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1 Game Theory and Environmental IssuesIn this paper we brie
y examine some of the basi
 
on
epts about 
o-operative game theory (CGT in what follows). Su
h games, unlike whathappens in non 
o-operative game theory (or NCGT ) where games arebased on the strategi
 intera
tions among rational players, are based on the
on
ept of 
oalition as a group of players that signed some binding agree-ment.Our aim is to present the main features of su
h games, through a very shortprimer, and des
ribe the 
on
epts of 
oalition and environmental games.In an ad ho
 se
tion we also brie
y present how NCGT 
an be used to de-s
ribe potential solutions to environmental problems both in single shot andin repeated games.1.1 The general frameworkWith the general term of externality we mean the whole of the e�e
ts ofany a
tivity on a third party outside the usual market's transa
tions. Whensu
h e�e
ts are positive (as in 
ase of te
hnologi
al development) we speak ofpositive externalities whereas, if they are negative (as in 
ase of pollution),we speak of negative externalities.Whenever a player (for instan
e a 
ountry), with its e
onomi
al a
tivities,
auses damages to itself and to some other (even all the other) 
ountrieswe speak of international environmental externalities that 
an be evenre
ipro
al in nature sin
e if player's i a
tivities damage all the others (anditself), i 
an also be damaged by player j's a
tivities. In this 
ase damagesto the environment 
an be seen as an international publi
 bad whereasany redu
tion of su
h damages (through positive a
tions) 
an be seen as aninternational publi
 good.In absen
e of any international authority that 
an impose 
orre
t behavioursto the players or the payment of penalties and the exe
ution of 
ompensatorya
tions to the damaging players one possible solution is the stipulation ofagreements among the players (the so 
alled multilateral or internationalagreements).Agreements 
an involve any number of players and 
an be analysed bothwithin the CGT and within NCGT . The main di�eren
e between the twoparadigms is that, in the former 
ase, we speak of stable and self enfor
ingagreements among players whereas in the latter we have players pursue theirown interests and o

asionally 
o-operate, if this allows ea
h of them tomaximise his/her own expe
ted utility.6



1.2 Publi
 goodsIn e
onomi
 theory we de�ne the 
on
ept of good as any thing that 
anbe subje
t to e
onomi
 ex
hange sin
e it 
an satisfy a need, it is availablein limited quantity, inferior to the demand, and is available or a

essible forbeing used.For our purposes goods 
an be of two types:1. private goods;2. publi
 goods.A private good must satisfy the prin
iple of 
ompetition: the quantityof the good 
onsumed by an agent 
annot be 
onsumed by another agent. In
ase of a publi
 good this never happens so that the use of su
h goods byan agent does not prevent the 
on
urrent use by other agents sin
e there isno destru
tion 
aused by use.Goods are also 
hara
terised by the following properties:1. rivalry/non-rivalry,2. ex
ludability/non-ex
ludability.We say that a good is non-rival if its use by an agent does not diminish theavailability for other agents otherwise it is 
alled rival. On the other hand,we say that a good is non-ex
ludible if its use 
annot be prevented or limitedotherwise it is 
alled ex
ludible.The two properties are independent from ea
h other so that we 
an de�nethe following four 
ategories of goods:1. rival and ex
ludible;2. non-rival and ex
ludible;3. rival and non-ex
ludible;4. non-rival and non-ex
ludible.A publi
 good is both non-rival and non-ex
ludible.1.3 Digressions around agreements and problemsIn this se
tion we give some de�nitions of some terms we use in what fol-lows. Our aim is to 
larify the 
on
epts of International EnvironmentalAgreement (or IEA in short) and of of International Environmental7



