that coali-
tions can only become finer but not coarser and that only members of a
coalition can form smaller coalitions but this is not possible across coali-
tions.

Similar to the FCS concept, countries will not deviate from a given coali-
tion structure if the final outcome following subsequent deviations implies
a payoffloss to them. Leading perpetrators and external players will further
deviate if it is in their interest to do so. Thus the reaction of players is con-
sistently defined.

The formal definition of equilibrium binding agreements (like that of a
CPNE) is recursive:2*

Definition 15.9: Equilibrium binding agreement (EBA)

1. The finest coalition structure consisting of singletons is an equilib-
rium binding agreement.

2. Suppose that equilibrium binding agreements have been defined for
all partitions finer than a coalition structure ¢ and let the set of these
finer coalition structures be denoted by CEBA©), Then ¢ is an EBA if
no player or group of players wishes to deviate to any ¢’ € CEBA®©),
That is, (¢, )=m,(c], ¢') V iec;, ¢;Cc and ¢’ e CEBAC) where
¢;Ccand ¢’ ={cj} Ufc }.

Due to the recursive definition and no further selection criteria, the set
of EBA is very large. For instance, for N=4 {{1},{2},{3},{4}} is stable by
definition. {{1, 2},{3},{4}} is stable since it Pareto-dominates the finer par-
tition {{1},{2},{3},{4}} which is stable. {{1},{2, 3, 4}} is stable since it
Pareto-dominates {{1},{2},{3},{4}} and so on. By continuing this recur-
sive process, it is evident that the set of EBA is quite large. Thus, it seems
sensible to introduce a selection device to reduce the number of equilibria.
An obvious criterion follows by recalling the story at the beginning of this
sub-section to illustrate the EBA concept. By assuming that the coalition
formation process evolves from the grand coalition, fine partitions are
Pareto-dominated by coarser ones.? Therefore, in Table 15.2 only
CEBA* = Eff(CEBA) are displayed. Though the original concept of Ray and
Vohra does not have this selection device, we take the illustrative story as



302 Game theory and international environmental cooperation

Table 15.2  Equilibrium coalition structures of sequential move coalition
formation games

Sequential move coalition formation games
Equilibrium binding N=3:{{1,2,3}}
agreements?® N—4 {{1}, {2, 3,4}, {{1, 2}, {3, 4}}
=5:{{1,2,3,4,5}}

30441, 2,335, 1L 25, {335
=411 2,3, 435, 1115, 12,3, 435
5:{{1,2,3,4,5}}, {{1}, {2,3,4,5}}

Sequential coalition
formation (Bloch)

{1,2,3}}

{1}, {2, 3,4}}
(1,2,3,4,5}}

N
N
N
Sequential coalition N=
formation (Ray and Vohra) N=
N=
N=
N=
N=

Ul-lkb-)
~— -

341,25, 133
4: {{1,2,3,4}}
5:{{1},{2,3,4,5}}

Sequential coalition
formation (Finus)

Note: # Only the coarsest coalition structures have been selected.

an important and distinct feature of the formation process and have there-
fore placed this concept in the context of sequential move coalition models.

From Table 15.2 it appears that rather large coalitions can be supported:
either the grand coalition or a coalition comprising N — 1 countries and a
singleton coalition. (See Appendix XII.8 for a derivation of the equilibria.)
In particular for large N large coalitions are supported by the unfavorable
prospect of further deviations following a deviation. Thus, the set of effi-
cient EBA contains large coalitions if coalition structures of intermediate
coalition sizes are not stable.

To summarize, the EBA concept is convincing regarding the behavior of
players following a deviation. The assumption that only players belonging
to the same coalition can jointly deviate seems rather restrictive as in the
CPNE concept. However, in one respect the EBA concept is even more
restrictive than the CPNE concept in that only finer but not coarser parti-
tions can be formed by perpetrators. This is an obvious disadvantage.

15.5.2 Sequential Move Unanimity Game

The original idea of the sequential move unanimity game (SMUG) goes
back to Bloch (1995, 1996). The game is in the spirit of Rubinstein’s (1982)
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two-player alternating-offers bargaining game and is a generalization of
Chatterjee et al.’s (1993) extension to an N-country bargaining game. The
game proceeds as follows. First, countries are ordered according to some
(external) rule, for example, countries are indexed. The country with the
lowest index (initiator) starts by proposing a coalition to which it wants to
belong. Each prospective member is asked whether it accepts the proposal.
According to the external rule the country with the lowest index in the pros-
pective coalition is asked first, then that with the second lowest index and
so forth. If all prospective members agree, the coalition, say c;, is formed
and the remaining players N \c; may form coalitions among themselves. The
country with the lowest index among N \c, becomes the new initiator. If a
country rejects a proposal, it can make a new proposal. That is, for a coali-
tion to form, unanimous agreement is required which corresponds to the
assumption of exclusive membership in the I' game.

Bloch’s game is set up in extensive form.2° He assumes an infinite time
horizon which makes it impossible to solve the game by backward induc-
tion. Therefore, though he assumes no discounting, he supposes that if
players cannot agree on a coalition they will receive a payoff of zero which
is Pareto-dominated by any other payoff in a coalition (Bloch 1996, p. 97).
Through this trick, it is ensured that any sequential equilibrium must be
played in finite time (and can therefore be determined by backward induc-
tion), though a plausible explanation is missing as to why the status quo
payoff (resulting from the singleton coalition structure) does not function
as a threat point.

In order to reduce the set of sequential equilibria emerging from the
coalition formation process, Bloch considers only stationary perfect equi-
librium strategies, also called Markov strategies. That is, a strategy depends
only on the ‘current state’ in the negotiation process. There are basically
three states which can occur in the game:

1. There is an ongoing proposal which the player who has the move may
accept or reject.

2. A player has rejected a proposal and has him/herself to make a proposal.

3. A coalition has formed and a player becomes the new initiator.
Therefore, the payoff relevant part of the history at stage V is the set of
players who have left the game already, the partition they have formed
and the current offer.?’

If an initiator makes a proposal s/he will think about two things. First, is
the proposal s/he makes acceptable to the proposed members? Obviously,
a proposal which is unacceptable makes no sense since the right to make a
proposal is passed on to the next player. Second, if those players who
are asked accept the proposal, the question arises which coalition the
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remaining players will form? The answer to the latter question will of
course affect the proposal at the initial stage. Thus, an initiator must solve
the entire game backward for all players to find his/her best strategy.

We define now more formally the SMUG and the equilibrium concept.
For this we need the following definitions. Some of these definitions have
already been encountered above but are listed here for convenience.

Let the set of players be denoted by I, i € I. A coalition ¢, is a non-empty
sub-set of players. A coalition c¢ is a partition on the set I and the set of all
coalitions is denoted C. For any sub-set of players K of I, the set of parti-
tions on K is denoted by Cy with typical element cy. w;f(cj, ¢) is the payoff
to player 7 in coalition j and coalition structure c.

Definition 15.10: History of the game

A history iV at stage V is a list of all actions taken from stage 0 to V—1.
Possible actions are coalition offers, acceptances and rejections up to
stage V— 1. At any point in the game a history 4V determines:

1. aset K(hV) of players who have already formed coalitions;

2. acoalition structure ¢y formed by the players in K(hV);

3. an ongoing proposal (if any) éj(hV);

4. a set of players Ej(hV) who have already accepted the proposal
(including the initiator); and

5. aplayer i who moves at stage V.

Player iis called active at stage V if it is his/her turn to move after history
hV. The set of histories at which player i is active is denoted by H..

Definition 15.11: Strategy of a player

A continuation strategy o, of player i is a mapping from H; to his/her set
of actions, namely (a) o,(h) € {yes, no} if ¢,(hV)#0; and (b) o,(hY) e
{c,CI\K(AY), i e e} if ¢(hV)=0.

As pointed out above, Bloch considers only Markov strategies, so the
history at stage V is described by hV(K, ¢k, ¢,), thatis, the set of players who
have left the game already, the partition they have formed and the current
offer. Then a stationary subgame-perfect equilibrium in the SMUG can be
defined by using Definition 15.11:28

Definition 15.12: Subgame-perfect equilibrium in the sequential move
unanimity game

A subgame-perfect equilibrium in the sequential move unanimity game
is a continuation strategy combination o;(4") for which =’(c7(hY),
o (W) =7 (a/(hV),0" (hV)) Vie Tland iV e H,.
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Bloch (1996) has shown that for symmetric valuations a simple finite pro-
cedure can be used to determine the equilibrium/equilibria in the game. The
algorithm works as follows. The first player proposes an integer Ic¢,| € [1, N]
which indicates the coalition size. The player I¢,| + 1 proposes a coalition of
size lc,l € [1, N —l¢,]. This process continues until l¢;| + ¢, +... + eyl = N.

From Table 15.2 it appears that the SMUG according to Bloch does not
produce a unique equilibrium in the emission game. The reason is that in
this symmetric game players face an indifference between two strategies (see
Appendix XII.9) at some stages. Therefore, two equilibria can be sup-
ported.

It is also apparent from the example that rather large coalitions can be
supported. However, for a larger number of countries this may be different.
In the extension considered below a more exact statement is possible.

Ray and Vohra (1999) have generalized the sequential formation game of
Bloch. In particular, in contrast to the previous concepts which assume a
fixed sharing rule, they have endogenized the sharing rule. Since their exten-
sion is quite involved, we shall not pursue this issue further and consider
only a slight modification of Ray and Vohra. They assume that in the case
of indifference between two strategies a country selects the largest coalition
size. In the emission game this assumption seems plausible since all other
players (except the player who has the move) would prefer the larger coali-
tion to form. (For details, see Appendix XI1.9.) This selection device pro-
duces a unique equilibrium coalition structure which can be characterized
according to Bloch (1997, pp. 338ff.) by a Fibonnaci decomposition. A
Fibonnaci decomposition is derived from a sequence of Fibonnaci
numbers where f,=1, ;=2 and f, =f,_, +f,_,. One starts by choosing the
largest Fibonnaci number equal to or smaller than N. Denote this
Fibonnaci number /% Then one looks for the largest Fibonnaci number
equal to or smaller than N — /¥ This process continues until /%= N.

For instance, consider the Fibonnaci numbers 1, 2, 3, 5, 8, 13, 21 and so
on. Thus if N=4, the largest Fibonnaci number is 3 and N —3=1. Hence,
with some abuse of notation, the coalition structure is {3, 1} where the
numbers indicate the coalition size. If N =20 the coalition structure would
be {13, 5, 3} and for N =38 the grand coalition forms. Thus, whenever N is
not a Fibonnaci number rather asymmetric coalition structures form.

In contrast to Ray and Vohra, however, it may well be argued that a
player, though s/he may not bother about exhibiting a positive externality
on other players by choosing the larger coalition size if s/he is indifferent
between two strategies, s’/he may be concerned about another issue.
Suppose there is a slight probability that a player, say k, who follows a
player say, i, in the sequence of moves, unintentionally makes a small error
by choosing a wrong strategy. In the terminology of Selten (1975) a player
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may make a small tremble.?? Given this possibility, it might be in the inter-
est of player i to choose a strategy which is immune to such an error.3°

For instance, suppose N =3 and country 1 proposes the grand coalition.
Alternatively, it could propose a singleton coalition, knowing that it is in
the interest of country 2 to propose a coalition comprising countries 2 and
3 which country 3 will accept, that is, w5,({{1}, {2, 3}})>m,({{1}, {2},
{3}}). According to Bloch, countries 2 and 3 will accept the proposal of a
grand coalition since m({{1, 2, 3}})=m({{1,3}, {2}}) and m;({{1, 2,
3} =m3({{1,2}, {3}}). However, suppose that, say, country 2 rejects the
proposal by mistake and proposes itself as a singleton coalition, after which
countries 1 and 3 will form a coalition. Since m({{1, 2, 3}})=m({{1},
{2,3}})>m({{1, 3}, {2}}) country 1 may be on the safe side by proposing
itself as a singleton coalition instead of the grand coalition, and the result-
ing equilibrium coalition structure is {{1}, {2, 3}}.

As is evident from Table 15.2, this procedure also delivers a unique equi-
librium in the example. In fact, denoting Bloch’s equilibrium set by CSE®),
that of Ray and Vohra CSE(V/R) and the trembling hand equilibrium by
CSE(®) it is easy to see that CSE(®) = CSE(V/R) | CSEF),

An obvious advantage of the SMUG is that the formation process is
explicitly modeled. In contrast to the simultaneous move games, there is an
explicit story of how a coalition builds and how players coordinate on an
equilibrium. It seems plausible for many games that there is an initiator at
the beginning of the game who proposes a coalition which is in his/her
interest. This is particularly true in asymmetric games. For instance, in an
asymmetric emission game it should be expected that governments with a
higher environmental preference will approach other governments with a
similar high preference. Governments with a lower preference may form
coalitions among themselves. Membership is only offered to outsiders if all
coalition members unanimously agree. Thus, Bloch’s framework is the
most sophisticated among the sequential move coalition formation models.
It seems promising for future research to derive the coalition structures in
an asymmetric emission game by applying his concept.3!

A first step in this direction has been undertaken by Finus and
Rundshagen (1999). The authors investigate an issue linkage game which is
a mix of a positive and negative externality game. The positive externality
part of the game concerns the reduction of global emissions emanating
from the production of a homogeneous good which is sold in the domestic
market and exported abroad. The negative externality part of the game
concerns the formation of a customs union where the members abolish
tariffs within the union but protect their market against outsiders. Since the
authors assume that firms may migrate to other countries if the environ-
mental policy of governments is too strict, the endogenous plant location
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game is quite complex. Therefore, the authors restrict the number of
players to three countries only but they consider heterogeneous countries.
Although Finus and Rundshagen derive some quite interesting results
worth reporting, due to lack of space we restrict the following discussion
to some conceptual extensions of their model.

The first extension is the construction of a finite game. This is simply
done by assuming that there is a record of all past proposals which is known
to all players. Since no player is allowed to make the same proposal twice,
the game ends in finite time and can be solved by backward induction.
Thus, neither the assumption of symmetric countries nor the assumption
that players receive a payoff of zero if they do not form coalitions is needed
to solve the game.

Second, the authors consider non-stationary strategies. Thus the history
of the game is not (arbitrarily) restricted to the immediate state in the game:
an assumption which seems plausible for rational players.

The third extension concerns the order in which players move. Instead of
assuming a fixed rule according to which players move, they introduce two
new features. The first feature is that if there is an ongoing proposal the
player who has the move decides who will be the next player to be asked
whether to accept or reject the proposal. The second feature is that at the
beginning of the game and after the last player belonging to a proposed
coalition has accepted a proposal, nature, which is modeled as an addi-
tional player, selects randomly the player who will move next. This has the
advantage that in asymmetric environments the exogenous rule according
to which players move does not affect the equilibrium outcome.
Consequently, results are more general. Of course, such extensions imply a
more complex definition of a strategy than in Definition 15.11. The inter-
ested reader is referred to Finus and Rundshagen (1999) for a full account
of the extended definition.

NOTES

1. Bloch (1997) and Yi (1997) provide an excellent survey of most concepts discussed in this
chapter. They have applied these concepts to the provision of a public good. Their
example could be interpreted as a global emission game defined in reduction space.

2. The equilibrium valuation is, apart from the normal and extensive form, a third possibil-
ity for representing a non-cooperative game. It may also be called the coalitional repre-
sentation of games. It corresponds to the characteristic function in cooperative games
(see Section 13.3).

3. So far not much progress has been made in endogenizing the sharing rule in the coali-
tion formation process. An exception is Ray and Vohra (1999). They provide some vin-
dication for the equal sharing rule if countries are symmetric.

4. This term refers to the fact that, although all players have the same strategies and payoff
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spaces at the beginning of the play, asymmetric coalition structures may ex post emerge
during the formation process.

Obviously, for symmetric countries any kind of transfers are therefore not relevant to the
coalition formation process. This is at least true as long as one assumes that transfers can
only be paid among coalition members but not to outsiders. We shall make this assump-
tion in what follows.

It is interesting to note that in neither of the papers quoted below is this inconsistency
recognized.

Note that this definition does not imply that the coalition structure itself is an equilib-
rium. It only implies that a coalition maximizes the payoffs of its members for a given
coalition structure.

Coalition games without spillovers are discussed in Konishi ez al. (1997).

To avoid confusion: so far we have called transboundary emissions a negative external-
ity. Now, in this chapter it is more convenient to keep with the tradition of Yi (1997).
Hence, we call an emission game a positive externality game since we think in terms of
emission reductions. A deviation from Nash equilibrium emissions by a coalition implies
an emission reduction.

Conditions C,—C; apply in general to positive externality games. Condition C, may not
hold in general but is true for payoff function (13.1). A general proof may be found in
Yi (1997).

We state the proposition with respect to payoff function (13.1) since the subsequent dis-
cussion is illustrated by this example. This procedure saves space, though a more general
proof for a larger class of payoff functions is certainly possible but more involved. See
Yi (1997) for a proof in a game on the provision of a public good.

Thus the CPNE is identical to a renegotiation-proof equilibrium in a two-player game.
See Chapter 6.

Unfortunately, there are no conditions which guarantee the existence of an SNE or a
CPNE.

For an extension to cover correlated strategies also, see Moreno and Wooders (1993).
One reason may be that some consumers prefer to buy an environmentally friendly car
and some consumers prefer a cheaper car without a cat. Thus the market is segmented
and makes heterogeneous production attractive.

Of course, country 3 would like to deviate to a; to gain a payoff of 6 instead of 0.
However, since player 3 is not among the original deviators, this deviation is not consid-
ered by the CPNE concept. See the discussion on p. 290.

Of course, strictly speaking a dynamic definition would be required. However, for con-
venience we follow the somewhat sloppy notation and definition of Bloch (1997) and Yi
(1997). For an extended definition in a supergame framework, see Stahler (1996). He
applies his definition to a global emission game comprising three countries.

Hence, one can immediately conclude that for N=9 {{1, 2, 3,4}, {5, 6,7}, {8,9}} cannot
be an NE coalition structure under the open-membership rule.

An application of the open-membership game to the formation of custom unions in
international trade (negative externality game) may be found in Yi (1996).

An application to the formation of custom unions in international trade (negative exter-
nality game) may be found in Burbidge e7 al. (1997).

For a more formal definition, see Chwe (1994, pp. 302ff.).

Though the FCS concept considers sequential deviations, the coordination of an equi-
librium coalition structure occurs by assumption simultaneously. This is why the concept
is classified as a simultaneous move game.

A concept similar to the FS concept has been applied by Ecchia and Mariotti (1997) in
the context of a global emission game.

For a full account of the concept the reader is referred to Ray and Vohra (1997).
Alternatively, one could assume that the formation process starts from the singleton
coalition and that coalitions gradually become larger until no further enlargement is
stable.

See Chapter 4 for the definition of the extensive-form representation of a game.
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Note that, since payoffs are received at the end of the game, the game comprises (accord-
ing to the terminology of this book) only one period but of several stages V. See
Chapter 4.

Recall that a continuation strategy has been defined in Chapter 4 and applied in
Definition 4.9 to characterize a subgame-perfect equilibrium in a repeated game.

This does not imply that this player is irrational but only that s/he may choose a wrong
strategy with probability e where lim e = 0. For details of the motivation of this concept,
see Selten (1975).

An issue for future research is to formalize the idea of the trembling hand sequential
equilibrium in the SMUG.

Bloch (1995) applied his concept to the coalition formation in Cournot and Bertrand oli-
gopoly where firms may form associations in order to reduce production costs or costs
of R&D (negative externality game). Yi (1996) applies the sequential formation game to
the formation of custom unions (negative externality game).



16. Summary and conclusions

After important terms, the notation of this book and the structure of game
theory had been laid out in Chapter 2, we started out in Chapter 3 by ana-
lyzing four simple matrix games: the prisoners’ dilemma, the chicken, the
assurance and the no-conflict games. The analysis first focused on two
countries only (Sections 3.2-3.5) and was then extended to N countries.
Depending on the cost—benefit structure of an abatement policy, either no
cooperation, cooperation among some countries or cooperation among al/l
countries could be explained. Though these matrix games are rather simple
by their nature, basic features of the coalition models in Chapters 13-15
could already be depicted.