Problem, or IEP in short.An agreement([Cob88℄) represents a de
ision that two or more people haverea
hed together and 
an be see also as the a
t of rea
hing a de
ision that isa

eptable to everyone involved. Impli
it in this de�nition is the 
on
ept ofunanimity to mean that a group of people agree about something ([Cob88℄).A problem ([Cob88℄) represents a situation that is unsatisfa
tory and 
ausesdiÆ
ulties to a group of independent involved entities (people, groups, na-tions and so on). Moreover a problem involves the use of some rational skillto be solved (if a solution exists). In the 
ontext of Game Theory the entitiesinvolved (i. e. the players) are supposed to be rational and a
t rationallythough this hardly happens in pra
tise where 
ountries (and their leaders)very often undertake demagogi
, myopi
 and shortsighted de
isions. In whatfollows, however, we rely on the 
lassi
al assumption of rational players.International ([Cob88℄) means something that involves di�erent 
ountries i.e. a set of politi
al independent entities. The international dimension isvery important, in the 
ontext of IEA, be
ause it prevents the possibility ofthe existen
e of an enfor
ing authority that 
an 
ompel 
ountries to respe
tthe agreements they sign and give e�e
tive penalties to agreements violating
ountries. Sin
e there is no enfor
ing supranational authority to guaranteefor the respe
t of the environmental agreements the only solution is to try todesign self-enfor
ing agreements or agreements that are too 
ostly for everysigner 
ountry to violate.The last word whi
h we have to de�ne is environmental. A

ording to([Cob88℄) environmental means 
on
erned with or relating to the naturalworld and so in
ludes publi
 goods but also many private goods that, how-ever, are ex
luded from the area of appli
ation of IEA sin
e they are governedby the rules of private property laws.As every 
lassi�
ation also the one we adopted here presents a number ofdrawba
ks. The main of su
h drawba
ks are due to the use of a sort of
ontraposition between the terms agreement and problem and the dualmeaning of the term international.It should be evident that an agreement presuppose the existen
e of a problemthat the signers wishes either to solve or at least to submit to a set of sharedrules through the signing of that agreement.On the other hand, the existen
e of a problem involving at least two partiesin no way implies the signing of an agreement among either a subset or thefull set of those parties, sin
e it 
an happen that:1. the problem is 
laimed to be either non-existent or of lesser importan
ethat some more urgent problem (su
h as e
onomi
al development or lowunemployment rate); 8



2. the problem is left unsolved and all parties behave as usual;3. the problem is solved by one of more of the parties without any 
o-operation from the remaining parties and without any 
o-ordinationamong the \willing parties" (free-riding);4. a solution is dis
ussed but every party wishes it is implemented by theothers sin
e it 
laims to have no responsibility in the problem;and so on.As to the word \international" we give it two slightly di�erent meanings andhope that the 
ontext is enough to solve any ambiguity.A

ording to the �rst meaning, used in the 
ase of IEAs, with \interna-tional agreement" we want to denote that it involves a vast group of play-ers/
ountries, potentially in
luding all the 
ountries of the world, or, in anyway, o big subset of all the 
ountries of the world.A

ording to the se
ond meaning, used in the 
ase of IEP s, with \inter-national problem" we want to denote that it involves at least two play-ers/
ountries that su�er a 
ommon problem about the environment or anyother publi
 good.Anyway we refer to the next se
tion for a set of hopefully 
lari�er examples.1.4 Examples of I[E℄As and IEP sWe now present two examples of International Agreements IA andthen skip to some examples of both I[E℄As and IEP s.The �rst example of IA ([You94℄) is represented by the agreement for theallo
ation of the spe
trum of broad
asting frequen
ies for radio and satellite
ommuni
ation governed by an arti
le of the International Tele
ommuni-
ation Convention of 1965. With this agreement it is re
ognised that bothradio frequen
ies and the geostationary orbit are limited natural resour
esthat must be used eÆ
iently and e
onomi
ally so that all 
ountries may havea

ess to both, a

ording to their needs and to the te
hni
al fa
ilities at theirdisposal. In this 
ase the agreement tries to regulate the a

ess to rival butnon ex
ludible publi
 goods.The se
ond example of IA ([You94℄) 
on
erns the 
ommer
ial mining ofdeep o
ean bed that is ri
h of mineral resour
es. The allo
ation of the min-ing rights of the deep o
ean bed (or seabed) was one of the main topi
s ofthe Law of the Sea Conferen
e 
onvened by the United Nations in 1973.The seabed is a rival and ex
ludible publi
 good but was de
lared, on thato