In Chapter 3 it was also shown that though there is no external coordi-
nator endowed with the power to enforce an IEA, and hence countries must
play a correlated Nash equilibrium, coordination may improve upon the
non-cooperative outcome. This result was demonstrated with the help of
the chicken game. It was pointed out that future research should derive con-
ditions under which coordination is possible and that it should scrutinize
whether it is possible to transform a game such that coordination can be
applied more effectively. Moreover, retrospectively of the coalition forma-
tion models, it seems promising to look at the effect of coordination in an
N-country world. Due to the complexity of this issue, it seems promising
to look first at some of the reduced coalition formation games of
Chapter 15. Due to their simple structure, the simultaneous move games
seem particularly suited for such an undertaking. For instance, in the open-
membership game and the exclusive membership game, one could deter-
mine the set of correlated coalition-proof Nash equilibria and find out
whether large coalitions could be established as a self-enforcing outcome.
Of course, since we established that the farsighted coalitional stability of
Chwe is a particularly convincing concept, it would also be interesting to
investigate whether this concept could be extended to correlated strategies
too.

In Chapters 4-7 the framework was extended to cover dynamic games.
For finitely repeated games Chapters 4 and 6, and for infinitely repeated
games Chapters 5 and 7 traced the historical development of equilibrium
concept refinements. It became evident that the steps in this development
were closely related to more sophisticated definitions of credible threat
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strategies. Moreover, it appeared that those refinements allow us to make
more precise predictions about the outcome of a game. The various equi-
librium concepts were applied to simple matrix games with discrete strat-
egy space. In finitely repeated games the concept of a renegotiation-proof
equilibrium and in infinitely repeated games the concepts of weakly and
strongly renegotiation-proof equilibria were identified as being a particu-
larly convincing tool for analyzing the stability of IEAs. Chapters 37 elab-
orated some basic results of practical importance. For instance, it could be
shown that the following conditions are conducive to the chances of co-
operation: a long-term relationship between governments; regular meet-
ings between governments to monitor compliance of a treaty; immediate
reactions to the violation of a treaty; the usefulness of harsh but also cred-
ible threat strategies; and low discounting of the gains accruing from coop-
eration between countries. In contrast, if environmental projects involve a
high amount of sunk costs or if the structure of international environmen-
tal problems is such that a change in environmental policies takes a consid-
erable time, this is unfavorable for cooperation. For practical purposes
these results suggest that governments should pursue an environmental
policy of ‘small steps’ and that regular meetings should be institutionalized
to build up mutual confidence among signatories. Moreover, treaties should
establish credible punishments which are transparent to all participants
and which are so simple that possible violations of treaties can immediately
be punished. It remains for future research to specify exactly what this
means for the design of IEAs.

In Chapter 8 it was shown that the linkage of two or more issues may be
conducive to cooperation. First, it was demonstrated that in an infinitely
repeated framework issue linkage may help to avoid asymmetric payoffs so
that it is easier to stabilize an IEA. Second, in a finitely repeated game
framework it was shown that if one game possesses the necessary proper-
ties to be stabilized as a subgame-perfect or renegotiation-proof equilib-
rium, a second game which does not possess these properties can be
stabilized by linking both games to each other. Third, departing from the
classical framework in which issue linkage games are commonly analyzed,
it was shown that issue linkage may not always be conducive to coopera-
tion. For a prisoners’ dilemma game it was established that if issues are
complements in governments’ objective functions, then issues are better
negotiated separately. As one possibility to achieve this objective delegat-
ing decision-making power to independent agencies with concave utility
functions was suggested.

From the analysis three topics suggest themselves for treatment in future
research. First, for various environmental problems and possible issues to
which they could be linked it should be investigated empirically whether
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they constitute substitutes or complements in governments’ objective func-
tion. Based on these results, recommendations on the design of future
IEAs and the redesign of current ones could be given. Second, if it turns
out that there is no suitable substitutional relationship between issues, the
design of national or international agencies should be given high priority
in future research. Third, though this has not been analyzed explicitly,
issue linkage may involve considerable transaction costs. Therefore, empir-
ical estimates of these costs would be useful for an empirically founded
forecast of whether the possible gains from issue linkage will actually be
realized in certain situations. In the light of the results of Chapter 15 one
could also analyze whether the coexistence of several IEAs may be asso-
ciated with lower transaction costs and therefore issue linkage may be
more effective among small groups of countries. Particularly in cases
where a large number of countries suffer from an externality, it may be
easier to find suitable issues to be linked among small coalitions than
among large ones.

In Chapter 9 a simple global emission game was introduced and funda-
mental benchmarks were derived which formed the basis for the subsequent
analysis. Particular emphasis was given to the conditions which guarantee
the existence of a unique Nash equilibrium and the location and curvature
of reaction functions.

In Chapter 10 three models of the literature on the provision of public
goods were discussed which helped to explain those IEAs in which signa-
tories depart substantially from non-cooperative abatement targets. It
became evident that the only charm of models based on ‘non-Nash behav-
ior’ and the ‘theory of reciprocity’ lies in their simplicity. A thorough game
theoretical investigation revealed that those models are based on inconsis-
tent behavior by agents. This was also found to be true for the ‘strategic
matching’ approach, though it appeared that this approach is far from
being simple. Chapter 10 also derived the bargaining equilibrium of an
auction of emission reductions, the stability of which was investigated in a
supergame framework in Chapter 12.

Similar to the auctioning equilibrium, two more bargaining equilibria
were analyzed in Chapter 11. One equilibrium was derived by assuming
that countries negotiate on the level of a uniform emission reduction quota,
and the other equilibrium was derived by assuming that countries negotiate
on the level of a uniform effluent charge. Abstracting from stability consid-
erations, a comparison revealed that under a quota agreement global emis-
sions may be lower and global welfare may be higher than under a tax
agreement. Particularly in those cases where an agreement puts a particu-
lar strain on one bargaining partner, a quota agreement provides more
favorable conditions to the ‘bottleneck country’ in the negotiations than a
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tax agreement, so higher abatement targets can be achieved in a treaty. This
cost-benefit effect may compensate for the inherent inefficiency of the
quota as a typical command and control instrument. Additionally, it was
shown that the tax agreement may be subject to strategic proposals which
lead to an inefficient bargaining outcome whereas the quota agreement is
immune to biased proposals.

In Chapter 12 the stability properties of the auctioning equilibrium and
also of the tax and quota bargaining equilibria were tested in a supergame
framework. One important result was that if punishment options are
restricted for some reason the tax agreement may not be stable. This was
shown to be always true in those cases where biased proposals occur under
a tax agreement. In contrast, the stability of the quota agreement is rather
robust.

However, the main purpose of Chapter 12 was to characterize the weakly
and strongly renegotiation-proof as well as the strongly perfect equilibrium
payoff space in the global emission game in a two-player environment.
Particular emphasis was given to restricted punishment profiles. This anal-
ysis was motivated by several restrictions which may occur in reality. First,
technical conditions may not allow a country either to reduce emissions
rapidly from some agreed level during the repentance phase of a punish-
ment or to increase emissions quickly above a certain level in order to
punish non-compliance. Second, international law requires punishments to
be proportional to the severity of the violation. It was shown that those
restrictions make it more difficult to stabilize an agreement. In particular,
agreements involving asymmetric payoffs and agreements which depart
substantially from the non-cooperative status quo have scarcely a chance of
being realized. Moreover, it turned out that in a global emission game it is
a very complex undertaking to operationalize ‘relative proportional pun-
ishments’, also called ‘reciprocal punishments’. It requires non-simple pun-
ishment profiles — different from those of Abreu.

For future research it would be promising to consider such reciprocal
punishments in case studies of actual IEAs as conducted by Finus and
Tjotta (1998) and Murdoch and Sandler (1997) in order to capture an
important restriction under which IEAs are operating in reality.

In Chapters 1315 the analysis of a global emission game was extended
to an N-country framework. Whereas Chapters 13 and 14 presented models
which basically constitute the state of the art in the literature on coalition
formation, Chapter 15 reported on new developments in the field of non-
cooperative game theory. A distinguishing feature of the models in
Chapters 13 and 14 was that they assume only one group of signatories,
whereas all other countries behave as singletons. In contrast, the concepts
of Chapter 15 allow for the coexistence of several coalitions.
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The models presented in Chapter 13 were classified as static representa-
tions of dynamic games. Among the conjectural variation models, Barrett’s
model was identified as possessing the highest explanatory power. It can
explain IEAs ranging from two to N countries and it can relate the outcome
to the cost-benefit structure from emissions. The two central results are
seemingly paradoxical: (a) IEAs are only signed by many countries if they
achieve little; (b) whenever the cost—benefit structure of an environmental
problem would allow the netting of high gains from cooperation, IEAs
achieve only little. These apparently paradoxical results were confirmed by
the supergame coalition model in Chapter 14.

Apart from other weaknesses, the inconsistency of the stability concept
was identified as a major shortcoming of conjectural variation models. A
modification in the spirit of the farsighted coalitional concept of Chwe was
suggested to remedy this deficiency.

Shortcomings were also identified for the core models of Section 13.3.
Apart from the inconsistent behavior of external players, it appeared that
the explanatory power of these models is rather low; they predict that the
grand coalition will form as long as an appropriate transfer scheme among
countries is established.

In Chapter 14 a coalition formation process was analyzed in a supergame
framework. It was shown that if the concept of weakly renegotiation-
proofness is applied, it is very unlikely that a grand coalition will form. This
was shown to apply for a socially optimal agreement but also for agree-
ments which require less demanding abatement targets to be realized within
the coalition of all countries. Therefore, the formation of a smaller coali-
tion among the most environmentally concerned countries was analyzed.
It turned out that for global environmental problems, where the number of
countries affected by an externality is large, signatories will agree on an
emission quota but not on an effluent charge. The result served as an addi-
tional explanation of the frequent occurrence of emission quotas in many
IEAs. Moreover, it turned out that it might be rational for only a small
coalition of rather homogeneous countries to sign an IEA (instead of the
grand coalition); this is particularly true in those cases in which coopera-
tion is difficult to achieve (critical parameter constellations).

In future research it would certainly be interesting to confirm those
results if the supergame model were modified such that it allowed for the
coexistence of several coalitions. This seems suggestive since almost all the
concepts of Chapter 15 predict the coexistence of several coalitions as a
stable coalition structure. For this purpose the definition of a coalition-
proof equilibrium has to be extended to infinitely repeated games. First
attempts in this direction have been undertaken by Stihler (1996).!

From the ‘new’ game theoretical concepts on the coalition formation
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process presented in Chapter 15 two concepts appeared to be particularly
fruitful for an application in future research. Among the simultaneous
move concepts Chwe’s farsighted coalitional concept was identified as a
consistent static representation of a dynamic coalition formation process.
It takes into account all forms of reactions and counter-reactions of coali-
tions and countries. Among the sequential move concepts it turned out that
Bloch’s sequential move unanimity game, and its extensions by Ray and
Vohra and by Finus and Rundshagen, models a coalition formation process
in a plausible and consistent manner. It was argued that the sequential
move concepts have the advantage that they explicitly model the coordina-
tion on an equilibrium coalition structure via the activities of an initiator
who seeks equally minded coalition partners.

Almost all the concepts of Chapter 15 suggest that the stability of IEAs
could be increased if IEAs were tailored to individual groups of countries
which form a coalition among themselves instead of trying ‘to get all coun-
tries into one boat’. This result should play an important role in the design
of future IEAs.

Despite the fact that the two ‘new’ coalition concepts mentioned above
already exhibit a high degree of sophistication, a long list of issues which
may be treated in future research come to mind. First, both concepts await
to be applied to a global emission game with heterogeneous countries and
strictly concave benefit and cost functions from emissions (or from abate-
ment). Second, and particularly important in a world of heterogeneous
countries, the choice of the sharing rule for the gains from cooperation
among the coalition members has to be endogenized in these models. For
Bloch’s model, Ray and Vohra (1999) have made a first attempt in this
direction; in the context of Chwe’s model such an attempt is still missing.
Third, the choice of equilibrium strategies among coalition members must
be justified more convincingly. So far a consistent and entirely endogenous
derivation from the models is missing. Fourth, the coalition models should
be extended to cover cases of incomplete information. Of course, in reality
many forms of incomplete information may be associated with the problem
of coalition formation in international pollution control; however, a par-
ticularly fruitful extension might be an integration of incomplete monitor-
ing. Though scientists may identify the total amount of pollutants released
to the atmosphere, it may be difficult for them to assign these emissions to
single countries. There may remain some considerable uncertainty about
the exact amount of emissions each country releases. This is particularly
true since in most IEAs monitoring relies on self-reporting by countries,
and this is normally rather patchy.

A possible extension could borrow from work on stable coalitions in oli-
gopoly (for example, Green and Porter 1984; Abreu et al. 1986; Vives 1984).
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In this literature a Cournot oligopoly is assumed where the market price
can be publicly observed; not so, however, the output by each firm. The
price is a function of the output and of some erratic fluctuations due to (not
observed) changes in demand. Thus, though the price is a proxy of the com-
pliance record of firms which are obliged to reduce output to cooperative
levels, it is not an indicator which allows for unequivocal conclusions. The
similarity of this example to the problem of international pollution is
obvious. In the international environmental pollution context, the price is
the observable aggregate emissions and the output by each firm is the non-
observable emissions of each country. For this suggested extension one may
also want to consult the work of Avenhaus (1992); Giith and Pethig (1992);
Russell (1990, 1992); and Russell et al. (1986) on the monitoring of emis-
sions. Moreover, equilibrium concepts in the spirit of a renegotiation-proof
or coalition-proof equilibrium must be extended to games of incomplete
information. A good source for a possible definition of equilibrium strate-
gies in such an incomplete information framework is undoubtedly
Fudenberg and Levine (1992) and Fudenberg et al. (1994) and their public
equilibrium concept.

Finally, we should like to finish with a last general remark. As pointed
out in the Introduction, there are two strands in the literature. One strand
is empirically oriented, estimating the costs and benefits of the control of
particular pollutants. The second strand game theoretically investigates the
stability of IEAs and the incentive structure of countries. So far, both
strands have coexisted more or less in isolation. Therefore, it seems prom-
ising for future research to combine both approaches in the spirit of Finus
and Tjetta (1998) and Murdoch and Sandler (1997). Though this book has
tried hard to make the point that game theory is not only a toy for academ-
ics but also a useful device for analyzing problems of cooperation in inter-
national pollution control, critics of game theory could be even better
convinced if the theoretical concepts were more often applied to concrete
environmental problems. Such applications would also constitute a major
step toward sound policy recommendations with respect to the design of
more efficient and effective IEAs in the future: a concern which most
readers will share.

NOTE

1. Bernheim et al. (1987) define their concept of a coalition-proof equilibrium only for static
and finite dynamic games. Farrell and Maskin’s (1989a) concept of a weakly and strongly
renegotiation-proof equilibrium is defined for two countries only or for N countries but
where only single deviations are considered. Stahler (1996) combines both concepts and
adapts them to a supergame framework. However, his analysis is restricted to three coun-
tries only.
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I CHAPTER 3: APPENDIX

Proposition 3.1 claims that in a chicken game there is a correlated strategy
equilibrium with aggregate payoffs higher than in any of the pure or uncor-
related strategy equilibria.

Proof: For the proof of Proposition 3.1 it is helpful to note the following
relations. If two events, say A and B, occur independently with probability
p(A) and p(B), then the probability that they occur jointly is given by
p(ANB)=p(A)p(B). If events A and B do not occur independently, then
the following relation applies:

p(ANB)
p(B)

where p(A/B) reads as ‘probability that event A occurs given event B
occurred’ (see, for example, Rasmusen 1989, pp.54ff). For instance, in
Matrix 3.9 the probability that strategy a,, is played is z, + z,. Therefore, the
probability that strategy combination a,, is played, given player 1 plays a,,,
is therefore p(a,,/a,,)=z,/(z,+z,). Moreover, we find p(ay,/a,,)=z,/(z, +
z,) and so on.

Now, let payoffs be given by the General Payoff Matrix 3.2 and the cor-
related distribution z by Matrix 3.9. Assume for notational convenience a
symmetric game so that @, =a,=a and so on.! Then, if the coordinator
recommends country 1 to play g, its expected payoff is given by the two
LHS terms in inequality (I.2). Alternatively, if country 1 deviates, it receives
an expected payoff represented by the two terms on the RHS of this
inequality. For stability, it is thus required that the expected payoff when
complying is at least as high as when defecting:

P(A/B) = 1.1)

Z Z, Z Z, c—a
a +b = +d- = =
z,+ 2, 7.+ z, 2+ z, z,+z, b—d

2. (1.2)
The second possibility to be considered is that the coordinator recom-
mends playing the second strategy to country 1. For this to be an equilib-

rium recommendation the following inequality must hold:

317
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z z z z c—a
c—3td—"t =3 o o=z (L3)
z3+ z, z3+z, z3+z, zy+ z, b—d

By the same token, it is straightforward to find the following equilibrium
conditions for country 2:

c—da
Zl‘mSZ:; (14)
c—da
Z4Szz-b —J (L.5)

where we may recall that ¢>a>b>d and 2a> b+ ¢>2d holds in a chicken
game. Moreover:

Zy Tz, tzyt+z,=1 (I1.6)

must hold by definition. Since we look for an equilibrium with a high aggre-
gate payoff, z,=0 is assumed. Thus, equations (I.3) and (I1.5) become non-
binding and we are left with two inequalities. Moreover, since strategy
combination (a,, a,) delivers the highest aggregate payoff in this game, z,
should be chosen as large as possible subject, however, to the two con-
straints (I.2) and (I.4). Hence z, is chosen equal to the LHS term in (1.2)
and z; equal to the LHS term in (I.4). Substituting this information into
(I.6) and solving for z,, z, and z; respectively, gives:

b—d c—a c—a
z,= z,= Z,=
U h—d+2¢—24"% b—d+2c—2a"3 b—d+2c—2a

1.7

from which the aggregate equilibrium payoff (X, (zV )= 2az,+(b+c¢)z,+

(b+c)zy)

2(bc + 2 — ca — da)
b—d+2c—2a

Sm(zh)= (I.3)
follows. In any of the two NE in pure strategies, aggregate payoffs are given
by Sm,(s")=b+c¢ and in the mixed strategy equilibria aggregate payoffs
S (p¥)=2-a:p>+2-(b+c)(1—p)-p+2-d-(1—p)?) are computed to be:

- 2(bc — da)
N Yy=_""7" "7
S (p)= (1.9)
which follows from pj=p5=p=(b—d)/(b+c—a—d). Then:
* * 2 2 -0 -
S (V)= S (sV) = 24 b=ab=d)_, (1.10)

20c—a)+b—d
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20c—a)(c—d)
2c=2a+b—d)c—a+b—d)

where we make use of the relations c>a>b>d and 2a>b+c¢>2d in a
chicken game. QED

Sa (V)= Sa(pN) = >0 (L11)

For the example in Matrix 3.3 where a=4.6, b=2.2, c=5.2, d=2 we there-
fore have z; = 1/7 and z5=z3;=3/7 and S (zN") =7.656.

I CHAPTER 4: APPENDIX

In Theorem 4.4 we claim that in a simultaneous (sequential) move game any
payoft tuple which gives each player more than his/her worst stage game NE
(SPE) can be sustained as an average payoff vector in a finitely repeated
game for large T and discount factors close to 1.

Proof: We start by considering simultaneous moves and assume, as
Friedman (1985), that there is a ‘good’ equilibrium sM and a ‘bad’ equi-
librium sV@, that is, wNV(sND) > wNO(sN2) ¥ i e 1. This assumption sim-
plifies notation. We extend the proof subsequently to cover the other cases
of Theorem 4.4 as well.