asion, a 
ommon heritage of mankind (a \global 
ommon") on whi
h all
ountries have a stake. A

ording to this prin
iple seabed mining should9



have been undertaken on behalf of the international 
ommunity.In that o

asion world 
ountries were divided in two groups:1. developed 
ountries (su
h as United States, Germany and Japan) withthe know-how and 
apital to mine the seabed;2. the less developed 
ountries without su
h 
apabilities.The 
onferen
e parti
ipants de
ided to form two new agen
ies for the super-vision of the exploitation of deep sea bed:1. an International Seabed Authority with the task of li
ensing allthe mining a
tivities;2. an international mining entity 
alled \Enterprise" to mine the seabedon behalf of less developed 
ountries.To guarantee a fair exploitation of the deep sea bed resour
es a divider-
hooser pro
edure was implemented in the Law of the Sea Treaty so toavoid that the 
ommer
ial interests in the developed 
ountries would drivethem to seize the best mining sites to the detriment of the less developed
ountries. Every time a mining 
ompany applies to the International SeabedAuthority to get the permission to mine in a given area of the seabed, su
h
ompany (a
ting as the divider) must propose two parallel sites from whi
hthe Enterprise (a
ting as the 
hooser) 
hooses one. In this way the Enterpriseis guaranteed to get, in its estimation, at least the half of all the best seabedmining sites.At this point one 
ould obje
t that both the aforesaid examples involve,in some way or the other, the environment. This is undoubtedly true butit must be noted that, in general, we speak of IEAs essentially in 
ase of\bads" more than of \goods".From this point of view we 
an list some of the IEAs that have been signedduring the years ([FR01℄):1. the Oslo Proto
ol on sulfur redu
tion in Europe in 1994;2. the Montreal Proto
ol on the depletion of the ozone layer in 1987;3. the Kyoto Proto
ol on the redu
tion of greenhouse gases in 1997.In addition we 
an �nd appli
ations of this kind of agreements in the following
ontexts ([CEF05℄):1. global warming; 10



2. a
id rains;3. high sea �sheries;4. water management.The main di�eren
e among these IEA and the aforesaid IE is that the formeraim at redu
ing a \global bad" without the intervention of a supranationalauthority whereas the latter aim at the management of a \global good" evenwith the intervention of a supranational authority.This di�eren
e re
e
ts on the nature of the agreements that must be self-enfor
ing so to in
ite all the signers to 
omply with every 
lause of an agree-ment they rati�ed.As to the IEP s we 
ould mention every 
ase where two or more 
ontiguous
ountries must fa
e an environmental problem. We are going to dis
uss someof these 
ases in se
tion 3.4 where we adopt a NCGT approa
h and try todes
ribe the intera
tions among the 
ountries mainly using games in strategi
form.1.5 A short primer on Co-operative Game TheoryIn this se
tion we try to give the basi
 ideas and 
on
epts of Co-operativeGame Theory (CGT ) mainly using [FoSS99℄. We list some basi
 results andproperties without any formal proof and privileging an intuitive and informalapproa
h.In 
ase of Co-operative Games (in short CGs) players are allowed to join ingroups (
alled 
oalitions) and to a
t jointly. In this 
ase joint a
tions arepreferred over players a
ting alone.The main issues of analysis in CGT are:1. the formation of 
oalitions (and their 
hara
terisation);2. the distribution of the fruits (both 
redits and burdens) of the 
o-operation;under reasonable players' rationality assumptions.As to the se
ond issue a 
ru
ial point is the availability of a linearly transfer-able 
ommodity, su
h as money, that allows the 
ompensation of the e�ortsthat must be done to pursue a 
ommon goal. If su
h a 
ommodity exists wespeak of Transferable Utility (TU) games (or games with side payments).If su
h a 
ommodity does not exist we speak of Non Transferable Utility(NTU) games. In this se
tion we are going to examine only TU games.11



1.5.1 Representation of games in CGTWithin the CGT the most used representation of games uses the 
on
eptof 
hara
teristi
 fun
tion: v : 2N �! R (1)where N = f1; : : : ; ng is a �nite set of players and 2N is the power set of Nand in
ludes all the possible 
oalitions of the players (in
luding the emptyset). The only required property of fun
tion v is the following:v(;) = 0 (2)If we use this form of representation we denote a game � as:� = fN; vg (3)We now give an interpretation of fun
tion v. If S � N is any 
oalition thenv(S) is the maximum utility that the members of S 
an attain without the
o-operation of the members of N nS. A

ording to this interpretation v(N)is the maximum utility that 
an be attained by all the players. N is 
alledthe grand 
oalition.Given a game � = fN; vg we list some of its properties. In what follows wehave S; T � N .1. A game � = fN; vg is termed superadditive if for all disjoint 
oali-tions S and T we have:v(S [ T ) � v(S) + v(T ) (4)We 
an extend su
h a de�nition to an arbitrary number of disjoint
oalitions as follows: v([kSk) �Xk v(sk) (5)with:(a) Sk � N for all k,(b) Sk \ Sl = ; for all k 6= l.2. A game � = fN; vg is termed weakly superadditive if, for any 
oali-tion S � N , we have:v(N) � v(S) + Xi2NnS v(fig) (6)In this 
ase, if we have a 
oalition S, we have that the grand 
oalitiongets at least what is obtained by that 
oalition and all the remainingplayers a
ting as monads or singleton sets.12



3. A game � = fN; vg is termedmonotone if the 
ondition S � T impliesv(S) � v(T ) so that larger 
oalitions 
annot a
hieve less.4. Given a player i 2 N we de�ne themarginal 
ontribution of playeri as a fun
tion: di : 2N �! R (7)su
h that: di = 8<: v(S [ fig)� v(S) if i 62 Sv(S)� v(S n fig) if i 2 S (8)As a 
onsequen
e we de�ne a game � = fN; vg to be 
onvex if, forea
h player i 2 N , we have: di(S) � di(T ) (9)for any 
oalitions S � T . With the 
on
ept of 
onvexity we want torepresent the fa
t that the value of the 
oalitions in
rease more rapidlyas 
oalitions be
ome bigger.5. A game � = fN; vg is termed to be with 
onstant sum if for any
oalition S � N we have:v(S) + v(N n S) = v(N) (10)6. A game � = fN; vg is termed rational if the grand 
oalition N is su
hthat: v(N) �Xi2N v(fig) (11)For inessential rational games we have:v(N) =Xi2N v(fig) (12)whereas for essential rational games we have:v(N) >Xi2N v(fig) (13)If the game is inessential the players have no real in
entive to form agrand 
oalition (sin
e they get no better utility than that they get bya
ting alone) whereas, in 
ase of essential games, they have an in
entiveto join in the grand 
oalition sin
e at least one of them is better o� byjoining and the others are no worse o�.13



At this point, we introdu
e a de�nition that allows us to verify that twogames � = fN; vg and �0 = fN; v0g are strategi
ally equivalent (or SE). Wesay that � = fN; vg and �0 = fN; v0g are SE if we have:1. � 2 R++ ,2. �1; : : : ; �n 2 R,su
h that between the 
hara
teristi
 fun
tions of the two games we have anaÆne transform: v(S) = �v0(S) +Xi2S �i (14)Relation (14) is an equivalen
e relation sin
e it 
an be proved to be:1. re
exive;2. symmetri
;3. transitive.At this point we introdu
e the 
on
ept of (0; 1)�normalised game that weuse in a theorem we state without proof and that de�nes a property of thestrategi
 equivalen
e of games.A game � = fN; vg is a (0; 1)�normalised game if:8<: v(fig) = 0 fr all i 62 Sv(N) = 1 (15)Theorem 1.1 Given a game � = fN; vg, among the games that are SE toit we have one and only one (0; 1)�normalised game.We introdu
e now a 
lass of games � = fN; vg that are:1. superadditive,2. (0; 1)�normalised,and 
all them simple if, for any 
oalition S, we have:1. v(S) = 0 and S is a losing 
oalition;2. v(S) = 1 and S is a winning 
oalition.
14