Consider the following trigger strategy:

(i ifinany A(0) ... i(t—1)=(s].5_). H'(0) ... B(t—1)=(s].5")),
R(0) ... hi(t—1)=(sks ) ¥1=0 ... T, or
(1) o B =1) = (5 sMO) Ve=r"+1 ... T
o=4s inr=0 (IL1)
s, if inany #(0) ... hi(t—1)=(sps_) Vt=0 ...
s in any (0) ... h(t—1)=(s,s_,) Vi=0 ... ("
L AR ) (= D)= (VD) VD) V=741 T

where s/, s/ and s/” are arbitrary strategies played by country j, s/ #s,,
s/ # sk, 5" #sNMD and j#i+# k. s]is a strategy of player i to punish player /.
As pointed out above, we start by assuming s/=sN?).

Strategy o; may be summarized as follows: along the equilibrium path a
stage game strategy combination s=(s,s_;) is played in every round for
" <T times and payoffs 7’ (s) = wN?(s¥?) are received. From ="+ 1 until
the end of the game, the good Nash strategy combination is played. During
the playing of s, stage game payoffs of (s) = wN?(sV?) are received. If a
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player deviates at any time ¢= (Y prior to ¢, that is f=", the threat involves
playing the bad NE strategy combination until the end of the game. Thus,
deviation triggers a punishment until the end of the game.

This punishment strategy is played against player j on four occasions:

1. All players play the agreed equilibrium strategy up to time =" except
player ;.

2. Player k deviates in a previous round and all players punish player k
except player j.

3. Punishment has started already in a previous round and therefore will
be continued.

4. All players play the good equilibrium strategy except player ;.

Of course, cases 2 and 4 include an irrational move by player j (because
they imply a deviation from a stage game NE), but are listed for complete-
ness to emphasize that an equilibrium strategy should specify a best reply
for all possible, though unlikely, events. But also in the cases 1 and 3 it obvi-
ously does not pay not to conduct the punishment.?2 Hence, it follows
immediately that strategy o, is an equilibrium strategy during the punish-
ment phase and by Theroem 4.1 it is subgame-perfect. It remains to be
shown that neither does it pay to deviate in the cooperative phase.
Basically, a player can deviate during the first * stages or the last T—¢"
stages. However, since in the last T —¢* stages a Nash stage equilibrium is
played along the equilibrium path, deviation does not pay by definition.
Consequently, we only have to pay attention to stability in the first ¢*
stages.

A player i does not deviate provided the payoff stream when complying
(for ¢* periods a player receives ; and for T — 7" periods w¥ () is higher than
when taking a free-ride in any period 1 and then being punished afterwards

(for ©°—1 periods a player receives m;, in period /* wP, and afterwards
N2)) 3
N 2).

Ea "+ E sth<1>>Eafw +5mD + E dmNd.  (IL2)

t=r*+1 1= 1=194+1
Rearranging gives:
0 r* 0 r* T
* *
3 + 28517[ =3 mh+ EBfﬂrf\’(z) - E YN — N2y (IL3)
19+1 1941 41

* T
Z5i(m; — N + N — V@) + 3 (N — V@) =5 wP — ) (IL4)

+1 rr+1
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or * T
* 0 *
D 8w — M)+ > 3w — N2) =8 (P — w7 (IL5)
10+1 19+1

or making use of the formulae given in (4.2) and (4.3) in the text we get:

1_ ?*,to _ T—10

B 1 ) ) 2P ),
(11.6)

1 1

Dividing through by & /0 and rearranging leads to:
8,1(1 =8 =)t — N D) 4 (1 = 8T ) (N — V) = (1 - 5,)(mP — =) (I1.7)
or

% *_ 0, * _0
d [ — N — 1 (ﬂrrl.—wfv(l))-l-wg(z)—wfv“):ﬁ? PN — N D) +
wP—mi]=wP -l (11.8)

Dividing through by the expression in the square brackets gives:

D
d.= ey N(zl T—1°(N(1 NQ2)
TP = m O = o — m@) = (N — )

if 0<r” (I1.9)

P — a4 N — qN@) — §T= (V) — N Q@)
For large T (I1.9) and (I1.10) become (see the Annex below):
5 = P —
oD — a4+ V) — N

if 0= (IL.10)

=dminV mi>aVMDAViel (IL11)

7D — . . .

iZWZB?‘mV mVD=qi=aVOAVie L (11.12)
That is, the RHS terms in (II.11) and (I1.12) constitute upper bounds for
the RHS expressions (I1.9) and (I1.10). Notice that (I.11) and (I1.12) can
generally be satisfied for any 7;(s)=wM? Vi e I and 8, close to 1 and there-
fore o, can be a subgame-perfect strategy. It remains to be shown that ()
is the average payoff of such a strategy provided T — 2 (and 3,— 1). For this
suppose ¥, * and §; are given. Further let /R be the smallest integer value
of T—¢" that satisfies (I1.9) or (I1.10), whichever is appropriate, and define
R:=max rR. That s, R is the minimum time span required at the end of the
game, such that the trigger strategy o, is an SPE, that is, T=Tmin= 7"+ (R,
Then, it is possible to choose *=T — R and the fraction of periods in
which the cooperative strategy is played in relation to T is given by:
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— R R
T @l—;:lforT—)m. (I1.13)

T
p=1Te

Hence, for large T the fraction of periods in which the cooperative outcome
will be obtained approaches 1. Hence, the formula of the average payoff as
given in (4.5) in the text applies (assuming T—% and m, =...=m) and
. (s) is the average payoff to player i from such a strategy.

To adapt the proof for sequential move games the stage game strategies
sMD and s¥? have simply to be replaced by subgame-perfect strategies
s$PEM) and sSPE@) respectively.

Finally, we have to discuss games where wN()>mN@) (73PE() > 7rSPEQ))
does not hold for all players but where one or some stage game equilibria
are good equilibria for some players but at the same time bad equilibria for
some other players. Then in the last periods T— " each good equilibrium
must be played at least once, otherwise punishment is not a deterrent. A
typical sequence at the end of play would be =B, , w®) . ..., wQ),
where the superscript B stands for bad equilibrium, G for good equilibrium
and m for the length of the sequence. This implies that if a player deviates,
say, at time /2=¢", punishment might not hurt this player immediately but
m rounds later, because at times t* + 1 to /*+ (m — 1) a bad equilibrium from
his/her point of view would have been played anyway. Nevertheless,
Theorem 4.4 holds as long as T is large enough.

To see this, note first that for large discount factors a player deviates, if
atall, at time °=7". Then, s/he nets a gain of =P — . Punishment involves
aloss of m¥—mBat time t*+m, (" +2m, t*+3m, ..., {*+h-m, where h is the
biggest integer value of (7—¢")/m. Discounting all payoffs to time ¢* (or
setting 1" =0 above), we therefore must have:

Blm N (Blm)/z-%—l
(1

h
E 8ih-l(q-|-[.G - 'rr?) = (frr]iD — w[)@('ﬂ? - Tr?) —om (-

=1

|z
(IL.14)

to deter free-riding where / € {1, ..., i} is an index. According to the defi-
nition of /&, T—o0 implies 47— . Consequently, (I1.14) becomes:

8{71 N
for large T. Since &7"/(1 —38) approaches infinity for 8,—1, (IL.15) can
always be satisfied regardless of how large is the free-rider gain 7P — and
how long the sequence m is. QED
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To show that for large T (T —o0) the RHS terms in (I1.9) and (I1.10) are
bounded from above by the RHS expression in (IL.11) if 7; >«¥D and by
(I1.12) if M@ = ! = 7M. Suppose first that 7} =x! = 7N and 0 <r"is
true. Then, we have to show that:
P — _ P —
7D N0 D ) (e ) — 87 () )

(IL.16]
for T—oe. That is:

7P — N = gD — V) — 5O — VD) — ST (N — V@) (11.17)
for T—o or:

— 80"} — VD) — §T (VD) — V@) = (11.18)
for T— 0. Since — 8¢~ fO(Tr —mM)=0 due to w; =M by assumption and
8- ;0(,‘1.1\1(1) —mM®)—0 for large T (37 © 50 for T—s% because ,<1),
(II 18) is satisfied. If 1=170, —8/"~ ’O(Tr —aMD) becomes — (7} — 'n'N(l)) =0,
and, again (I1.18) holds.

Next consider m; > 7M1 and /°<7". Then, we have to show that:

P — !
P — 7N —l + 1TN(1)

P — !
D — )~ 5P — ) — 57 ()~ )

(11.19)

if T—o0 which is equivalent to:

7P — N — N = pD — N @) — 51 1Ot — V(D) — T~ N(D) — V)
(11.20)

if T—> or:

) =30 N0 BTN =) =0  (IL21)
if T—o. Note that w; —mwND>0 by assumptlon and m; — N -~ Oz :
—mMD)>0 because 8 <1. Again, —dI~* (WN(I)—"ITN(Z)) approaches zero

from below. Taken together this shows that (I1.21) holds if <"
Moreover, if we let 2—¢" in (I1.21) we can always find a T large enough so
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that m} + VO — 8= (x — N 1) 5 0> 8T~ (7N — N2) 0. This com-
pletes the proof. QED

IIT CHAPTER 5: APPENDIX

The objective of this appendix is to provide a detailed and intuitive proof
of Folk Theorem V. The three-phase strategy, as laid out in Section 5.2,
works as follows:

Phase 1 Play the cooperative phase strategy s, as long as nobody deviates.
Players receive the stage game payoff (s).

Phase 2 If a player i deviates from s, start punishment by minimaxing
him/her for /¥ periods. If s/he or any other player deviates in phase 2, restart
phase 2. In the following, the minimax payoff to player i, ™M® (mi, m' ), will
be normalized to zero for convenience.

Phase 3 1f there was no deviation in phase 2 for /¥ (if player i was pun-
ished) or tP (if any player j among the punishers was punished) perlods
then play strategy s/ for the rest of the game which gives a payoff of 7"+ e
to each player i, except to the last deviator j in phase 2 who receives only

< Moreover, ™ Y'=(m}, ..., my) eI’ and therefore (m]" + &, w5’
+e, ..., fn'j , my +&)ell’R, too. If any player deviates in phase 3, restart
phase 2.

In order to check whether this strategy profile is subgame-perfect, we have
to demonstrate that deviation in each phase does not pay. We consider
phases 1, 2 and 3 sequentially.

Phase 1

In this phase each player receives a payoff of = in each stage. If s/he devi-
ates s/he can net a payoff of at most ¥ in the first period. Then, s/he is mini-
maxed for /¥ periods and receives a payoff of zero. From period /F + 1 until
perpetuity s/he receives a payoff of =" if s/he complies in phase 2. Since
m; =mM=0 by assumption, compliance is more attractive than deviation
in phase 2. Thus, the maximal gain from a deviation in phase 1 is given by:

tP+1

wU+0- D1+ E 3~ Eau:mw fom =T (TIL)
t=1

-5 ' 1-3

=tP'+1 i i
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Since w; >;’, this maximum gain is bounded from above by:

Sif+1 ! 1 =8+l
1TU+ i .,n.:f’_ i @ﬂy—i’wn-;”_ (IT1.2)
1-— Bi 1- 8,‘ 1- 8i

Equation (II1.2) can generally be satisfied for sufficiently big discount
factors and sufficiently long punishment durations. To see this, note that

Then (II1.2) reads @Y — (/7 + 1)7;" which is negative provided:

U

T

. =[F]+1 (I11.3)

1
holds, where the bracket indicates that ¥ must be an integer value. That is,
¢ is sufficiently long that deviation in phase 1 is not attractive. Thus, con-
dition (II1.3) is a sufficient condition to ensure negative gains from devia-
tion, which is assumed to hold in the remainder.

Phase 2

As pointed out above, it is not attractive for a deviator in phase 1 to con-
tinue with deviation in phase 2 because the maximum payoff s/he nets is
zero and phase 2 is only prolonged. In contrast, if s/he complies in phase 2
s/he will eventually receive a payoff of «;' =0 in phase 3.

A player j who is a punisher in phase 2 recelves a payoff of fn'M(’)(m mt )
for ¥ periods and in phase 3 a payoff of ,n.j "+ ¢ in each period for the rest
of the game if s/he complies. Alternatively, if s/he does not fulfill her pun-
ishment obligations in phase 2, s/he receives at most a payoff of TI']U in the
first period and then s/he is minimaxed him- or herself for ZJP periods (phase
2 starts anew) which, as argued above, s/he will accept in order to reach
phase 3 finally. Therefore, the discounted payoff stream of a deviation in
phase 2 is given by:

i P41

1TU+028t+ﬂ Eﬁf 1TU+1 5T

(=1 +1 'j

(I11.4)

Since 8,=1 and hence 8’ Fri<q holds, an upper bound for this deviation
payoff 1s given by:

*I

R (I11.5)

Thus, the maximum gain from a dev1at10n in phase 2 does not exceed:
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-1

'rrj + M(’) E dl—( 11'*'-1-8)2)8’
1=t}
7 o
Ut () — MO —g 1
; +(1TJ ) ) (-5, . 8/-' (I11.6)

Now let 5—1, then (1 — 8}?)/( 1- Bj) approaches # from below. That is, the
first two terms are finite. However, the third term goes to minus infinity for
8,— 1, so that (II1.6) becomes negative. Thus if the discount factor is suffi-
01ently close to 1, deviation in phase 2 does not pay a punisher.

Phase 3

Last but not least, we have to check for the incentive to deviate in phase 3.
In this phase a player who was punished previously in phase 2 will not
deviate in phase 3 because otherwise phase 2 is started again. Whereas com-
pliance in phase 3 gives him/her a payoff of =", deviation gives him/her at
most a payoff of @V in the first period and subsequently the payoffs of
phases 2 and 3. Thus, the gain from a deviation is given by:

81P+1 . ,.n_’f" 1— 81:1_’4_1 .,

'n'P-I—l iy T isi@ﬂy—ﬁ'ﬂi (I11.7)
which is equivalent to (II1.2) and negative by (I11.3). For a punisher j who
complied with his/her punishment obligations in phase 2, the incentive to
deviate in phase 3 is given by:

811 w+e
YU+ =L (II1.8)
N Sj J 1- Sj

which is obviously smaller than (II1.7) (of course, i has to be replaced by j
in (IT1.7)) and hence deviation does not pay either.

Taken together, deviation does not pay in phases 1, 2 or 3, provided dis-
count factors are close to 1. Choosing ;" sufficiently close to @ and
letting £ —0, any payoff vector 7" eII'R can be obtained with ;" — M at
the limit of 8,—1. QED

IV  CHAPTER 7: APPENDICES

IV.1 Appendix 1

In Section 7.1.1 we claim that for §, close to 1 (implying 8§F—> 1) (7.3) and
(7.4) in the text reduce to (7.7).
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Proof:

(a) Assume s;#s,(s;). Then ’1TD>’1T and from (7.4) wP<mw follows.
Accordrngly, in (7 6) TR<m must be true. Consequently for 8 —1,mP
approaches 7 from below in (7.6), so that (7.3) becomes w; >,
which is the first possibility in (7.7).

(b) If 5;=s; (s) then wP=. In words: 8; is a stage game Nash strategy
and therefore the best devrat1on strategy is sV=ys, (sN ). Consequently,
wP ==/ Since there is no incentive for player ito devrate in the co-
operative phase, the strategy tuple s=(s;, s) may also be chosen as
punishment for player i. Hence, w; =7¢ is poss1ble QED

IV.2 Appendix 2

Theorem 7.2 in Sub-section 7.1.1 claims: in an infinitely repeated (ordinary)
PD game with stage game payoffs as given in the General Payoff Matrix 3.2,
assuming ¢,>a,>d,>b, a,+a,>b,+c,,a,+a,>b,+c,and a, +a,>d, +
d,, IISPE=TIWRPEfor 3. »1Vie L

Proof: The proof is illustrated with the help of Figure IV.1. The WRPE
conditions assuming player 1 to be the potential deviator are given by:

=75(pp.q}) v

Figure IV.1  Weakly renegotiation-proof payoff space in the PD game
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m =75(pl, q}). (IV.2)

A dominant deviation strategy is p, =0 and the RHS term in (IV.2) is max-
imized for p} = 1. Then using the notation of the General Payoff Matrix 3.2,
we have:

w =gl +d(1—4g}) (Iv.3)
™ =a,q] +¢5(1 —g}). (Iv.4)

Assuming (I'V.3) to be binding, we get:

w—d
=L 1V.5
q1 ¢ - dl ( )
and upon substitution in (IV.4):
Ci=my=ey+d 2= D L7 D) (IV.6)

1("1 —d) (¢;—d)) m

Without loss of generality, we may normalize payoffs such that b, =b,=
0. Then the line segment A of the Pareto frontier in Figure IV.1 may be
expressed as:
* C,—a *
wzzcz—M-wl. (IV.7)
a
Since segment A of the Pareto frontier and condition C, are both straight
lines, it suffices to show that line C, lies above line segment A at two points,
for example, 7} =d, and 7| = a,. For this we compute the difference between
line C, and line A to be:

(¢, — ay)(ad, + (¢, —a, — d)))
ay(c, —d,)
Substituting 7w} =4, in (IV.8) gives C, — A =d, (¢, —a,)/a; >0 and for 7} =q,

we find C,—A=((c,—a,)(c,—a))/(c,—d)>0.
A similar procedure establishes C,—B and the claim above is proved.
QED

C,—A=

(IV.8)

IV.3  Appendix 3

In Sub-section 7.1.3 we claim that with the help of a two-phase punishment
strategy 8™ (WRPE) =3 (SPE) in an ordinary PD game. The intention
of this appendix is to demonstrate this for the example discussed in that
section (Matrix 3.1). Since the game is symmetric, ™" (WRPE) is the same
for both players and we only have to consider the case if, say, player 1 is the
potential defector.
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In the particular example w* = (3.2, 3.2) and in the first phase wR(D=(p!
=p=1, ¢/ =0)=(1.4, 4.4). Moreover, let w!( p| =p,q} = ¢) denote the ‘inter-
mediate payoff tuple’ of the second phase. Then, the average continuation
punishment payoffs to players 1 and 2 are given by:

wP=(1-3)aRO+311 (18 )l +d0 +
= (1 -85 mRO+ 847 (1 -8 )ml+ 841 + . (IV.9)
Now there are two possibilities for a deviation during the punishment,

either in phase 1 or phase 2. Hence, compliance with the punishment
(repentance phase) must be ensured in both phases:

Cp=mP=n5(p,=1,4!=0) (IV.10)
Cyup=(1-3)ml(pl=p, gl=q)+dm=(1 =d)n5(p,=1, ¢} =¢q) +8,7P
IV.11)

must hold. (IV.10) is the familiar condition (7.3) in the text which ensures
that deviation in phase 1 does not occur. (IV.11) is a similar condition for
phase 2. Condition C, states that the average payoff to player 1 in phase 2
and subsequently resuming cooperation must be greater than deviating in
phase 2 (recall p, =1 is a dominant defection strategy in this game) and then
starting punishment anew.

Of course, deviation during the cooperative phase should not pay either
(see inequality (7.4) in the text):

Cy=ml=(1-3)mP+3mP. (IV.12)

Finally, we have to take care of condition (7.5) in the text. Using (IV.9) we
have:

Cp=mi=(1-3N)mRO+8 (1 -d)ml+84 *lmi.  (IV.I3)

We start solving for 8™ by assuming f'=1, pl=p=1 and ¢l =¢=1/3 in
phase 2. Then w{=2, wi=4, n{(p=1, ¢}=0)=2 and ={(p=1, ¢} =1/3)=
2.8. Consequently, condition C, implies 8,=0.5, C, §,=0.359 and C,
8,=0.5. C, is always satisfied for any 0=8,=1. Hence, 8" (WRPE)=0.5
and by symmetry 37" (WRPE) =0.5. It is easily checked that if we substi-
tute 8, =0.5 into (IV.9) wf =wM=2 from which 8" (WRPE)= 8" (SPE)
follows.
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V CHAPTER 8: APPENDIX

In Proposition 8.3 we claim that issue linkage improves upon the chances
for cooperation if issues are substitutes in governments’ objective function
and that cooperation becomes more difficult if issues are complements.