A game � = fN; vg is said to be symmetri
 if v(S) depends only on j S j.At this point we need at least one method to derive fun
tion v for a game� = fN; vg. In this se
tion we mention only a method that represents a linkbetween NCGT (of games in normal or strategi
 form) and CGT (of gamesin 
hara
teristi
 fun
tion form).If we have a game G in normal form:G = fS1; : : : ; Sn; f1; : : : ; fng (16)with strategy sets Si and 
ontinuous payo�s fun
tions fi for ea
h of the nplayers, we 
an de�ne a 
oalition:S = fi1; : : : ; ikg � N (17)and its 
omplement: N n S (18)and de�ne v(S) as the se
urity level of 
oalition S in a two players zerosum game where the players are the 
oalitions S and N n S. In other words,and more formally, v(S) is the max over xS (the strategies of the membersof S) of the min over yNnS (the strategies of the members of N n S) of thesum of the payo�s of the members of S.Moreover, we have:1. v(;) = 0,2. v(N) =Ps12S1;:::;sn2SnPni=1 fi(s1; : : : ; sn)In this way we have de�ned v(S) as a fun
tion of the only players of S so tode�ne � = fN; vg as a 
o-operative game in 
hara
teristi
 fun
tion form.From this pro
ess of 
onstru
tion of v we have:1. � = fN; vg is superadditive;2. � = fN; vg is with transferable utilities sin
e we sum the payo�s of themembers of the 
oalition S.If we start from games G in normal form we always get TU�games in 
hara
-teristi
 fun
tion form but the 
onverse is not true, in general. If � = fN; vgis superadditive 
an be thought of as a game derived from a normal-formnon 
o-operative game through a max min 
onstru
tion (
f. [FoSS99℄ forfurther details).
15



1.5.2 Allo
ations, imputations and dominan
eAt this point, after having de�ned the 
hara
teristi
 fun
tion v for a game,we have to solve:1. the problem of how the pro�ts (or the 
osts) from a partial (S � N)or total (N) 
o-operation are a
hieved by the [grand℄ 
oalition;2. the problem of how the pro�ts (or the 
osts) from a partial (S � N)or total (N) 
o-operation of the players are divided among the playersthemselves.The �rst problem will not be dis
ussed here so that we give v(S) for granted,for any 
oalition S.The se
ond problem 
an be dealt with a

ording to this route:1. we introdu
e some sets whose de�nition is ne
essary to 
hara
terise theallo
ations of v(S) (also termed the worth of the 
oalition S) amongthe members of S;2. we give some further de�nitions;3. we list the main solution tools of the allo
ation problem.If N = f1; : : : ; ng is the whole set of the players of the game � and if S � Nis a 
oalition, we 
an de�ne for any x 2 Rn :x(S) =Xi2S xi (19)so that: x(;) = 0 (20)For any 
oalition S, x(S) represents the sum of the individual payo�s of themembers of the 
oalition. For a game � = fN; vg we introdu
e the followingsets.1. The set of all feasible payo�s:I��(N; v) = fx 2 Rn j x(N) � v(N)g (21)as the set of the payo� ve
tors x whose sum is at the most equal to theworth of the 
oalition S.
16



2. The set of all eÆ
ient payo�s:I�(N; v) = fx 2 Rn j x(N) = v(N)g (22)as the set of the payo� ve
tors x whose sum is equal to the worth ofthe 
oalition S. The payo� ve
tor of I� are also 
alled preimputations.From the aforesaid de�nitions we have the set:I�� n I� 6= ; (23)whose elements 
an be improved by giving more to some players withouthurting the remainders, in 
ase the grand 
oalition forms.With regard to a payo� ve
tor x we introdu
e the 
on
ept of individualrationality and say that x is individually rational if, for any i 2 N , wehave: xi � v(fig) (24)so that any player 
an get from joining the grand 
oalition at least whatwould get by a
ting as a singleton set. If we join this de�nition with that ofpreimputations we get a new set:I(N; v) = fx 2 Rn j x(N) = v(N) and xi � v(fig) for all i 2 Ng (25)We 
all the members of I(N; v) imputations.We note that:1. individual rationality is a basi
 feature of any rational behaviour;2. most solution 
on
epts use only subsets of I as the possible payo�s;3. the set I is never empty in rational games.Now we introdu
e the 
on
ept of solution on a set of games G .De�nition 1.1 (Con
ept of solution) A solution on G is a fun
tion �that asso
iates to ea
h game (N; v) of G a (possibly empty) subset �(N; v) ofI�(N; v).Both on I��(N; v), on I�(N; v) and on I(N; v) we 
an de�ne a relation thatallows a 
omparison of the payo�s ve
tors x. We de�ne it on I as follows.De�nition 1.2 (Con
ept of dominan
e) Given two imputations x 2 Iand y 2 I and a 
oalition S we say that x dominates y through S and write:x �S y (26)17