Proof: Since Proposition 8.3 focuses on the Pareto-efficient cooperative
stage game strategy tuple (a;, a,), 3" (SPE) = 87" (SRPE) by Theorem 7.4.

Linking a New Issue to an Existing Issue
As laid out in the text, four sub-cases have to be distinguished.

Sub-case 1
Governments are cooperating on issue 1 if:

3,
ufa;)=(1-3)u; (c,l)<:>( 5 )ul(all) =ufc,))—ufa,)Viel (V1)
holds. If the new issue 2 is viewed as a separate game, independent of game
I, cooperation can be sustained in game II provided:

u(a;,a,) — (1 =8 ufa,,c,)—dufa;)=0 (V.2)

holds where in (V.2) and in all following formulae we skip V i € I for con-
venience. That is, (V.2) expresses that a country deviates only with respect
to the second issue (second term) and is also only punished with respect to
this issue (third term). In contrast, if both issues are linked, a sufficient con-
dition for cooperation is:*

u(a;,a,)— (1—=38,)ufc;,c,)=0. (V.3)

This implies that deviation as well as punishment will be conducted with
respect to both issues. In order to find out whether issue linkage eases co-
operation on issue 2, we subtract the LHS term in (V.2) from the LHS term
in (V.3). Upon division by (1 —3,) we obtain:

d;
1-5 )”,(a,1) [u (C,pc,z) U; (a,lac,z)] (V.4)
From (V.1) it is known that a lower bound for (8,/(1 —38,))ua;) is u(c;)) —
ufa, ) which may be substituted into (V.4):

[uc;) —ufa )] = [ule;.cn) —ufa.cp)l (V.5)
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In other words, the effect of issue linkage is evaluated assuming (V.1) to
be binding (knife-edge case; there is no slackening of enforcement power).
Now if both issues are substitutes, that is, 9%u,/dx;0x; <0 holds, the first
term in brackets is greater than the second term, and (V.5) is positive. This
implies that cooperation will be easier to sustain in game II if both issues
are linked. By the same token, if both issues are complements (V.5) will
be negative and cooperation in the linked game II is more difficult to
sustain.

In order to analyze what changes for game I after the new issue 2 emerges
and both games are linked, we compare the condition in the initial situa-
tion of game I, (V.1), with the issue linkage condition (V.3). For this we
rewrite (V.1) to have:

ua;)—(1=3)ufc,;)=0. (V.1)
and subtract (V.1") from (V.3). Rearranging terms, we get:
(liiai)[ui(a,-paiz) —ufay)]+[ufc;) —ufa)] —luflc,.cn) —ufa;.a)]. (V.6)
To sign this expression, we rewrite (V.2) as:
(IEiSi)[ui(ail Ap) —ufla;)=ufa;,c,) —ula;,a;,) (V.2")

from which it is evident that a lower bound for the first term in brackets in
(V.6) is the RHS expression in (V.2"). Upon substitution we get:

ula;y,cp) —ufaz.an) +ulcy) —ufa )] —ule,.cn) —ufay.ap)l. (V.7)

Collecting terms show that (V.7) is equivalent to (V.5) which we have signed
already. Hence, again, if issues are substitutes (complements) linking
makes cooperation easier (more difficult) on issue 1.

Sub-case 2

Next we have to clarify how issue linkage affects issues 1 and 2 if on issue
1 cooperation cannot be sustained on its own but on issue 2 it can. In this
case we may write condition (V.1) as:

_uley) —u(ay)
u(cy)
where &, is some positive number which might be interpreted as a slack var-

iable. Accordingly, the issue linkage condition (V.3) becomes a strict
inequality:

d.+¢e

i i

(V:8)
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u;(cpys ) — ui(ay, ay)
u(Cys €1n)

8, ,> (V9)

To show that (V.8) implies a higher minimum discount factor requirement
if issues are substitutes, we insert (V.8) into (V.9) to have:
u(e;y) —uay) - u ey, ¢p) — ui(ay, ap)

u(¢;y) u(cys ¢)

(V.10)

which turns out to be equivalent to:

u(a,, ap) - u; (€5 €1)

V.11
u(a,) u;(c;y) ( )

Unfortunately, it is not possible to verify (V.11) at a general level. In the
RHS term two variables have changed compared to the LHS term so that
the levels of utility are not directly comparable. Thus to make further
progress we have to reduce the number of variables to one. In particular we
may focus on games where ¢, /a; = cpla,(<a,la,=c;/c,) holds. That is,
deviations are proportional in both games. Using a,=(q; +a,) and y,=
ayl(a;+ay,) (= (1—v,)=ayl(a; +a,)) we can write the LHS term in (V.11)
as:

u,(a;)
A=—11
u;(v;4;)

(V.12)

Since ¢;; >a; and ¢, >a,, we have to show that A is decreasing in the payoff
a;. For this we look at some typical concave utility functions for which
0%u;/0x3<0 and 9%u,/dx, 0x,,<0 is true. For instance, consider the utility
function u,= Bai—%walz. Then we find for (V.12):

1
0a, — — wa?
L2 A 20w(1 —
Am 2 A ey (V.13)
1 , 0a; v(26 — wayy)?
Ova; — 5 o(ya;)

For other typically frequently used utility functions, such as the exponential
function u,=(1/a) — (1/a)e(~ %) or the logarithmic function u,=In(1 +a,),
dA/9a,<0holds as well and therefore (V.11) holds for a great class of utility
functions with a substitutional relation between issues and homogeneous
payoffs in the two games. This implies that linking issues also improves
upon the condition for the existing issue 1 even though cooperation was not
possible if this issue was viewed as a single game. A similar procedure
would establish that the opposite holds if issues are complements.
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Now we have to check the impact on issue 2 through issue linkage. If
cooperation is not sustainable on issue 1 but on issue 2, that is, x,; =0, the
condition for cooperation on issue 2 reads:

Sizw. (V.14)
Ui ()

This condition has to be compared to issue linkage condition (V.3), which

may be formulated as:

u ey, €p) — U@y, a;)
Uiy ¢p)
To show that issue linkage reduces the discount factor requirement if issues

are substitutes, we have to show that the RHS term in (V.3’) is smaller than
the RHS term in (V.14). Thus:

u(cpn) —u;(a) - u(cyys Cp) — u(ay, a;)
u(cp) u (s Cip)

8.=

(V.3)

(V.15)

or

u(ayy, ai2)>ui(ci1’ )
ua;) u(¢y)
must be true, which is a condition similar to (V.11) and hence the same
arguments apply.

(V.16)

Sub-case 3
This sub-case is symmetric to sub-case 2 and therefore a proof is omitted.

Sub-case 4
Here we assume that cooperation cannot be sustained on both issues if they
are viewed as single issues. Thus:

ui(ail)_(l _Si)uj(ci1)<0 (V.17)
uay) —(1=38)ulc,) <0 (V.18)

are true, which of course also applies to the sum of (V.17) and (V.18). Thus,
introducing a slack variable g, we have alternatively:

S.+e.—= w(cy) +uicyn) —uy(ay) —ula;) _
Y ui(cy) +ulcy)
This condition has to be compared with the issue linkage condition in the
form (V.3"). Upon substitution we derive:

(V.19)
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u(eyy) +uey) —ulay,) - ui(ai2)>uz‘(cil’ ) —u(ay, a;)

(V.20)
u(cy) +ulcp) ucy, )
or, rearranging terms, we get:
ui(ail’ ai2) ui(cil’ Ci2) (V21)

uiay) +uay) ucy) +ulc,)
Note that (V.21) is similar to condition (V.11). Using the same assumptions,
we can write the LHS term in (V.21) as:

i u,(a;)
”i('Y,'ai) + ”i((l - 'Yi)aj)
Again, using typical utility functions with a substitutional relation between

issues would show that dB/da,<<0, proving that (V.21) holds. Once more,
the opposite would hold if issues are complements.

(V.22)

Linking Two Existing Issues

Sub-case 1
Cooperation on both single issues can be sustained. That is, if both games
are not linked, condition (V.2) holds in game II and by analogy in game I
we require:

ua;,a,)— (1=38,)ulc,,a,) —dulay,)=0. (V.23)

If (V.2) and (V.23) hold, this implies that (V.2) +(V.23) must hold too. Thus,
to analyze the effect issue linkage has on the stability requirements we have
to find out whether (V.2)+(V.23) or (V.3) is more stringent. For this we
compute (V.3) = ((V.2) +(V.23)):3

i

(1-3)

[u(a;y) +ugay) —ulay.ap)l+[uc,.an) —ula,.a,) =

[u;(c.¢0) —uay.cp)l (V.24)

which is easily signed. If both issues are substitutes, then the first term is
positive and the same applies to the difference between the second and the
third terms. By the same token, the opposite holds if both issues are com-
plements, and hence issue linkage has a positive (negative) effect on the
stability of contracts if issues are viewed as substitutes (complements) in
the objective function of governments.

Sub-cases 2, 3 and 4
Next consider the sub-case where cooperation on one single issue, say 2, can
be sustained but not on issue 1. This is identical with sub-case 2 above, for
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which the impact of issue linkage has been shown. Of course, by symmetry
if issue 1 can be sustained as a single issue but not issue 2, sub-case 3 above
applies. Finally, the sub-case where cooperation on single issues cannot be
sustained is equivalent to sub-case 4 above, and we are done. QED

VI CHAPTER 9: APPENDICES
VI.1 Appendix 1

We claim in Section 9.3, (9.12), that:

l: 8262:_ i” irz_ Birz i” (VI 1)
rl e (=)
Proof: The inverse of the slope of country 1’s reaction function may be
written as:

"__qn T
l_anZ 1 1__ lee

V1.2
ry de, ( )

i’ Trlelez

which follows from the first-order condition in the Nash equilibrium
according to the implicit function rule. m,, , denotes the second derivative
of the net benefit function with respect to ¢; and ,, ,, the cross-derivative

and so on. Thus:
Trlelel Trlelel
al—=—") ol —=—-
1 - 826’2 _ Trle,e2 4 Trlelez 36’2

n 2
ry dej de, de, de,

(VL3)

where the last term on the RHS may be replaced by (VI.2). Then after some
basic manipulations we derive:

2 _ 2
3262 __ Trlelelel'wlelez Zﬂlelelez'ﬂlelel'ﬂlelez + ﬂle]ezez"nlelel (VL4)
2 3 :
ael (Trlelez)
where:
QM —pm__m 4 o am
Trlelel - BI I Trle]elel - Bl 1> Trlelez_ 1’ Trlelelez_ d)l ’
o am
T ererer — b (VLS)

so that, after collecting terms, we get (VI.1). QED
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VI.2 Appendix 2

We claim in Section 9.7 that country 1’s (country 2’s) indifference curve (iso-
welfare curve) is concave (convex) with respect to the origin. We prove this
exemplarily for country 1’s indifference curve. A proof for country 2 would
follow exactly along the same lines.

Proof: Country 1’s indifference curve is described by I,:=m(¢;, ¢,) =1
which may be written in implicit form as ,(e,, e,) — 7 = 0 In Section 9.7
(9.27), the slope of this function has already been derived in the e, — ¢, emis-
sion space, namely:

% Bl d)l Trl"]
de b Tle,

where the same notation as in Appendix VI.1 has been used. In order to
show concavity of this function we compute the second-order derivative:

a( ”16’1> 8( ”1(31>

d%e e, Ty de

Ii’ = 22 = “ © N 2 ( \Y I.7)
deq de, de, de,

1= (VL6)

where the last term on the RHS may be replaced by (VI1.6). Proceeding in a
similar way as in Appendix VI.1 we arrive at:

2 2
3262 —_ Trlelel'ﬂ-lez 2F‘T1€162"‘T1e1"ﬂ-le2 + Trlezez'wlel (VL8)
2 3 .
des (1T1€2)
which, after substitution of:
— R _ . — Q" __ . ’. . o anm
Tie, ™ Bl — o Tlere; ~ P1 b Tey ™ — by Tlerer ™ 1 Tleper 1
(V1.9)

and collecting terms gives:
& _ I d)” B] _ O
aezl ( ¢1)3

due to ¢{ >0, $7>0, B{>>0 and B} <0 which establishes strict concavity.

In the case B{ >0, B is required to be sufficiently small so as to ensure con-
cavity. QED
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VII CHAPTER 10: APPENDICES
VII.1 Appendix 1

In Section 10.2, note 3, we indicate that the SOC may not hold in general
and therefore they must be assumed to hold. Moreover, it is claimed that if
the SOC hold, then a unique equilibrium exists.

Proof: Taking the second derivative of the objective function of the leader
as stated in (10.1) leads to:

Pm, B, b, 0%, (de\2 I, o%;
de? B de?  de? ae,.z de; de; de?

=) H-EH O

(VIL1)

from which it appears that all terms are negative except the last term which
might be positive if aZej/ael.Z<0. That is, if the second-order derivative of
the reaction function is negative the whole term in (VII.1) could be posi-
tive. From Section 9.3 it is known that strictly concave reaction functions
cannot be ruled out on theoretical grounds. Hence, to guarantee a unique
maximum, either convex reaction functions have to be required or the effect
of the last term in (VII.1) has to be of minor importance. (For quadratic
benefit and damage cost functions the last term vanishes since 8%3/66% =0.)

If 9%¢./9e?<0 the damage cost function becomes concave instead of
convex.GlThen if |B;.’| > |<j);’, where the last three terms in (VII.1) have been
summarized to ¢, the payoff function will still be concave and we get an
interior solution. Only if |3/|<|db!| would the SOC be violated (that is,
w{ >0) which therefore has to be ruled out by assumption.

If the SOC hold, the leader’s objective function is strictly concave and
his/her equilibrium strategy is unique. Since the follower’s profit function is
also strictly concave as established in note 3 of Chapter 9, the uniqueness
of the Stackelberg equilibrium follows. QED

VIL.2 Appendix 2

Proposition 10.1 claims eT=eV, $T=el SefT=3e), w¥T=xV and
TI‘]ST = ij where country 7 is the leader and j the follower. The strict inequal-
ity sign cannot be used since a boundary Nash equilibrium has not been
ruled out. If ¢¥ =0, then, obviously, there is no incentive for the Stackelberg
leader i to expand emission beyond ¢/ and e =T, eV =¢5T and ZefT = el
follows. For all other cases, however, the strict inequality sign holds.

To prove the above-stated relation, assume e3T< e (which requires e¥>0)
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instead, e$T>eY would be true. Then from —1 <ae]/ae <0, EeET<EeN
would follow. Consequently, Bi(eN)<Bi(eST) and /(e ) >l (ZepT)(1+
k;). Hence in the Stackelberg equilibrium ;>0 must hold which violates
the FOC in (10.2). ¢3T> ¢V implies efT<el due to negatively sloped reac-
tion functions. Slnce -1 <ae /de; <0 country j reduces its emissions less
than country i expands its emlsswns and hence 3T =3¢} follows.

It should be obvious that the leader must gain (pr0V1ded eN >0) other-
wise he/she could choose e}T=¢V. The follower’s loss is 0bv1ous since due
to SefT=3e) and eST< eN damage will be higher and benefits lower than
n the Nash equlhbrlum QED7

VII.3 Appendix 3

Proposition 10.2 claims that in a transferable externality game e} <Z.e}
and Sef <ZePT.

Proof: Since transportation coefficients are not important for the subse-
quent analysis, we use the general formulation &,=d,(e,e_;) to describe
damages instead of ¢,=d(e;+e_;) as previously. The payoff function thus
reads m,=B(e,) —d.(e,e_)).

For the FOC in the Nash equilibrium itself the assumption of transfer-
able externalities has no implication since a¢j/ael. does not play a role in
country i’s optimization task (see (VIIL.3) below). However, reaction func-
tions are upward-sloping in emission space since:

. 0d;lde;de;

v/ 81— a02/0e? (VIL.2)
holds and the nominator — different from previous sections — is now nega-
tive, whereas the denominator is still negatlve so that / >0. From (VII.2)
it is evident that a sufficient condition for r/ <1 is |a¢2/ae2| > |a¢ [9e,0e; \ (as
assumed in Proposition 10.2) and hence by Theorem 9.2 there is a unlque
Nash equilibrium.

For the social optimum the assumption of transferable externalities
implies a major change. This is evident from (VII.3) where the FOC in the
Nash equilibrium and in the social optimum are contrasted with each other
(assuming an interior solution) and the signs of the derivatives have been
reproduced for convenience:

9B, 9o, . B, ad, ad,
Nash eq.: By _ 0, =0; Social opt. 0By by 0%, >0.
661- e,;v aei Ee'/? el» 6‘?" aei S 86[. Ee',z’
+ + + + +

N
€k

(VIL3)
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From (VII.3), together with the assumptions with respect to the second-
order derivatives, it is evident that emissions in the Nash equilibrium are
too low from a global point of view.% Hence, the relation derived in the pre-
vious sections for the case of filterable externalities is reversed and
Sel <Zep is proved.

In the Stackelberg equilibrium the leader’s FOC are given by:!0

0B _ob, 00,0¢,
e, de; e e
() () (=)

(VIL4)

Since the last term in (VII.4) is negative, marginal damages are less valued
by the Stackelberg leader and s/he will choose higher emissions than in the
Nash equilibrium. The follower, due to his/her positively sloped reaction
function, will respond by increasing emissions. Hence, aggregate emissions
in the Stackelberg equilibrium exceed those in the Nash equilibrium, that
is, ZeN<3efT. QED

VII.4 Appendix 4

At the end of Section 10.4, in note 20 we mention that the FOC and the
SOC may not be satisfied in a negative conjectural variation equilibrium.

Proof: The FOC for an interior conjectured equilibrium are:
B;—d;(1+k)=0. (VIL5)

If k,<—1and B =0V ¢,=0, which is implied by benefit curves of the type
depicted in Figure 9.1(a) and (b), (VIL.5) cannot hold. Then ;>0 V ¢,=0.
k;<<—1 implies that benefits increase and damages decrease in own emis-
sions and therefore in the conjectured equilibrium countries choose their
maximum emission level e and />0 holds. Only if benefit curves
exhibit a pattern as shown in Figure 9.1(c) may the FOC for an interior
solution hold, because above ¢? B! <0 is true. In the case where the damage
cost function is convex as drawn in Figure VII.1(a) the interior equilibrium
lies between ¢! and eZ. If the damage cost function is convex, as suggested
by Figure VII.1(b), an interior equilibrium can be expected if \B;’\>\¢;’\.
However, in the opposite case we have a boundary equilibrium at e#. Then
w;>0and 7 >0 in equilibrium. QED



340 Appendices

®p

€ € &
Figure VII.1  Boundary negative conjectural variation equilibria

VILS Appendix 5

Proposition 10.4 claims that e <e! and 7 (e*) > (e!), ™M i e I and hence
SeA<3eland 3 (et)>3m(e") hold provided e!=eM Vi e L.

Proof: First, it is shown that provided e! = ¢ each country makes a positive
offer for any >0, that is, />0. Second, it is demonstrated that net benefit
curves are strictly concave in 7 for any w. Hence, in the equilibrium .~
where both countries make the same offer, that is, /= "%/, both countries
must have gained compared to the initial situation. Third, w(e*)>=M is
shown.