to denote that: xi > yi (27)for all i 2 S and: x(S) � v(S) (28)A

ording to relation (27) every player of S would prefer imputation x toimputation y whereas relation (28) says that 
oalition S 
an obtain at leastx(S) that is a feasible payo�.In general we say that x dominates y and write:x � y (29)is there is at least one 
oalition S su
h that:x �S y (30)1.5.3 The solutions 
on
eptsGiven a game � = fN; vg with TU we have the following 
lassi
al solution
on
epts:1. the 
ore;2. the stable set;3. the kernel;4. the nu
leolus;5. the Shapley value.All su
h methods aim at the de�nition of an imputation that satis�es 
ertainproperties.A 
lose examination of su
h methods if far beyond the s
ope of these notesso that we are going to give here only some short hints, mainly about the�rst two and the last methods.1.5.4 The 
ore in a nutshellThe 
ore ([FoSS99℄) of a game � = fN; vg is a set of imputations x 2 Rn(with n =j N j) that give to ea
h 
oalition S as mu
h as the 
oalition 
ouldobtain without the support of the players in N n S.
18



Formally the 
ore is 
omposed of the ve
tors x that are solutions of thefollowing linear inequalities:8<: x(S) � v(S) 8S � Nx(N) = v(N) (31)with: x(S) =Xi2S xi (32)The 
ore of the game � = fN; vg is denoted as C(�) and 
an be eitherempty (so that no imputation exists) or too wide to be of pra
ti
al utility.Anyway we 
an say that the imputations of the 
ore are both individuallyand 
oalitionally rational.As it is in the spirit of these notes, we now list the main features of the 
ore,for further details 
f. [FoSS99℄.1. For weakly superadditive games the 
ore 
oin
ides with the set of un-dominated imputations.2. If an imputation x belongs to C(�) then it is stable sin
e no 
oalition
ould have motivation and power to 
hange the out
ome of the game.3. The 
ore, by de�nition, is a 
onvex polyhedron and, as we have alreadynoted, 
an be empty. This event o

urs for essential 
onstant sumgames whose 
ore is empty. On the other hand we 
an de�ne 
onditionsthat assure that C(�) 6= ;. If we de�ne for any 
oalition S � N thefollowing indi
ator fun
tion:wS : N �! f0; 1g (33)as: wS(i) = 8<: 1 if i 2 S0 if i =2 S (34)we 
an de�ne a 
oalition stru
ture:
C = fS1; : : : ; Smg (35)of distin
t and non empty 
oalitions as a balan
ed set if we have
1; : : : ; 
m 2 R+ (
alled weights that are said to balan
e C ) su
h that,for all i 2 N we have: mXi=1 
iwSj(i) = 1 (36)19



or: Xj:i2Sj 
i = 1 (37)If we have 
i = 1 for all i 2 N then C is simply a partition of Nso that a balan
ed 
olle
tion of 
oalitions 
an be seen as a generalisedpartition. We use these 
on
epts in our 
ontext and de�ne a game� = fN; vg as a balan
ed game if, for every balan
ed 
olle
tion Cand a set of weights 
i = 1 for all i 2 N , we have:mXj=1 
jv(Sj) � v(N) (38)We use the 
on
ept of balan
ed game to state that:(a) if a game � = fN; vg is su
h that C(�) 6= ; then � is balan
ed;(b) if a game � = fN; vg is balan
ed then C(�) 6= ;;(
) a game � = fN; vg is balan
ed i� C(�) 6= ;.Another interesting 
on
ept is that of veto player that applies to simplegames, with winning and losing 
oalitions. Given a simple game � = fN; vgand given a player i 2 N we de�ne it as a veto player if:v(N n fig) = 0 (39)In a simple game there 
an be more than one veto player so that we 
ande�ne the following set:Jv = fi 2 N j v(N n fig) = 0g (40)or the set of the veto players. The main result deriving from the de�nition ofthis 
on
ept is the following: for a simple game � = fN; vg we have C(�) 6= ;i� Jv 6= ;. For the moment, for a general game, the only way we have toverify that C(�) 6= ; is to 
he
k for balan
edness. Sin
e this 
he
k 
an bevery diÆ
ult in some 
ases, we need some more easy to use tool su
h as
onvexity.We 
an, indeed, state that if a game game � = fN; vg is 
onvex then C(�) 6=;. The proof 
an be found, as usual for the topi
s of the present se
tion, in[FoSS99℄.
20



1.5.5 The stable set in a nutshell1.5.6 The kernel in a nutshell1.5.7 The nu
leolus in a nutshell1.5.8 The Shapley value in a nutshell1.6 Some notes on 
oalitionsA 
o-operative game � = fN; vg is 
hara
terised by a set of players N ofn elements indexed as i = 1; : : : ; n. Any subset S � N de�nes a group ofplayers that are supposed to a
t 
o-operatively or, more formally, de�nes a
oalition. The set N , from this point of view, de�nes the so 
alled grand
oalition that in
ludes all the playersThe set N 
an be thought as partitioned in many ways.The simplest way is the following: some of the n players join in a 
oalitionS whereas all the others are in the 
omplementary 
oalition N n S.In this 
ase we have a partition of N . If the game is superadditive we have:v(N) � v(S) + v(N n S) (41)Usually, however, we 
annot de�ne N n S as a 
oalition sin
e, if we de�nethe members of S as signatories of an IEA, the members of N nS are 
allednon signatories and behave as singletons so that, more 
orre
tly, we shouldwrite:1. S � N ;2. fig for all i 2 N n SIn this way we have: N = S [ ([i2NnSfig) (42)This is a situation where we have:1. a single 
oalition S;2. a group of sel�sh players.A 
oalition may, therefore, widen by \attra
ting" singletons whereas 
anshrink if any 
ountry leaves the 
oalition and a
ts again as a singleton. Thesefeatures are 
aptured by the 
on
epts of:1. internal stability;2. external stability. 21



A 
oalition is internally stable if none of its members has in
entives to leaveit whereas is externally stable if none of its non members has in
entivesto join the 
oalition.If we, however, 
onsider a singleton as a 
oalition, we have:1. it is externally stable, if we bind it to remain a singleton;2. it is internally stable, if we bind it to remain non empty.In general ([CMO03℄ and [FR01℄) over the set N we 
an de�ne a 
oalitionstru
ture 
 = f
1; : : : ; 
Mg su
h that it is a partition of the player set N or:1. [Mi=1
i = N ,2. for every i; j = 1; : : : ;M , i 6= j we have 
i \ 
j = ;.The 
oalition stru
ture so de�ned 
ontains M 
oalitions 
i ea
h of whi
h
ontains a 
ertain number of 
ountries j 
i j. We have:1. PMi=1 j 
i j= n;2. 1 �M � n;3. the biggest 
oalition is the grand 
oalition with j 
1 j= n so thatM = 1and the set of the singletons is empty;4. if M = n we are in a situation of no 
o-operation so that all playersa
t as singletons and there is no non trivial 
oalition (with the termtrivial 
oalition we mean any subset S � N su
h that j S j= 1).With C we denote the set of all 
oalition stru
tures over the set N1.Given any 
oalition stru
ture 
 we 
an assign it an equilibrium evaluation:�(
) = f�1(
1; 
); : : : ; �M(
M ; 
)g (43)(with �i(
i; 
) referred to 
oalition 
i 2 
) with:�(
) 2 �(C) (44)as a set of payo�s resulting form a maximisation of the players a

ording toa given rule on the ground of:1. a 
oalition stru
ture;1The set of players 
an be also denoted as I with 
ardinality n. In what follows we try tosummarise the 
ontent of a bun
h of papers that do not present a notational homogeneity.We apologise for any error and in
onsisten
y.22