1. The FOC in the initial situation (#'=0) for any e!=¢) V i e I are
(recalling e,= (1 —ri)-el):
9By _0b,ei_ By 00,

oo i< +- el =) (VIL6)
e; ar de; dr de; de;

1 1

where the equality sign holds in the (interior) Nash equilibrium and <
for any greater emission levels. The FOC of an offer (assuming an
interior solution) may be written as (see also (10.10) in the text):!!

ey 4 e OBy 0

L : —L (el + peel)=0. VIL.7
de, dr'  9Ze;, or' de. (e ej) ( )

1 l
Since [dd,/de,(eh)|<|ad, (! + pLeI)/ae ‘V riand p> 0 and recalling B} <0,
the offer W111 always be posmve r'>0. Clearly, if initial emissions are
below those in the Nash equilibrium the = sign in (VII.6) becomes =
and >0 cannot be deduced any more by comparing (VII.6) with
(VIL.7). The optimal offer may involve r'=<0.
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2. A sufficient condition for strict concavity of the net benefit function
with respect to the offer /7 is if the second-order derivative is negative
over the entire domain of . Hence:

o>, 9%B; [ de; 2+ B %, *b, (02e )\ ad; azzek< 0
art’ ge? \or de, ar’ (e )? \ ort aZe, or”
(VILS)

must be true; which it is since:

2 2 24, Se \2 2, 23

By, <a ) =0, % <a e/f) =0, 24— 0 and =%,
7

de? T9(Ze,)? ari ori or’®
(VIL9)

The last two equalities follow from e,= (1 —r)-¢!l and S, =(1—r)-el +
(1—periyel

3. Suppose that e}=e and e} = e, If w* =0, implying that country j
would not contribute to abatement, country i would propose r; such
that e =e¢, (ema") For any w* >0, country j contrlbutes somethmg to
abatement and hence in equilibrium where r,= r country 7’s payoff
must exceed its minimax payoff. By symmetry, the same holds for
country j as long as p* <. QED

VIII CHAPTER 11: APPENDICES
VIII.1 Appendix 1

In Section 11.4 we claim that to ensure strict concavity of the payoff func-
tions with respect to a uniform tax ¢,, third-order effects must be sufficiently
small (see assumption A, in (11.7)).

Proof: The first derivative of payoffs with respect to ¢, is given by:
om0, de, b, dSe,
at, de; at; 0Ze, O,

(VIIL1)

where dm,/9¢,=0 in the optimum. The sufficient condition for strict concav-
ity is 9%w;/9t2<0 V ¢, e [0, r™a*]. Therefore, we require:

<0.

o’ _ 0B, (9e)\* | 0B, %, 96D, (92¢,\* D, 9°Ze;
or2  de? \ot

02 de, 012 9Ze2 \ 31, ) 0Ze, o012
(VIIL.2)



342 Appendices

From the equilibrium condition (11.3) in the text, t=B(¢;) if t=p/(0) we
have:
de; 1 e, 1

dei_ 1 g P
o g e P

. Bm
i

by applying the implicit function rule. Using Eek=6i+ej and therefore
0%e,/de; =1, (VIIL.2) can be written as:

1

i

The first term is positive because >0 and B/ <0 by assumption A,. Since
b; —B; <O0is possibleif B;(0)=1>1t, we have to require 8" to be sufficiently
small in this case to ensure that the whole term is positive. (However, for
t>B(0), we set ¢,=0 and then de;/d7,=0 and d%¢,/9r=0 in (VIIL.3) and
because ¢; >0 and ¢; >0 hold, concavity follows immediately.) QED

1\2
(b —B/) (B) +(d;—B) (—

VIII.2 Appendix 2

In this appendix we provide equilibrium emissions under the quota and tax
regimes, the Nash equilibrium, the social optimum and the minimax emis-
sion tuples for the payoff functions in (11.8). All relevant information is
provided in Table VIII.1.

Equilibrium emissions in the Nash equilibrium, social optimum and
when a country is minimaxed are derived as described in Chapter 11;
however, they are now based on payoff functions (11.8).

From the table it is evident that the following non-negativity conditions
(abbreviated NNC,) have to be imposed:

Ay NNC;: y>|o—1/(®+ 1)/w and NNC,: y>|w—0l/w
NNC;: y>max {O/w, 1}, ¢; € [0, d]. (VIIL.4)

That is, NNC, follows from requiring ¢$ =0, NNC, from ¢V’ =0 and NNC,
from eM?D=0V i e I where the upper bound of the strategy space is, again,
assumed to be ¢? which follows from B!(e?) =0. Using NNC, and NNC, we
can show that emissions under the tax and quota regimes are positive.
Moreover, note that the proposals under the quota regime are given by:

. (Yo + 0 — 0)(yo + 0 + 0)
U 022 4+ 200y + 202y + 02— 20w + w?’

(yo — 0 + 0)(yo + O + ®)
r =
2 024 200y + 202y + 02— 200 + o2

(VIIL5)
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from which it follows that r, ><=r, if @ ><=w. Thatis, r,=rA if @ > o,
ry=rAif @ <w and r;=r,=r? if ®=w. The equilibrium emissions follow
from eQ=(1—rA)-el.

VIII.3 Appendix 3

Proposition 11.3 claims 2eR <Zel, Sef <Zel, ZeR=<3Ze} and Sef =3¢

Proof: To prove Proposition 11.3 we need the following lemma as prelimi-
nary information:

Lemma VIII.1

Let k* € {r", ¢"} denote a global welfare maximizing uniform policy level
which solves max (k)[2,(e;(k), ei(k))], m (e, (k), e (k)) a strictly concave
function in k, and let k; and k; be the bargaining proposals for countries
iand j. Then either k" €]k, k[ or k" =k;=k; and therefore k* <k".

N

Proof: The idea of the proof is to show that the maximum of the sum of
two strictly concave functions is located in the interval of the maxima of
the two single functions. Concavity of the payoff functions under both
regimes has been established in Section 11.4. Hence, dm/0k>0 V
k<k/N\om/ok=0V k=k,. We show k,>k">k; or k;=k;=k" by contra-
diction, assuming, first, k;, k,> k* which implies:

0z, o, o, 0 VIILG
=1 +—-1| >o0. :

ok | ok | Ok | ( )
>0 >0

Second, we assume k;, k; < k* which implies:

0z, o, Bn'rj 0 VIIL7
=l +—1| <o. :

ok | ok | 0k | ( )
<0 <0

However, (VIIL.6) and (VII1.7) should both be zero evaluated at k* due
to the FOC. Of course, kA=<k" is then an immediate implication of the
LCD decision rule. QED

TeQ<Ze)y
Since r4>0 has been established, e?=(1—rA)eN<eN V i e I holds and
SeQ<3el follows.
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Table VIII. 1

Emission levels under the quota and tax regimes for the payoff functions in (11.8)

e Quota regime e,
RE, dwy+ 0 — w)? dlwy+ 0 —w)(wy— 0+ w)
0=0 (02 + 200y + 202y + 02 — 200 + 0?) (w2 + 200y + 202y + 02 — 200 + »?)
RE, dwy+ 0 — w)(wy— 0+ w) d(wy — 0 + 0)?
0=0=0n (02 + 200y + 2wy + 02 — 200 + w?) (022 + 200y + 202y + 02 — 200 + w?)
e Tax regime e,
RE, d(w*y —w?+1) dw*>y +w?—1)
15@)5“—7(” yo? + w?+2m+ 1 yo? + w?+2m+ 1
® »
RE{ d(w*y —w?+1) d(w*y? + 0’y + 20?7y + 0y — Y002 + Ow? — O)
71—’_005@ yo? + w?+2m+ 1 (0*y + w2+ 20 + 1)(wy + O)
o
RE, d(wy — Ow? + 0) d(wy + On? — 0)
Tro_o 1 oy + O+ 200 + O oy + O+ 200 + O
o »
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RES d(wy? +v00? + 2y00 + y0 — oy — Ow? + 0) d(wy + On? — 0)

0=g=1° (@ + O’ + 200 + O)(y + 1) oy + 00’ + 200 + O
®
e Social optimum e,
doy+1+0 —0—00) doy—1-0+ o+ 00)
wy+1+0+o+ 00 oy +1+0+o0+wd
e Nash equilibrium e,
dloy+ 0 —w) dloy— 0 + )
oyt0O+o oyt0O+to
e Minimax ey
d 1
1 is minimaxed dy=1) d
v+1
2 is minimaxed d doyo — 6)
yo + 0

Note: The symbols imply: RE,je {1, 2}, defines parameter regions (® and w). The subscript a stands for adjustment. e, and e, are emissions of
country 1 and country 2.
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Sef<Ze)y

First, assume ¢, =1=1, then t=¢" (see Lemma VIII.1 above). Since a
uniform tax rate is efficient (see Section 11.2), el =3ep. Since Jep <Se
(see Proposition 9.1), el =3ef <Zep follows.

Second, assume #,<t¢; and country i is the bottleneck. Further, note that
t,>tN Vi e I where ) denotes a national tax which brings about ¢V in
country i and hence ef <e!. This is evident from comparing the FOC in the
(interior) Nash equilibrium (NE) with those when deriving a tax proposal
t:

1

om, dB, de; I, de; om. 0B.de, dd.oxe
L:ﬁil_ﬁilzo;L 787_& k =0 (VIIIS)
otV de; atN  de; otV at;,  de; at;,  de; dt,
and noting
ad. de, b, 02e
9%, 1(7 < 9P; 92¢; V t;and B} <0.
de; dt; de; dt;

Then, two cases can be distinguished:

I ;=tV=el=e). Since 1,> 1V implies ef <el, Sef <Zel follows.

2. 1<tV (a) B/(e])=d)(ef, ef)=country j does not adjust.
(b) B/(el)<dj(ef, el )= country j adjusts.

2(a) and 2(b) imply ef > e and hence B/(e/ ) <B/(el). From the assump-
tion B/(ef )=/ (Ee,?) in 2(a) d/(eh) <<d> (Ee )follows which is only true
if Se] <EeN In 2(b) country j adjusts accordmg to its reaction function.
Since ef <e! and the slopes of the reaction functions are less than 1 in abso-
lute terms, we conclude |eN—eT|> \eN - eT(eT)| and therefore e+
ef(ef)<Ze) is proved.

Sef>3e}
From Lemma VIII.1 above we have /A =" and since 93¢, /01 <0, 2e] >3}
follows.

e ><e}
SeQ=3e? can be shown for the functions in (11.8), using the information
of Table VIII.1:

O=w: el —SeP=
2doy(y(@?0 + 0 — 200) + 0?0 — 002 + v — 0 + 200 — 26?)
(yo+ 140 + o+ 00) (Y202 + 2yw® + 2yw? + 02 — 200 + n?)
(VIIL.9)
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O=w: JeR —Sep=
2doy(Y(@?0 + 0 — 20?) — 0?0 + 002 — w + O + 200 — 2w?)
(yo + 140 + o+ 00)(y2o? + 2yw® + 2yw? + 02 — 200 + 0?)

(VIIL10)

where (VIIL.9) and (VIIIL.10) are positive for ® = w # 1 and zero for ® = w
=1.

SeQ <3} can be shown by assuming slightly different net benefit func-
tions than in (11.8). For instance, consider:

1 c 1 c
™ =b,e, _Ee%_i(el +e,)?, m,= w(bzez —ze%> —E(e1 +e,)?
(VIIL11)

and assume b, =5, b,=10, c=1, =1 and ®=11/5. Then e}/=10/7, e} =
15/7, ¢ =0 and ¢$=50/21. The proposals under the quota regime are given
by r;=15/29>11/32=r, and hence r,=rA, which implies 2eQ=75/32<
50/21=%¢}. QED

VIII.4 Appendix 4

Proposition 11.4 claims 3wR>3ml, Sal>3al, 1,#=3n] <Zw},
=t =>3ml =3m}, r#r;=3mR <Zm} but from r,=r, 2mQ = Xm} does not
follow.

Proof

SaQ>3ad
Since rA >0, m2>wN V i follows by strictly concave payoff functions, which
implies 3wQ>3mY. See also the proof of Proposition 10.4.

Saf>ay

We distinguish the same cases as in the proof in Appendix VIII.3 above (1,
2(a) and 2(b)). For case 1 and 2(a) (no adjustment) Zef =3¢l <3¢V has
been shown, which automatically implies Zmf >3V since a tax is an effi-
cient instrument, 3 is strictly concave in the tax rate and 03 wl/orA <0 V
A=t". Only case 2(b) is less straightforward because (11.3) in the text does
not hold after adjustment has been conducted. If Zef <ZeV were to hold
before adjustment takes place, then 3wl >3mN would already be true
without adjustment (see the arguments above). Additionally, since the non-
bottleneck country j conducts the adjustment voluntarily, this country
must gain from such an action and, by awi/aej< 0, country i as well.
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B0 Bj s¢j ¢j'(QT,%)

& ee g e 8
Figure VIIL.1  Adjustment under the tax regime

To show Zm]>3xl if Sef>3e) before adjustment holds (though
el <ZeV holds after adjustment has taken place, which is known from
Proposition 11.3) is more difficult. First, we establish the following relations
eJN <ele<ew<el, such that B/(eN)>B/(e[) > B/ (es)>B/(ef) =B/ (e])>
B/ (e¥) s true (see Figure VIIIL.1). The superscript eq stands for ‘equivalent’
with Zel —el' = e]e‘i and a stands for adjustment. Since ef <e, 49 gives emis-
sions in country j which leave aggregate emissions unchanged compared to
the NE. e[“<e is known because ef +el“<Xel by Proposition 11.3.
eJN < ejT’” follows from the fact that adjustment takes place and that the reac-
tion functions are downward-sloping in emission space with slope less than
1 in absolute terms. Finally, ¢ <ef must hold, otherwise Zef > e} is not
possible and the result for 2e] <XV derived above would apply.

In a next step we compare the welfare changes of a move from eV to e
and from e} to ¢/“. The move from e} to ¢/ is split into two parts: a move
from e to ¢¢/ and a move from % o ere. Then:

eT a Ta

fB(e)de < fp, (¢;) de;| and fs (¢ de)| < f¢ (Se,) de,

A B+C+D D D+E
(VIIL12)

is true, where the second relation simply follows from the fact that adjust-
ment is conducted voluntarily and the first is a consequence of the fact that
the marginal opportunity costs of abatement ‘become more equal’ so that
cost efficiency potentials are realized.
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t#EL=Inl<Iadit=t =>21-rk Enk

From Lemma VIIL1 ¢, —l =" where 1" is a socially optimal tax and hence

t=t;=3ml=3m} is true. Since £;#¢; implies A<t", Zef <Ze} and
T]< 27 must be true.

r#r=>Xm<Xmp; r;=r; does not imply 3mQ = Xa}

r; ir implies rA#r" and a uniform emission reduction quota can be
5001ally optimal if and only if rS=r"=rA. That r, =r; does not imply
3@ =3m} is simply demonstrated by example. For 1nstance choose for
the payoff function (11.8), ®=w#1, then r,=r,= (VIIL.9) and
(VIIL.10) above reveal that %eQ >3} and therefore 217%<27r,§ follows.
QED

VIIL.S Appendix 5

In Proposition 11.5, assuming country i to be the bottleneck in the negoti-
ations, we claim m@>wNVi e I, i >aN, wf >=a), al =aMand nf <m)
if (tA) <0.

w>aNViel
See the proof of 2R >3} above in Appendix VIIL4.

al>aly

Cjonsigler the cases 1, 2(a) and 2(b) in Appendix VIIIL.3. Case 2(b) implies
adjustment by country j. Since we show below that Ij(tA) <0 implies
wf <) and by Proposition 11.4. Zm[>3m} holds, w! > must be true.
In case 2(a), where there is no adjustment, 7,<¢¥ implies e > ¢V. Moreover
£,> 1tV is known from Appendix VIIIL.3 which implies ¢! <eV. Since country
yi always has the option to choose .e]T“<eT and since (e eN )>1'r (eN eN )
holds due to dm;/de, <0, w (e eT) > (e eN) must be true Case 1 1mp11es
an even higher tax >t]N and since lj>t t]N is true by assumption that
country i is the bottleneck ij>Ter must hold by the strict concavity of
payoff functions with respect to the tax rate and ,n.jr > 11-;\’ for ¢,< t]N as dem-
onstrated above.

) ><mlN

This statement is simply proven by example. For instance, choose @ =
172, ®=1/4, d=100, b=10, ¢=1 for the functions in (11.8), then 11-1T>1T]1V
and wi<mw). For ®=1, o=1 and d, b, ¢ as assumed above, 7] >V V i
e L
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wl >mM

Note that m is derived from max m(e,,e"®) and that =0 implies ¢} = el*.
Any proposal ¢; by country i, however, is derived with the information
ej <em for any t,>0 and hence ! =7M must hold by am,/de;<0.

m} <mNif I(t*)<0

Flrst note that eN>ef and ef:=e/e])>e) despite adjustment by coun-
try J. e]T“>eN is shown by contradiction: suppose ¢}“<e then ¢/ (e],e})
<d/(e, eV), B/(ef)>p/(eV), which cannot be trie by I (el e]T“) 0 and
I (ef<',eN )= 0. Next we show that any emission tuple eT for which ef >el
(ef> eN) and el <eV is true implies m,(e") <m;(eV). For this, note the fol-
lowmg relatlons

1. Assumption A, implies concave payoff indifference curves in the ¢, X e
space which do not intersect (see Chapter 9).

2. Any emission tuple in a north-west direction reaction of eV (for
example eT) must imply a welfare loss to country i compared to the
NE, which is evident from Figure VIII.2. QED

8

Figure VIIL2 Welfare loss to the bottleneck country if adjustment occurs

VIII.6 Appendix 6

Write down the FOC from which a biased proposal is derived to note that
i <t, and that the implied emissions are exactly those in a Stackelberg
equilibrium. Then most claims of Proposition 11.7 follow immediately
from Proposition 10.2. Only (1) 2m(#) <2m[(z,); (2) w](¢*") =wMand (3)
i (t57) <j(¢;) have to be shown additionally.
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(1): First, note that Se(#")>3e)>3e[(z,) from Proposition 10.2 and
Proposition 11.3. Second, note that after a non-biased proposal by country
i either (a) no adjustment takes place by country j or (b) adjustment takes
place by country j.!? Possibility (a) implies B/ (e ) =B/ (¢} ) and a biased pro-
posal will lead to B/(ef(#7)<B/ (eT(t‘”)) P0351b111ty (b) implies
B/(ehH< B/ (eT“) and a biased proposal will lead to B/(ef(rm)<<
B (eT(l‘”)) That is, the biased proposal creates (increases) a (the) gap
between marginal opportunity costs of abatement in the two countries and
therefore leads to a (more) inefficient allocation of emission reduction
burdens (see CEA condition (11.2)). Together with higher aggregate emis-
sions resulting from a biased proposal, implying higher damages, global
welfare must have decreased through the strategic proposal. (The case of ¢,
= A implying e} >0 and e/ =0 or e/ =0 and ¢/ =0 (corner solutions) can
be discarded because they obviously provide no incentive for the strategic
mover i to increase emissions since ej.T(t}?”) <0 1is not possible.)

(2): M follows from max m(e"**,¢;) whereas 7| (e(r"")) = 1TST follows from
max m(e3T,e;) where 5T < e by the deﬁnltlon of the strategy space and
hence w}T=7M by awlléel <0.

(3): From above e[*">e[, Zej">Zef, Zef and e <ef, el is true.
Consequently, B(e‘”)<B(eT) B/(ef) and ¢, (Ee,”)>d) (Ee,f) d; (el

and the claim is proved QED

IX CHAPTER 12: APPENDIX

We claim in Sub-section 12.3.3 that for /% =0 a necessary requirement to
find an emission tuple during the punishment phase satisfying equation
(12.19) is that payoffs in the cooperative phase are restricted to being
smaller than the Stackelberg leader payoff, that is, C¢: = <m$T.

Proof: Assume country 2 punishes country 1. Then (12.19), using (11.8),
may be written as:

1
ﬂzsbw(dez—zez ) ~0O(e] +el). (IX.1)

Solving (IX.1), using country 1’s best reply, e} =(bd—ce))/(b+c), gives
because of (12.27) in the text:

; € [eé,min’ ei,max] (IX2)
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where:
. _d(b*0? +2bcOw + 20% — bew?) — (bw + @) A
€2.min b’ + 2bcOw + 202 + bew?

L _d(*w? +2bcOw + 20% — bew?) + (bw + @) A
€2.max D0 + 2bcOw + 02 + bew?

A:=Vbp3d?w? - 2wb*ws + 2¢b?d*w? = 3¢b?d*w® — 2¢0b, — 4cwbmy + Abd*w? — 2Aw).

In order to obtain a solution for e} A must be positive, which is true if:

. wbd*(wb?+ 2weh — 30c¢h + wc?)

™= 2(wb? + Ocb + 2web + wc?) (IX.3)

Computation of the Stackelberg payoff according to the procedure
described in Section 10.2 shows that this is equal to the RHS expression in
(IX.3).

By the same token, it can also be shown that country 1 cannot receive
more than its Stackelberg payoff to meet a precondition for an emission
tuple to be renegotiation-proof if £=o. QED

X CHAPTER 13: APPENDICES
X.1 Appendix 1

The aim of this appendix is to provide all background information which
supports the assertions in Sub-section 13.2.3. The proofs concentrate on
interior solutions exclusively. That is, ¢]" =& =0 and e}"" = &N =0.

(1) Determination of »* and £"
Using (13.18) and (13.19), then (§¢=n/N):

d*bc*(cE+ bEN — b — ¢)(cE — bEN — b — ¢)

J(£) — NI(£) = X.1
MO ) = 2 1 2be — 2bek + 2%k + 22 + bENeR D)
which implies that there are two zero points:
+1 +1
g=— g =Y (X.2)

Ny—1%2 Ny+1

However, & ¢[0,1] since for yN—1>0=¢§,<0 and for yN—1<0 & =
— (y+1/(1=Nvy)>~y+1>1. Thus:
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. vy+1 oyt
I(E) — I (E) > &< JE) -V < =¢=<
m(E) —mM(E)>0if 0 =§ Ny+land7r,(§) oy (€)<OlfNy+1<§<l
(X.3)
(regardless of whether yN—1>0 or yN—1=0) and hence:
. +1 , NH+ID
g=-1 = (X4)

TAy+ T Ny +
for which it is easily checked that 9&*/o N <0 and /9&"/9y <0 hold as claimed
in (13.20).

Q2) n'<n'l<N'<n'U N €[2,V]

Note the following relations:
d—E+1+y)(—&E—1+yE+vEN)

(Y + DY +2y = 2yE+ 1 =26+ E2 +yE*N)?

el(g)—eN=— <(>)0
di(— &~ 1+~yE+yEN)

O = oy —aye+ [ =26+ 2+ vEN )

> ()0 if E>(<)E"

2eNE) +2elE) — el

_ YANE(—E—1+~vE+vEN)
(y+ Dy + 2y —2yE+ 1 — 25+ £2 + yE2N)?

<0 (X.5)

from which it is evident that wM=xV for £€=¢" (or n=n") must hold.
Together with 7! >xN V £ #&" (or n#n") as shown below in (3), it follows
that a non-signatory has an incentive to join the coalition as long as n=n".
Moreover, Cy is a monotone function for which Cy(r") >0 and 9C,/dnl »<0
is true and thus, n* <n'L is established. Since n'L+1=n"Y, n'L<n'U is
evident. N* €[n"L,n"V]is evident from Definition 13.2 of internal and exter-
nal stability in the text. n"L' < N* follows from two pieces of information: (a)
if n"L is not an integer value, then of course N*=[n"L]+1; (b) we show
below that w!(n"V)>w!(n") is true (see (3) below) and hence if 7'l is an
integer value N*=n"U=[n"L]+1=n"1+1.
N €[2, N] follows from lim n* =1, lim »*=N and n* < N".

y—0 e
Q) Zep>Ze2Xef, eV >el', e <M, mi <l <mM, Sy <X, < mf
The first three relations are an immediate implication of the results in (X.5)
and n”" <N" (§"<p"). wl" >l follows by noting that w(n) is a convex func-
tion where the minimum is located at n" (since dmwl(n)/ an‘n* =0,
9*>wl(n)/on>>0 Y n [0, NJ; see Figure 13.1(a), again, n"=N" and w/==}
atn". (Hence the claims in (2) above that w!(n*V) > ml(n"l) and therefore N*
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=n"Vif n'l is an integer value and w!/>=N V £# £ (or n#n”) is proved.)
Since eg*<e]N < eJNJ* and signatories and non-signatories suffer from the
same global emissions, w!" <7M” follows from 9f,/de,> 0 (as long as e;<e
=d, which is easily confirmed to hold true). Of course, wV¥<m!"< 11}"11*
implies Xy <3 and 3, =3} follows from the fact that only for £=1
éj(§)=e? and eM(§) = 3 (and that the socially optimal emission allocation
is unique for payoff functions of type (3)).

op" 9l ol
4) ——<0,3<0,_*<0for N
“@ vy ay ay or N— x
Compute the difference functions C,(n) and C;(n) and let N—. Then it is
found that:

g Y EVY(A D 0 2V VYYD
w =YYV D ey = . —nl 41 (X.6)
Y Y
where C,=(<) 0 if n=(>) n'{,, C;=(>) 0 if n=(<) njk,, and where

n*L= N"=n"U must hold for the stability of a coalition. It is easily checked
that ony-.../9y<0and 9n'Y,./9y<0 hold and therefore IN*/9y <0 is true.
Since by assumption of N—«N is fixed, du*/0y<0 is evident. Since
lim |v_,.. $e'(8) + 3e}(&)=Se}!, 13y =a1,/oy and 91,/5y=31,/dy follow
‘Where the signs of dl,/dy and 9l,/dy have been established in (13.4) and
(13.5). QED

X.2 Appendix 2

In this appendix we prove that the social optimum associated with the
transfer scheme described in (13.27) lies in the y core provided one of the
three properties mentioned in Proposition 13.5 holds (see Chander and
Tulkens 1995, 1997).13

Proof: As preliminary information we need the following lemma (Chander
and Tulkens 1997, Proposition 4):

Lemma X.1

The partial-agreement equilibrium (PANE) as described by Definition
14.6 has the following properties: (1) there exists a PANE; (2) the equi-
librium emission vector is unique; (3) & =2¢] +XeM =2e}; and (4)
e]NS éjNJ Vj ¢ I in the PANE.

Proof: Properties (1) and (2) are proved by applying the theorems as laid
out in Section 9.4. Property (3) is proved by contradiction. Suppose
2, >3e} were true. This implies (a) 2, (&)=B/(&})>B/(e¥)=d/(eV)V
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i e I’ which is only possible if é/<eN Vi e I' is true; and (b) ¢/ (é)=
B/ @M)>B/(eM)=d/(e") V)¢ 1V which is only possible if eM <eNV j ¢
IfIS true. eJ[< eNVie'andeM<eVVj ¢ I obviously 1mply Eek<26k
which contradlcts the initial assumptlon Property (4) is proved by noting
that %.¢; <Ze} implies &/(&) =B/ (eM) <B/(e)) =/ (eN) Vj ¢ I! which is
only true if e’ <&M by B” <0. QED

Case 1: Linear damage cost functions
(@) w¥=(mY, ..., wy¥) is an imputation since:

T=37(eS)+ 317 =w(l) X7

and 31 =0.
(b) Suppose w*¥ is not in the core. Then, there would exist a coalition I! C 1
and a PANE é=(&,éM) such that:

wY(IY) ZEIJ#}‘(é) >EIJTF;‘1’. (X.8)

Note first that for linear damage cost functions non-signatories have a
dominant strategy and hence e;Y=¢&M j ¢ I'. Moreover, e$=¢éland eV=¢!
i € I hold.™

Consider now an alternative imputation #% where = (e%)+ 7, and
where transfers are given by:

=~ [B(e) — B+ d’l f(s 5 B S B@L (X9
Now it has been shown that: le
Eidj'ﬁ"}’ > EiEIJ’lTi(é) (X.10)
and
T TES S| (X.11)

hold so that the contradiction:

Ekdw ’EIJF‘T (8)4‘2 %I‘”T 2leI-mT —i_Ezeﬁlﬂ-r]’flh:z’kelﬂn-l:Llj (XIZ)

follows (since max %, _;m, =2, _;m,¥=w(I) by definition) where the equal-
ity sign in (X.12) is implied by (X.8).
(X.10) is shown by noting that:
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EiEIJ’ﬁEP:zigljﬂls(es)+zjeljii (X13)

implies:

4 Ziell i lEle) (eS)

EieIJﬁ?J:EiEIJBi(QJ)_EiEIJd)i(eS) 2 bi(ed)

[2,Bi(€) =2, 1Bi(eN)]
(X.14)
or
>, ljd)f(es)
ic i 'A,
Eield)z,'(es)

A= [zigl(bj,(es).(zéj_zeis) + (EiGIBi(eiS) - EiEIBi(éiJ))] (X15)

ST =2, uB(&) -3, pde)+

where (X.15) has been obtained by adding to and subtracting %,_,1b(é)
from (X.14) and use has been made of the fact that the damage function is
linear by assumption. Since %, pym(é) =3, _1B(é))— 2, () and term A
is positive, 13 (X.10) is established.

(X.11) is shown by noting that:

'ﬁ']lp = Bj(ejs) - (bj(es) + ij

/(e

Bj(é,NJ)—%(eS)JFW

and:

=B — b e 1) =

oS
Be))— b (e) + Zd() ()s)[Edej(ef»)—Ejdﬁ_xefv)] (X.17)
which implies:
N d(eS) N
Bj(ejNJ)+E_felj¢}(eS)[ jetB(6) =2 1B(&M)]
di(eS)
=B+ 5 e e ) S e (X.18)

according to (X.11). It easily checked that (X.18) in fact holds by noting that
eN=eMV j ¢ I due to linear damage cost functions and e¥=¢] i € ' as
established above, and hence B,(eM)=B,(eM) and X, _ B, (éNJ) 3, EIB (el)is
true.
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Case2: VI CL|IV[22, 3, by (eS)2d/ (M) Viel!
For the subsequent proof we need the following lemma (see Tulkens and
Chander 1997, Section 6, Proposition 5):

Lemma X.2
Under the assumption of case 2, 3¢, =3¢f Vi e IandeN=¢!Vi e I.

Proof: First, we show 3¢,=3e}. Suppose instead 3¢,=3e} were true.
Then:

Vie I B/(@) =3, ub () =3, b/ () <3, b/(e5)=B/(¢)
Ve I Bj(@7)= /(@ =b/(e)<Bi(e)

which implies B, (¢,) <B,(¢f) V k e L. Therefore, &, >e? V k € I by /<0
and consequently 3.¢,=3e S, which contradicts the initial assumption.

Second, from 3.¢,=3¢3, as established above, 3, _1d,/ (&) =2, _1d,/(e5)
follows by ¢,'=0. Hence:

B/ (@) =3, (@) =3 pdf (D)= /(M) =p/(e})  (X.19)

where the second inequality is an implication of the central assumption
in case 2. Obviously, (X.19) can only hold provided e¥=¢] V i e I’ due
to3/<<0. QED

Next we have to show that "V lies in the core. As in case 1, this is shown by
contradication. Thus, exactly the same arguments which have been pre-
sented when going from (X.8) to (X.12) apply. Consequently, it has to be
shown that (X.10) and (X.11) hold in the present case 2.

(X.10) implies:

il 2 B €) — X ud () >t 3, uB(E) — 2, b (@) (X.20)
where 3, _pjz,=0 by definition. Note that (with a slight abuse of notation,
for example, 2= ¢ and so on):

EieIJBi(é;zJ) =2, 0$(@)

=3, 0Bi(€)) =2, udi(&) + 2, (&) =X, (€5) = 2, b/ (e5)(€—e5)

=3, 3B, (@) =3, (€5 =3, _d/(e5)(@—ed) (X.21)
since (&) —(€5)/(6—e5)> /(%) by the convexity of the damage cost

function and > ¢S by Lemma X.2. Using (X.21) and recalling 2,_,57,=0,
(X.20) reads:
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EieIJ£i+ % coBi(e) =2, pb () =3, _uBi(E) -

2ieIJd)i(eS) - Eiele)i,(eS)(é_ eS) (X.22)
or:
£ S 5] zel d) (eS) S S
St 2 Be) =2, uBi(&) — (€5 3/ (S)(E—ed) (X.23)
leI
or, using fl. as defined in (X.9):
oS
LB 3B 2 T (LB 3@
S bl(eS N
EEiEIJBi(éiJ)—E’:Ij:;’((ees))zidd);(es)(e—es) (X.24)

after further manipulation one derives:
3,00/ (€)@= =%, (B, (€]) —B(€). (X.25)
Using the FOC 3, _;d; (¢5) =B/ (¢}) (and the original notation) we have:
B/ (D18 Xici€)) =X, (Bi(e?) —Bi(€)- (X.26)
A sufficient condition for (X.26) to hold is:
B/ (€)@ e =B (&) —B(e)HVie L (X.27)
It is easily checked that (X.27) holds regardless whether &> ¢ or &= ¢} by

the concavity of the benefit function.
Next we have to show that (X.11) holds. Hence:

3 B + 3 i =3, uB(eS) + 3, i (X.28)

must be true (2i$IJ¢i’(BJS) on both sides has been dropped). Using (X.9), the
LHS term may be written as:

S ;
2 0B T2,

(oS
=3, BN+ X b

jetd jel‘b.}(es)(EjEIBj(ejS) _EjEIBj(éj))
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’ S
e X8 H/g 2:(1() () )(Ejelﬁi(?fv)_zjelﬁj(?/s))

) KIGH
+2 eIJB (eNJ) E eIJB (eN)"’/fI jeld)‘;(eS)

e I, B Xl %, uBi(EY) — X, uB(@Y)
B(e9) p
X e3P @)
e Bl +X,B (0 ~ X, uB(e)

di(e%)

(e iBie}) = 2;18,())

S ey ZierB o) T8
ﬂfﬁ%@fﬂjﬁf@)—%JBJ(@}»

& Ej&IJBj(ejs)‘szeIJl‘;‘i‘(l—jil%)(Ejeljﬁj(e;NJ)—Ejellﬁj(ejN))
_feEIJEjfiilgszS) 1B (@) =3, B(eM)). (X.29)

Note that the first term in brackets is obviously positive; the second term
in brackets as well, since &Y' = ¢V V j ¢ I' by Lemma X.1, and the third term
in brackets is negative s1nce el =eNV j eI, as has been established in
Lemma X.2 above. Taken together, (X.10) ((X.20)) and (X.11) ((X.28)) have
been shown to be true in case 2, which completes the proof. QED

Case 3: Symmetric countries
Proof is obvious and therefore omitted. QED

X.3 Appendix 3
In this appendix we prove that for the transfer scheme (13.30) in the text the

imputation as defined in Proposition 13.6 lies in the core at each stage .

Proof: We first have to establish that the iterative process is individually
rational; that is, each country gains along this process: Aw,, =0V sandi €
I (Germain et al. 1995, Theorem 2).
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Note that:

ASm, =3m),  —3m; (X.30)

it

which, assuming a linear damage cost function, that is, ¢, = d 2e, (implying
Ad; ,=dAXe; ), implies:

ASm, =3AB;,—3d3Ae;,  &3[AB; ,—dAe; |=:2Ag; , d=3d, (X.31)

where g stands for gains or surplus from cooperation. From (X.8) it follows
that:

g, =Ble;)—de, (X.32)

Due to the concavity of the function g; (since 3, is a concave function and
¢, is a linear function) we can write:

Agi,t :gi(€Zz+l) _gi(e;,t) Zgi’(e;itﬂ)[e;‘,tﬂ - eZz] (X.33)

where:

gi’(ezt+1)=Bi’(eZt+l)—d. (X.34)

Since by definition of a local optlmum either g/(e;, ) =0if ¢;,=¢;,,, or
g/(ej,,)=01if ¢ ,#e;, ., hold, Ag; =Am, ;=0 V i and ¢ has been estab-
lished.

Second, we have to show that, given the transfer (13.30) in the text, the
imputation is individually rational. This is straightforward since:

ATF‘llf’t:ABi_A(fpi'i‘Ali (X.35)
which, given:
Ati,f =" (ABi,z - Ad)i,t) + EdrjjAgj,[ (X.36)

reduces to Aq'r“’ =2 Ag =0 where §;= ¢, '/%¢, is proposed by Chander
and Tulkens, Wthh 1mphes y;=d,/d for linear damage cost functions.
Third, it has to be shown that the imputation as defined in Proposition
13.6 lies in the core. Since the proof proceeds exactly along the same lines
as the proof for the linear damage cost function as given in Appendix X.2,
case 1, the proof is omitted here. The only difference is that the socially
optimal emission vector €5 has to be replaced by the locally optimal emis-
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sion vector e; and the PANE with respect to the coalition I’ has to be
indexed by time 7. Both PANE and the local global optimum are defined
with respect to constraint (13.29) in the text. QED

XI CHAPTER 14: APPENDICES
XI.1 Appendix 1

In this appendix we provide all the background information referred to in
Sections 14.2 and 14.4.
For payoff functions (14.1), emissions in the Nash equilibrium are given
by:
v_d2y+N+1-2i)
I 2y+N+1

2dN~
’Eefv:2y+N+l (XI1.1)

with associated payoffs:

v_ bd*(@b> + 4bcN + 4be — 4bciN + 2N? + 2¢N + ¢ — 4¢%i?)
'n =

i 2(2b+ ¢N + ¢)? ’
bd*N(12b2 + 12bc + 6bcN — 6bcN? + ¢ — ¢2N?)
N = . (X122
m 6(2b + ¢N + )2 (X1.2)
A sufficient condition to ensure positive emissions is:
N-—1
NNC;: vy ET, (X1.3)

where NNC stands for ‘non-negativity constraint’. This condition is con-
sidered in all simulations in Section 13.3. For the social optimum we
find:

2dy 2dNvy
S — S = .
AN AN T Ty NN (=19
262d%(b + N2+ cN — icN) 22N
- 5= XL5
i R ES e A TS N VU

for which it is easily checked that 9e™/9i<0, a(w?—7N)/9i>0 and =5 —
wN¥<, >,=0hold, as stated in Section 14.2. Using (XI.1)—~(XIL.5) the result
stated in (14.2) in the text can be confirmed.

According to the procedure outlined in Chapter 11, the proposal of
country 7/ under the quota and tax regime can be derived. We find:
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L 2i2Ny —2y—N—1+2i)
" 4y? + ANy + 4y —8iy +4iNy+ N2+ 2N —4Ni+ 1 —4i + 412

iNdbc

t= XI.6

" b+icN ( )
for which dr,/0i>0 and d¢,/0i> 0 is true. Hence country 1 is the bottleneck
under the LCD decision rule and by substituting i=1 in (XI.6), the agree-
ment according to the LCD decision rule, that is, ¥A=r, and 1A =1, is deter-
mined. From this global emission reduction (based on initial emissions Ze!
=3¢V as referred to in Table 14.1), rQ1 and rT1, can be computed to be (rQ1
=r, and Sel = (1 —rT1). ZeN where ] =e(1))):

2@Ny—2y—N-1 N—-1
1= (2Ny = 2y ) - )
4y2+8Ny—4y+ N2—2N+1 2(y+N)

A globally optimal solution, given the constraint of a uniform application
of the instrument, leads to:

o (N> = )6y + 1) . N2
= r =
12y2+ 6yN+ N2— 1+ 6yN? 2y+ N2+ N

where 7" =75", Substitution of i=(N+ 1)/2 into (XL.6) leads to the median
country proposal for which it is easily checked that this implies global emis-
sion reductions as given in (XI.8).

For a sub-coalition the proposal of a potential signatory i is derived as
follows. In the quota regime, two pieces of information are used. First,
country i knows that countries 1 to N, choose their initial emission level V.
Therefore, emissions of all non-signatories are given by ZeM =30,V
where j e IN={1, 2, ..., N,}. Second, if countries N,+ 1 to N comply with
country 7’s proposal, r;, then signatories’ emissions will be Ze =3 No+ e
(1—r) where i, k € '={N,+1, ..., N}. Consequently, aggregate emis-
sions are given by ZeQ=3¢M +3e]. Using payoff function (14.1) in the
text, it is straightforward to compute a signatory i’s proposal to be:

2Nvi(2Ny —2Nyy + N} — NN, — N + 2i — 2v)
=
! A

(XL8)

(X1.9)

A:=4y3N—8iy!N—4iN?*y+yN —4iyN+4y>N+2yN2—8iy’ NN, + 4iy>N*?
— 4iyN2N,+4iy2N3 — 2iNN3 — 4iyN3+42yN+ 8iyNN2 + iN2N2
+yN3+4yIN2+iN{

where dr,/0i> 0 holds. That is, the signatory with the lowest index number
is the bottleneck country according to the LCD decision rule, which is
country N+ 1.
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According to a similar procedure, a signatory’s tax proposal:
_bedj(N — Ny)(2Nb + N*c — Njc + Ne — Nyc)
" (2b+ Nc+ ¢)(Nb + N?jc +jN3c —2jNyNc)
is derived where, again d¢;,/9i>0 holds, implying that the proposal of the
signatory with the lowest index is accepted within the IEA. In order to rule
out corner solutions, thatis, ef =0V i e I'={N,+1, ..., N} (recall non-sig-

natories emit e]].\' as given in (XI.1) for which eJN =0 holds by NNC, as given
in (X1.3)), a sufficient condition is:

NNC,: y>N2/6 (X1.11)

(X1.10)

which is considered in all simulations in Section 14.4 and which is a more
restrictive condition than NNC, in (XI.3).

XI.2 Appendix 2

To test whether an emission tuple ¢* = (e},e5, ..., ey) of the grand coalition
isa WRPE if 8 —1 the following algorithm is used:

A. Seti=1.

B. Determine the amount Ae_, by which all countries —i have to increase
their emissions during the punishment of country i in order to fulfill
(12.1) in the text.

B.I Determine the reaction function of country i, e,(e_;).

B.II Insert ¢/ ,=e" +Ae_; in (12.1) and solve for Ae _;>Ae
Define Ae_;:=Ae_, +& where ¢ is a sufficiently small positive
number.

C. Check whether (12.2) in the text can be satisfied for all countries —i if
they jointly increase emissions by the amount Ae_,.

C.I Set /=0 in (12.2) to determine the outer boundaries of the
WRPE emission space.'® Hence, e/ ;=e” ,+ Ae_, where Ae_; has
been determined in step B.IL.

CIl  For all j#i let e’ =e; +Ae with Ae the amount by which
country j 1ncreases 1ts emlsswn to pumsh i. Further, define
® :=0and ® _  :=0.

C.III Repeat for all j# i:

Insert e’ . in (12.2). Solve (12.2) for Ae to have Ae; e[Ae;

j j,min,

A€ 1ol or Ae; €. In the first case define @i = Py T A€ i
and ®_ = maX+Aej max- 10 the second case stop C.III and
define ® ., :=0and ® _  :=0.

C.IV If, and only if Ae_; €[®_ .., P, ], then country i can be pun-
ished by WRPE strategies. If this is the case continue with C.V;
otherwise stop.
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C.V  Define i:=i+1. Repeat all steps starting from B. If the algo-
rithm runs for all i, i €{1, ..., N}, then ¢" is a WRPE.

XI.3 Appendix 3

For country i the determination of 37" (in the case of a grand coalition)
proceeds as follows:

A. Setd,=1.

B. Set 8,:=8,—« where « is a suitable step size (for example, k=0.01 or
=0.001).

C. Determine the amount Ae?; . by which all countries —i have to
increase their emissions durlng the punishment of 7 in order to satisfy
(12.24) in the text.

C.I  Determine the best deviation in the normal phase of country i,
e,(e";), to have P,

CII  Insertel ,=e’;+Ae_;in (12.24) and solve for Ae_,=Ae?, ..

D. Check whether there exist el and Ae_;=Ae?, ., so that (12. 23) and

(12.2) in the text can be satisfied jointly.

DI  Define e/:=0in (12.23) and (12.2) in the text.

D.II  Solve (12 23) for Ae_;=Aeb . . Define Ae_;:=max {Ae
Aebﬂ mln}

D.III Let e’ =e; +Ae where Ae is the amount by which country j
mcreases 1ts emlssmn to pumsh i. Moreover, let Sej=eltel =

el+e" ;+Ae_;and define ®_, :=0and @ _, :=0.

D.IV Repeat for all j # i:

Evaluate %e/and insert this in (12.2). Solve (12.2) for Ae to have

Ae e[Ae. Ae.  ]or Ae e . In the first case ®_. : =D

A min®

j, min® j, max. min’ min
+Ae min a0d @ o= maX+Ae max- 10 the second case stop
D.IV and define & =0,P,,.:=0.

mm max

DV (a) IfAe_; €[®,;,, P,..]thenican be punished using WRPE
strategies. In this case start again with step B in order to
test if’ 8, may be further reduced.

(b) If Ae_, [, P, Jand e/<e define e/:=e/+h, with h
a suitable step size. Go back to D 1I.

(c) If Ae_; ¢[®,,,, P, ] and e/=e¢;, a punishment using
WRPE strategies is not possible. Then 3" =§,+ k. Stop

algorithm.
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XI1.4 Appendix 4

The test of stability of a sub-coalition if 8 — 1 proceeds along the same lines
as laid out in Appendix XI.2. First, the amount Ae_, by which the signato-
ries have to increase their emissions to punish a non-signatory to satisfy
(12.1) is determined. Then, it is checked whether the signatories can
provide such a Ae_; under the restriction that (12.2) is met for each signa-
tory. Accordingly, the same procedure is applied in the case where a signa-
tory breaches the contract.

XII CHAPTER 15: APPENDICES

XII.1 Appendix 1

In Proposition 15.1 we claim that a symmetric global emission game with
payoff functions (13.1) satisfies conditions C,~C,.

Proof: The payoff function m,=p(e;) — d)(Ee ) may be written as ;= 3(e;,) —
j(Ee ) for a linear damage cost function where >0 denotes constant mar-
glnal damages. The FOC of a coalition ¢, of size |c maximizing aggregate
payoffs of its members is given by:

B'(e)=lc|f (XIL1)

from which it is evident that aei/(')\cl.\ <0 (since B”"<0). That is, members of
larger coalitions emit less than members of smaller coalitions. Since all
countries suffer equally from damages, members of smaller coalitions
receive a higher payoff than those of larger coalitions (C,). Next consider
that two coalitions i and j merge. Then for payoff funtion (13.1) and sym-
metric countries — with slight abuse of notation — equilibrium emissions are
given in the initial situation by:

bdN —|c|-c bdN —c}-c
ele; |)—7b, ele;| = (XI1.2)
and after they have merged (¢, = {{c,}U {c 11) by:
bdN = (lc |+ |c)))-c
elleh= L (XIL.3)

Nb

Since equilibrium emissions of countries outside both coalitions are not
affected by the merger, a comparison of aggregate emissions before and
after the merger is straightforward. We find:
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(‘Ci‘ -|cj‘) ‘s

Nb
Thus a merger reduces global emissions and hence outsiders benefit from a
merger (C,). Next consider what happens if a member of coalition i leaves
to join an equal-sized or larger coalition j, that is, ci] = ’Ci" Then equilib-
rium emissions are given by:

’Ci"ei(‘ci‘) + ‘C/‘el("’,‘) - (‘Ci‘ + ‘Cjb'ekdck‘) = 0. (XIL4)

bdN — (lc| —1)-¢

bdN — (¢ + 1)-¢
Nb el + =

eief=1)= v

+1) (XIL5)

Since, again, equilibrium emissions of countries outside both coalitions are
not affected by the merger, a comparison of aggregate emissions before and
after the change of membership is easily computed. We find:

‘Ci"ei(ycib + ’C_,'“?j(‘cjb_ (‘Ci‘ - 1)'61'(‘61“ —- (“}’ + 1)'3_/("3_," +1)
e+

>0
Nb ’

¢l =le. (XI1.6)

This has two implications. First, members of the ‘old’ coalition i are better
off if a member leaves to join coalition j. On the one hand, global emissions
decrease through such a move; on the other hand, members of coalition i
increase emissions after the move. Thus, the remaining members in coali-
tion 7 must be better off (C;). For the deviator two effects must be consid-
ered. On the one hand, s/he has to carry a higher abatement burden in the
new coalition which decreases his/her benefits. On the other hand, global
emissions decrease, implying lower damage. To sign the overall effect, we
compute payoffs of country k which left coalition i before and after the
accession to coalition j. We find:

2le) + e = 3) (e — e + 1
,c)—’rrk(’ci\-i-l,c’):cdcl‘ ‘C]| 2N)2(bcj| g )>0,

e, ¢|=lef. (XILT)

Hence, the deviator loses through accession to coalition j (C,). QED

Remark: Note in addition the following relations which are useful for estab-

lishing the incentive profile in Appendix XII.2:

A4-le)| = 2+|¢]| - 3)
2N2bh

mlle o) —me|+1.e) = >=0. (XIL8)
The members of the coalition j may gain or lose if a member of coalition i
joins. The larger coalition j is compared to coalition i, the more likely will

a member of coalition j gain from the accession. If the country which joins
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coalition j belonged to a singleton coalition, then coalition j will undoubt-
edly gain.
The following result looks at the effect of a merger of two coalitions:
2.0 _.
¢ |Cj‘ (|Cj‘ 2 |Ci‘)
2N2b

m(lelo) —m(lef+e e = >=0 (XILY)

Cz"ci|'(‘ci| _2"Cj|)
2N2%b

w((c)l.o)—m(le| +ejl.e)= <0.  (XIL10)
That is, members of the larger or equal-sized coalition j always gain from
a merger, the members of the smaller coalition i gain provided they belong

to a coalition of at least half the size of the larger coalition j.
XII.2 Appendix 2

In this appendix we derive the incentive profile of (ex ante symmetric) coun-
tries with payoff function (13.1). The profile is derived for N e [3, 4, 3].
Note that for symmetric countries only the coalition structure as such and
not the membership matters. (That is, for instance, {{1, 2},{3}} is identical

to {{1}, {2, 3}} and{{1, 3},{2}}.)
Three countries

There are three permutations to be considered: {{1,2, 3}}, {{1,2},{3}} and
{{1},{2},{3}} (Table XII.1).

Table XII.1 Incentive profile of countries (N=3)

Change of permutation 1 2 3 Reason
{{1,2,3}} —{{1,2},{3}} - 0 1,2:(XI1.10); 3: (XIL.9)
{1,234 {1}, {25.{3}}

— — 1,2, 3: repeated appl. of
(X11.9) and (XI1.10)

1,2: (XIL10); 3: C,

1,25, (355 = {1, {23,43})

From the profile it is evident that all three permutations are stand-alone
stable.

Four countries

There are five permutations to be considered: {{1,2, 3,4}}, {{1, 2, 3},{4}},
{{1,2},{3,4}}, {{1,2},{3},{4}} and {{1},{2},{3}.{4}}. Except for the first
permutation, all permutations are stand-alone stable (Table XI1.2).
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Table XI11.2 Incentive profile of countries (N=4)

Change of permutation 1 3 Reason

{{1,2,3,4}} - {{1, 2, 3},{4}} - - 1, 2, 3: (XI1.10); 4: (XI1.9)
{{1,2,3,4}} - {{1,2}, {3,4}} - - 1-4: (XI1.10)

{{1,2,3,4}} — {{1, 2}, {3},{4}} - - 1,2:Cy; 3, 4: (XII.10)
{{1,2,3,4}} — {{1}, {2}, {3},{4}} - - 1-4: repeated appl. of (XII.9) and (XII.10)
{{1,2,3}, {4} — {{1,2},{3,4}} + + 1, 2: (XIL.8); 3: Cy; 4: C,4
{{1,2,3}, {4} — {{1,2}, {3}.{4}} - 0 1, 2: (XII.10); 3: (XI1.9), 4: C,
{{1,2,3}, {4} — {{1}, {2}, {3}.{4}} - - 1,2, 3: (XIL.9), (XIL.10), C;; 4: C,
{123, {3,045 — {1, 25, {3},14}} - - 1,2: Cy; 3, 4: (XIL.10)

{{1,2}, {3,4}} — {{1}, {2}, {3}.{4}} - - 1-4: (XI1.10), C,

{{1, 2}, {3}, {4}} — {{1}, {2}, {3}.{4}} - - 1, 2: (XII.10); 3, 4: C,
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Five countries

There are seven permutations to be considered: {{1, 2, 3, 4, 5}}, {{1, 2, 3,
43,454}, {11, 2, 34, {4, 533, {11, 2, 35,443,458}, ({1, 23,43, 43,{5} ), {{1,
23,43},44}1,{5}} and {{1},{2}.,{3},{4},{5}} (Table XII.3).

R,: Payoffs to 1 and 2 are the same as to 3 and 4 one row above. PayoffSs
to 3 and 4 are the same as to 1, 2 and 3 one row above. The implication for
5 follows from: ws({{1, 2, 3, 4},{5}})>m({{1, 2},{3, 4},{5}})=ms({{1,
21,13, 4, 5}}) where the inequality sign follows from C, and the equality
sign from (XI1.9).

R,: Payoffs to 1, 2, 4 are the same as one row above. Payoff to 5 is worse
than one row above by C,. The implication for 3 follows from w3({{l,
23,{3},{4, 51 =m({{1, 2, 3},{4, 5}})<wy({{1, 2, 3, 4},{5}}) where the
equality sign follows from (XI1.9) and the inequality sign from (XII1.8).

R;:  The coalition structure is the same as one row above. Payoffs to 1 and
2 are the same as to 3 one row above. Payoff to 3 is the same as one row
above. Countries 4 and 5 are worse off than one row above by C,.

The permutations {{1, 2, 3},{4, 5}}, {{1, 2, 3},{4},{5}}, {{1, 2}.{3,
44 454y, {41, 23,{3},44},45}} and {{1}.,{2},{3},{4},{5}} are stand-alone
stable.

XII.3 Appendix 3

In this appendix we derive the NE, CPNE and SNE in the open-member-
ship game. Each country makes an announcement (number) m, (m is the
collection of announcements) and countries with the same announcement
form a coalition.

N=3
m=(1,1, )= {{1, 2, 3}}: NE. m=(1, 1, 2)={{1, 2},{3}}: NE since 3 is
indifferent to announcing m=1. m= {1, 2, 3}: no NE since by announcing
m; =2, 1 can improve upon its payoff.

Both NE — {{1, 2, 3}} and {{1, 2},{3}} — are Pareto-efficient and are
therefore an SNE. From CSNE € CCPNE ¢ CNE jt follows that these two
SNE coalition structures are also a CPNE.

N=4
m=(1, 1, 1, )= {{1, 2, 3, 4}}: no NE since it is not stand-alone stable.
m=(1, 1, 1, 2)={{1, 2, 3},{4}}: no NE since a country i, i € {1, 2, 3},
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Table XI11.3 Incentive profile of countries (N=135)

Change of permutation

Reason

{{1,2,3,4,5}} - {{1,2,3,4,.{5}}
{{1,2,3,4,5}} > {{1,2,3},{4,5}}
11,2,3,4,55 = 11,2, 35,145,050

{{1,2,3,4,5}} — {11, 23,43, 45.{5}}

{{1,2,3,4,5}} — {1 21,{3}.145.{5}}

{{1,2,3,4,5}} — H1L{23,{3},145.{5}}

{1,2,3,4}1, {5} - {{1,2,3},{4,5}}
{1,2,3,41,{5}) - {{1,2}.{3,4,5}}
H1,2,3,41,05}) - {{1,2,3},{4},{5}}
1, 2,3,41,05} - {{1,2}.{34}.{5}}
{1,2,3,41,05} - {{1,2}.{3},{4. 5}}

I+ + +

1-4: (XII.10); 5: (X11.9)

1,2, 3: (XII.10); 4, 5: (X11.9)
1,2,3: C, ({4}U{5}) and
(XI1.10) ({1, 2, 31U{4, 5});

4, 5: twice appl. of (XII.9)
1-4: (XI1.10), ({1, 2} U{3, 4}
and ({1, 2, 3,4} U{5});

5: {3, 4} U{5} ((XIL.9) and
{1,2}U{3, 4, 5} ((XIL.10))
1,2: C, ({3}U{4}U{5}) and
(XI1.9) ({1, 2} U{3, 4, 5});
3-5: (XII.10) and C,
({31U{4}), (XI1.9) and (XII.10)
({3, 4} U{5}), (XIL.10)
({1,2}U{3,4,5})

1-5: repeated appl. of (XII.9),
(XIIL.10) and C,

1-3: (XIL.8); 4: C,; 5: C;4

R,

1-3: (XI1.10); 4: (XIL.9); 5: C,
1-4: (XIL.10); 5: C,

R,



1€

{1,

{1,

{1,
{1,

{1,

{1,
{1,
{1,
{1,

{1,
{1,

{1,
{1,

{1,

N8}

23, 45.451 > HL25{30.{40.{5}}

2,3,41,{5} - {1},{2}.{3},{4}.{5}}

351451 = {1, 2,35, {4),{5}}
2,31, 44,55 - {{1,2}.{3},{4. 5}}

N8}

2,35, 44,55 - {1}, {2}, {3144, 5}}

2,35, 44,55 - {1, 25,{3},{4}.{5}}
2,3, 44,55 - {1}1,{25.{3},{4},{5}}
2,35,{43,{5} - {{1,2}.{3,4},{5}}
2,35, {45,451 — ({1, 2},{3},{4}.{5}}

2,35, {43,451 — {{1},{2}.{3).{4, 5}}
25,13,41,45} - {{1,2}.{3},{4. 5}}

25,13,41,{5} - {1, 2}.{3},{4}.{5}}
25,13,41,{5}) - {1}, {2}.{3},{4}.{5}}

25,135.{41,{5} ) —» {13,125, {3},{4}.{5}}

1,2: C, ({3}U{4}) and (XII.10)
({1, 2}U{3, 4});

3, 4: (XII.10) ({3}U{4} and
({1,2}U{3,4}); 5: C,

1-4: repeated appl. of (XIL.9)
and (XIL.10); 5: C,

1,2,3:Cy; 4, 5: (XIL.10)

1, 2: (XII.10); 3: (XI1.9);
4,5:C,

1-3: (XI1.10) and C, ({1} U{2}),
(XI1.9) and (XI1.10)
({1,2}U43));

4,5:C,

1-5: (XI1.9),(XI1.10) and C,
1-5: (XI1.9),(XI1.10) and C,

1, 2: (XIL8); 3: C,; 4: Cy; 5: by
computation

1,2: (XII 10); 3: (XI1.9);

, 4: same coal. structure

1 Gy

,5:Cy; 3, 4: (XIL.10)
repeated appl. of (XII.10)

- (XIL10); 3-5: C,
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improves upon its payoff by announcing m,=2. m=(1, 1, 2, 2)={{1,
2},{3.4} }: NE since announcing m;=2 or m;=3,i € {1, 2}, implies a payoff
loss to i. By symmetry, the same holds for a country j, j € {3,4}. m=(1, 1,
2, 3): no NE since country 3 has an incentive to announce m;=3. m=(1, 2,
3, 4): no NE since country 1 has an incentive to announce m, =2.

There is no SNE since the only NE, that is, {{1, 2},{3, 4}}, is not Pareto-
efficient (m;=m, =1 improves upon 3 and 4’s payoff).

{{1, 2},{3, 4} } is a CPNE since the only sensible deviation would be to
form a grand coalition which is subject to a further deviation. (3 and 4
announce m;=m, =1 but 4 is better off by announcing m,=2.)

N=5

m=(1,1,1,1,1)and m=(1, 1, 1, 1, 2) are not stand-alone stable and there-
foreno NE. m=(1,1, 1,2, 2)={{1, 2, 3},{4, 5} }: NE since for 1, 2 and 3
announcing m,=2 or m;=3, i € {1, 2, 3}, implies a payoff loss or leaves
these countries indifferent; for 4 and 5 announcing m= 1 or mj=3 implies
apayoffloss.m=(l, 1, 1, 2, 3): no NE since n1, = 3 improves upon 4’s payoft.
m=(1,1,2,2,3)={{1,2},{3,4},{5} }: NE since m;=2 orm,=4,i € {1,2}
implies a payoff loss to i, m;=3 leaves i indifferent; by symmetry the same
holds forj € {3, 4} and my=1 leaves 5 indifferent. m=(1, 1, 2, 3, 4): no NE
since m, =2 improves upon 4’s payoff. m=(1, 2, 3,4, 5): no NE since n, =1
improves upon 2’s payoff.

There is no SNE since both NE are Pareto-inefficient.

{{1, 2, 3},{4, 5} } is a CPNE since forming smaller coalitions is not prof-
itable. 1, 2 and 3 are indifferent to joining {4, 5}. A member of {4, 5} has
no incentive to join {1, 2, 3}. If both coalitions merge to form the coalition,
further deviations will occur. {{1, 2},{3, 4},{5}} is no CPNE since {3, 4}
would like to merge with {5}, which is a CPNE as laid out above.

XII.4 Appendix 4

In this appendix we derive the NE, CPNE and SNE in the exclusive mem-
bership I game. Each country makes an announcement regarding a coali-
tion. A coalition only forms by unanimous agreement. If one country
deviates, the coalition breaks apart.

Since a coalition structure can emerge from different proposals, we shall
only investigate below whether an equilibrium combination of announce-
ments exists leading to a particular coalition structure.

N=3
{{1,2,3}}: NE since a deviation leads to {{1},{2},{3}} and leaves all coun-
tries worse off. {{1, 2},{3}}: NE since if 1 and 2 make different proposals
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this leads to {{1},{2},{3}} and leaves both countries worse off; 3 has no
incentive to make a different proposal. {1, 2, 3}: NE by definition: if each
country proposes a coalition by itself, no country can form another coali-
tion by the unanimity rule.

The NE coalition structures {{1, 2, 3}} and {{1, 2},{3}} are SNE since
they are Pareto-efficient.

From CSNE C CCPNE C CNE it follows that these two SNE coalition struc-
tures are also a CPNE. However, {1, 2, 3} is not a CPNE since it is Pareto-
dominated by the other two CPNE.

N=4
It is easily checked that all permutations constitute an NE (see the discus-
sion of N=3). That is, {{1, 2, 3, 4}}, {{1, 2, 3},{4}}, {{1, 2},{3, 4}}, {{1,
23,433,443}, {{1},{2},{3},{4}} are all NE. Only {{1, 2, 3, 4}}, {{1, 2,
3},{4}} are SNE since they are efficient NE.

These coalitions structures are therefore also a CPNE. Since all other
permutations are Pareto-dominated by these coalition structures no other
CPNE exists.

N=5
It is easily checked that all permutations constitute an NE. That is, {{1, 2,
3,4, 51, {11, 2, 3, 45,450}, ({1, 2, 35,44, 535, {1, 2, 31,{4},{5}), {{1,
25,13, 45,4533, {11, 25,435, {45,{5} ), {{1},{2},{3}.{4},{5}} are an NE.
Only {{1, 2, 3, 4, 5}}, {{1, 2, 3, 4},{5}} are SNE. All other NE are
Pareto-dominated by these two SNE.
Accordingly (see the discussion of N=4 above), these are also the only
CPNE.

XII.5 Appendix 5

In this appendix we derive the NE, CPNE and SNE in the exclusive mem-
bership A game. Each country makes an announcement regarding a coali-
tion in which it is a member. A coalition forms of those countries which
have made the same proposal even though not all countries which have pro-
posed it may eventually join the coalition. If one country deviates, the
remaining coalition members remain in the coalition.

Since a coalition structure can emerge from different proposals, we shall
only investigate below whether an equilibrium combination of proposals
exists leading to a particular coalition structure.

N=3
{{1, 2, 3}}: NE since a deviation by 3 leads to {{1, 2},{3}} and leaves
3 indifferent. {{1, 2},{3}}: NE since 1 and 2 have no incentive to be in
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singleton coalitions and 3 has no incentive to merge with {1, 2}. {1, 2, 3}:
NE by definition: if each country proposes a coalition by itself, then any
other proposal leaves the coalition structure unaffected.

The NE coalition structures {{1, 2, 3}} and {{1, 2},{3}} are an SNE
since they are Pareto-efficient.

From CSNE C CCPNE  CNE it follows that these two SNE coalition struc-
tures are also a CPNE. {1, 2, 3} is not a CPNE since it is Pareto-dominated
by the other two CPNE.

N=4

It is easily checked that all permutations ({{1, 2, 3},{4}}, {{1, 2},{3, 4}},
{{1,2},{3},{4}}, {{1},{2},{3},{4}}, are an NE except {{1, 2, 3, 4}} which
is not stand-alone stable.

Only {{1, 2, 3},{4}} is an SNE since all other coalition structures are
Pareto-dominated by the grand coalition.

Thus {{1,2,3},{4}} isa CPNE too. Moreover, {{1,2},{3,4}}isa CPNE.
No country has an incentive to propose a coalition of three countries since
the proposed joining country and the coalition accepting the new member
would be worse off. The grand coalition, though it would raise all countries’
payoff, is subject to a further deviation. Any smaller coalitions would imply
a payoff loss. {{1, 2},{3},{4}} and {{1},{2},{3},{4}} are no CPNE since
these coalition structures are Pareto-dominated by the CPNE {{1, 2},{3,

4}}.

N=5

It is easily checked that all permutations ({{1, 2, 3},{4, 5}}, {{1, 2,
35,445,050, UL 25,43, 45,453}, ({1, 25,{35.{45.{5} ), {{1}.{2}.{3}.{4},
{5}}) constitute an NE except {{1, 2, 3,4, 5}}, {{1, 2, 3,4},{5}} which are
not stand-alone stable. For instance, {{1, 2, 3},{4},{5}} is an NE since 1, 2
and 3 are indifferent to leaving the coalition and to operating as singletons.
A merger of 1, 2 or 3 with countries 4 or 5, as well as a merger of 4 and 5
requires a simultaneous change in at least two proposals which is not con-
sidered by the NE concept.

There is no SNE since all NE are Pareto-dominated by the grand coali-
tion.

{{1,2,3},{4, 5} } is CPNE since larger coalitions are not stable and there
is no incentive to form smaller coalitions. {{1, 2, 3},{4},{5}} is no CPNE
since it is Pareto-dominated by the CPNE {{1, 2, 3},{4, 5}}. {{1, 2}.{3,
4},{5}} is CPNE since country 5 is indifferent to accession of a coalition of
two countries. Any coalition of four or five countries is not stable. {{I,
2},43},{4},{5}} and {{1},{2},{3},{4},{5}} are not a CPNE since they are
Pareto-dominated by the CPNE {{1, 2},{3, 4},{5}}.
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XII.6 Appendix 6

In this appendix the core-stable, a- and B-stable coalition structures are
derived. For the definition of the concept, see Sub-section 15.4.3.

N=3
{{1, 2, 3}}: CS since no player is better off in another coalition. {{1,
2},{3}}: CS since 1 and 2 can only jointly deviate with 3. However, 3 is
indifferent to such an offer. {{1},{2},{3}}: no CS since all players prefer a
grand coalition.

{{1,2,3}} and {{1,2},{3}} are AS (BS) by C, C C, =C,. {{1}.,{2},{3}}:
no AS (BS) since all players prefer a grand coalition.

N=4

{{1, 2, 3,4}}: no CS since 4 prefers {{1, 2, 3},{4}}. {{1, 2, 3},{4}}: no CS
since 1 and 2 prefer {{1, 2},{3, 4}}. {{1, 2},{3, 4}}: no CS since all prefer
{{1,2,3,4}}. {{1, 2},{3},{4}}, {{1},{2},{3},{4}}: no CS since all players
prefer {{1, 2, 3, 4}}.

{{1, 2, 3, 4}}: AS (BS) since any deviation may lead eventually to {{1},
{2}, {3}, {4}} which is Pareto-dominated. {{1, 2, 3}, {4}}: AS (BS).
Though 1 and 2 prefer {{1, 2},{3, 4}}, they have to reckon with {{I,
2},{3},{4}} which is a Pareto-inferior coalition structure for them. {{I,
23,43, 4}, {{1, 2},{3},{4}} and {{1},{2},{3},{4}}: no AS (BS) since the
grand coalition is a Pareto-superior coalition structure.

N=5

{{1,2,3,4,5}} and {{1, 2, 3, 4},{5}} are not stand-alone stable and hence
no CS. All other permutations ({{1, 2, 3}, {4, 5}}, {{1, 2, 3}, {4}, {5}}, {{I1,
25, {3, 45, {535, ({1, 2, {3}, {4}, {5}} and {{1},{2},{3},{4},{5}}) are
Pareto-dominated by the grand coalition and therefore no CS. Similar
arguments as laid out for N=4 establish that {{1, 2, 3,4, 5}} and {{1, 2, 3,
4}1,{5}} are AS (BS).

XI1.7 Appendix 7

In this appendix the coalition structures are derived by applying Chwe’s far-
sighted coalitional stability concept. For the definition of the largest con-
sistent set, CLCS, see Sub-section 15.4.4. An inequality sign below implies
strict Pareto-dominance.

N=3
HILAZLA3 < ({1, 21.{3}} & {{1, 2, 3}}. Hence, CFS={{1, 2, 3} },{{L,
25,1335
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N=4

{{1,2,3,4}} <{{1, 2, 3},{4}}. {{1, 2, 3},{4}} is not Pareto-dominated by
any other coalition structure and is therefore stable. {{1, 2},{3, 4}} is
directly dominated by the grand coalition and hence indirectly by {{1, 2,
3},{4}}. Since, however, {{1, 2, 3},{4}} is not preferable by all members of
the original coalition, a deviation is not deemed feasible and {{1, 2},{3, 4}}
is stable. {{1, 2},{3},{4}} and {{1},{2},{3},{4}} are not stable, since they
are Pareto-dominated by {{1, 2},{3, 4}}. Hence, CLCS={{{1, 2, 3},{4}},

1, 23,43, 43} ).

N=5

A deviation from {{1,2, 3,4, 5}} to {{1, 2, 3,4},{5}} is subject to a further
deviation to {{1, 2, 3},{4},{5}}, which is not in the interest of all original
coalition members. A deviation from {{1, 2, 3,4, 5}} to {{1, 2, 3}, {4, 5}}
is also not in the interest of any country. Smaller coalitions are Pareto-dom-
inated by {{1, 2, 3,4, 5}}.

{{1, 2, 3, 4},{5}} & CYS since my({{l, 2, 3, 4},{5}})<m,({{L, 2,
35,441,451 <my(111,2,3},{4, 5} ) <my({{1,2,3,4,5}}). {{1,2,3},{4,5}}
and {{1, 2, 3, 4, 5}} deliver a higher payoff to country 4 than {{I, 2, 3,
4},{5}}. That is, country 4 leaves coalition {{1, 2, 3, 4},{5} } since it expects
that the grand coalition will eventually form. All other coalition structures
are Pareto-dominated by the grand coalition and therefore do not belong
to the largest consistent set. Hence, the CLCS={{1, 2, 3, 4, 5}}.

XII.8 Appendix 8

In this appendix the coalition structure is derived by applying the concept
of equilibrium binding agreements. For the definition see Sub-section
15.5.1.

N=3

{{1},{2},{3}} is EBA by definition. {{1, 2},{3}} is EBA since it is not
blocked by {{1},{2},{3}}. {{1,2, 3}} is also EBA since it is not blocked by
{{1, 2},{3}} and {{1},{2},{3}}. By applying Eff(CEBA) (extension to the
original concept), Eff(CEBA)Y = {{{1, 2},{3}}, {{1,2,3}}}.

N=4

{{1},{2},{3},{4}} is stable by definition. {{1, 2},{3},{4}} and {{I1, 2},{3,
41} are stable since a further partition implies a payoff loss to all countries.
{{1, 2, 3},{4}} is stable since country 3 is indifferent to forming a singleton
coalition. {{1, 2, 3, 4}} is not stable since it is blocked by {{1, 2, 3},{4}}.
Hence, Eff(CEBA) = {{{1, 2, 3},{4}}, {{1, 2},{3,4}}}.
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N=5

{{1},{2},{3},{4},{5}} is stable by definition. {{1, 2},{3},{4},{5}}, {{1,
23,43, 41,{5} ), {{1, 2, 3},{4},{5}}, {{1, 2, 3},{4, 5} } are stable since a par-
tition does not pay a country. {{1, 2, 3, 4},{5}} is not stable since country
4 has an incentive to form a singleton. {{1, 2, 3, 4, 5} } is stable since a devi-
ation from {{1, 2, 3,4, 5}} to {{1, 2, 3, 4},{5}} leads eventually to {{1, 2,
3},{4},{5}} which is Pareto-dominated by the grand coalition. A deviation
by two players to {{1, 2, 3},{4, 5}} is also a Pareto-dominated partition.
Any smaller partitions are also Pareto-dominated and hence the grand
coalition is an efficient equilibrium binding agreement. Eff( CEBA) = {{1, 2,
3,4,5}}.

XII.9 Appendix 9

In this appendix the coalition structure under the sequential coalition for-
mation process is derived. We distinguish between Bloch’s original concept,
Ray and Vohra’s extension which assumes that if a country is indifferent
between two coalitions it accepts the larger coalition and Finus’s extension
of trembling-hand sequential equilibrium (see Sub-section 15.5.2 for
details).

N=3
{{1},{2},{3}} is no sequential equilibria (SE) since if country 1 proposes
itself, country 2 will propose {2, 3}. {{1},{2, 3}} is an SE by the previous
argument. {{1, 2, 3}} is also SE since no country has an incentive to reject
the proposal.

Since country 1 is indifferent between {{1, 2, 3}} and {{1},{2, 3}} it pro-
poses {{1, 2, 3}} according to Ray and Vohra’s extension.

Since country 1 reckons that its proposal may be rejected by coincidence
and it may end up in {{1, 3},{2}} (since 2 proposes {2}), it proposes itself
and {{1},{2, 3}} is the equilibrium according to Finus’s extension.

N=4

From the incentive profile it is known that if country 3 is in the position to
make a proposal (that is, {1, 2} has formed), it will suggest {3, 4}. If it is
country 2’s turn to make a proposal (that is, {1} has formed), it can choose
between {{1},{2, 3, 4}}, {{1},{2},{3, 4}} and {{1},{2, 3},{4}}. Since
({13,412, 3}, {4} ) <my({{1},{2},{3, 4} }) = m3(1{1},12, 3,4} }), country 2
will propose either {2} or {2, 3, 4}. Thus, country 1 has the option between
(D {1,2,3,4;=1{1,2,3,4}; (2) {1, 2, 3} ={{1,2,3}.{4} }; 3) {1, 2} = {{L,
25,43, 411 (D {1}=(a) {{1}.{2, 3, 4}} or (b) {{1}.{2}.{3, 4}}. From
country 1’s perspective option 1 dominates option 2. Option 1 dominates
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option 3. Option 1 is dominated by 4(a) but dominates 4(b). Hence, there
are two sequential equilibria: {{1, 2, 3, 4}} which is supported by country
2 choosing {2} if it is its turn to make a proposal and {{1},{2, 3, 4}} which
is supported if 2 proposes {2, 3, 4} if it is its turn to make a proposal.

For Ray and Vohra’s extension the same arguments as developed above
apply except that option 4(b) is dropped. Hence, country 1 realizes that
option 1 dominates options 2 and 3 but is dominated by option 4.
Therefore, country 1 proposes {1} and {{1},{2, 3,4} } forms in equilibrium.

According to Finus’s extension, country 1 proposes the grand coalition
since it fears that if it proposes {1} it may end up {{1},{2},{3, 4}} instead
of the expected {{1},{2, 3, 4}}.

N=5

A similar procedure as laid out for N=4 establishes that {{1, 2, 3, 4},{5}}
and {{1, 2, 3, 4, 5}} are sequential equilibria. Ray and Vohra’s extension
leads to the grand coalition and Finus’s extension to {{1, 2, 3, 4},{5}}.

NOTES

1. A proof for asymmetric payoffs proceeds along exactly the same lines. Since the nota-

tion is rather messy and confirms Proposition 3.1, the proof is not reproduced here.

2. Multiple deviations by more than one player are ignored and not punished.

We assume that players also receive payoffs at time T.

4. Of course, for the entire game 2u(a,,a,,) —(1—39,)2u/c,,c,)= 0V i € I must hold, but

upon dividing through by 2 this is equivalent to (V.3).

5. More precisely, we subtract the LHS term of (V.2)+(V.23) from (V.3).

6. &; will be an increasing function in any case since —1<k;<0 implies that if the
Stackelberg leader increases emissions, ¢, global emissions, Z¢,, will increase, though ¢
diminishes.

7. This last relation can also be used to prove that efT <el is irrational since this would
imply SefT=3e}, efT> eV and hence w$T <7V, By choosing ¢$T = ¢} the leader could at
least guarantee him or herself 73T =,

8. SeN<3ef can also be shown by proceeding as in Section 9.6. Assume SN > 38 is true,
then marginal damage in the NE would be higher than in the social optimum since
&/ (ZeN)>b/(Zef) +d/(Zef) Vi e Tdue to ¢/ <0 (d/ =dd;/de,). Then the FOC in the
Nash equlhbrlum Would require higher marglnal beneﬁts and hence eN<eSVieImust
be true, which contradicts the initial assumption e >3e$. The extensmn to the cases
of corner equilibria would confirm this result.

9. [Itiseasy to see that SOC in the NE are satisfied. Since 6%]) /de?>0 by assumption, this
is also true in the social optimum.

10. (9, /0e;) — (9, /de; )(86 /de;)> 0 is a sufficient condition to ensure that the FOC can be
satisfied. Since Proposmon 10.2 assumes [ad,/de|>[ad,/de, \ and de;/de;<1 has been
established above, this condition is satisfied. With respect to the SOC 51m11dr arguments
to those developed in Appendix VII.1 apply. That is, the SOC may not be generally satis-
fied and must therefore be assumed to hold.

11.  From country j’s perspective (VIL.7) implies

B, ab. (1
_ﬁ.e_L'_ﬂ. —eltel|=0
de; 1 de; \p '/

7 7

hed

which leads to the same conclusions as above.



12.

13.

14.

15.

16.
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It is only sensible to consider the possibility that the bottleneck country 7 (assuming a
non-biased proposal) makes a strategic proposal. If country j made a strategic proposal
this would imply two Stackelberg followers for which no equilibrium exists. To see this,
note that for a proposal 7 to be effective B/ [(ef(t;) < b/ (Zef(r) and B/ (ef
(15m) > b/ (Zef (r5m)) must hold before adjustment i 1s conducted so that the neighboring
country j adjusts and country i is in the lead. If country 7 is already the bottleneck
without strategic considerations B (eT(t N< d) (Zef(r,)) holds for country j before it con-
ducts adjustment. Hence, any 75" <t ‘would lead to B/ (e](1;) << &/ (Zef () and if the
proposal were to be effective p; (eT(tW)) <&/ (Zef (1)) would hold. "This would basically
imply two Stackelberg followers Wthh is not poss1ble

All proofs related to Section 13.3 assume an interior Nash equilibrium and social
optimum.

Comparing the FOC in the PANE with that in the social optimum, assuming mdrgindl
damages in country i to be given by d, and the number of countries in I! to be given by
N, we find: B/(¢{)=3,cpud(@)= E, d=3N1d =3, .,4/(e5)=B/(¢}) and hence
e=éliel follows from B/ <0.Comparing the FOC in the PANE with that in the Nash
equilibrium, we find: Bi’(éij) =3, cud (©)=3N d=d=d/(eV)=p/(e)) and hence
eN=¢/VieI'byp!’<0.

To see this, note that from the FOC in the social optimum we have 3., (€5)= B/ (¢}).
Rearranging terms gives B;(e9)(3;c18,— 2;ci€d) = 3,c(Be}) —B(€;)) which is satisfied
since B/ (¢f) = [B(¢{) — B,(¢}))/[¢;— ¢7] by the concavity of the benefit function (and ;= ¢}
Viel.

For the appropriateness of this assumption in the case of 8—> 1, see Chapter 12.
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