2. a rule of gains sharing from 
o-operation among the members of a
oalition.The �rst assumption we 
an make on 
oalitions is that all the players areex-ante identi
al. This means that ([CMO03℄) ea
h player has the samestrategy spa
e in the stage of the game where he has to make a 
hoi
e. Ina

ordan
e with this hypothesis ([FR01℄) we 
an identify the members of a
oalition stru
ture with their sizes. In this way we have:
 = (
1; : : : ; 
M) (45)where:1. 
i now represents the number of members of a 
oalition within 
oalitionstru
ture 
;2. 
oalitions are ordered, a

ording to their sizes in des
ending order:
1 � 
2 � � � � � 
M (46)A 
oalition stru
ture 
 (withM members) is not stati
 so that it 
an bemodi�ed in a new stru
ture 
0 (with M 0 members) with the followingoperations ([FR01℄).(a) Coarsening if we swit
h from 
 to 
0 by merging two 
oalitionsof 
 in one 
oalition of 
0.(b) Con
entration if we swit
h from 
 to 
0 if one member movesfrom one 
oalition of 
 to another 
oalition of equal or larger size.Both operations involve a sequen
e of steps so the swit
hing from 
 to
0 o

urs through a sequen
e of 
oalition stru
tures. This implies thatM 0 �M . We note that given 
 we 
an apply to it both operations andobtain a new stru
ture 
0 but that, given a pair 
 and 
0 they are notalways 
omparable either under 
oarsening or under 
on
entration.2 Environmental gamesIn this se
tion we try to outline the main 
hara
teristi
s of IEAs ([FR01℄).In all models of IEAs the fundamental assumption is that su
h agreementsmust be self-enfor
ing sin
e there is no supranational authority/agen
y that
an establish binding agreements and punish the signers who violate them.The main problem of su
h agreements is free-riding, mainly in 
ase of inter-national pollution 
ontrol, though su
h a problem may be dete
ted also inother kind of treaties (for instan
e in 
ase of treaties that ban some kind ofarms su
h as anti-person mines). We 
an de�ne two kinds of free-riding:23



1. outer free-riding as the in
entive of a 
ountry to remain out of anagreement so to bene�t from the e�orts made by the signatories;2. inner free-riding as the in
entive of a 
ountry who signed an agreementto violate its spirit sin
e a violation both a�e
ts only limitedly the wholeresult and is generally hard to dete
t owing to problems in monitoringand, espe
ially in 
ase of environmental 
ontrol, to the diÆ
ulties ofas
ribe individual responsibilities.The 
entral issue of this se
tion is the des
ription of a typi
al environmentalgame within the general framework of Redu
edSetGames (or RSG). The
on
urrent framework 
alled Dynami
 Game Models (or DGM in short)will not be examined here. Within DGM we use models with in�nitelyrepeated games in whi
h 
ountries agree on some 
ontra
t at the �rst stageand then enfor
e it in subsequent stages using 
redible threats.Within RSG we 
an �nd models based on two approa
hes, namely:1. models that use the 
on
epts of internal stability and external sta-bility,2. models that use the 
on
ept of 
ore,to determine an equilibrium 
oalition stru
ture.In both 
ases we have a two stage game (with a possible preliminary stage[CMO03℄) where:1. at the optional preliminary stage, 
ountries may de�ne unanimouslya set of 
onstraints on either the agreement (su
h as a minimum par-ti
ipation 
onstraints and the size of su
h a parti
ipation) or on thefollowing stages;2. at the �rst stage the di�erent 
ountries de
ide on 
oalition formation;3. at the se
ond stage the 
ountries 
hoose the emission levels and howthey distribute the gains from 
o-operation.In models that use internal/external stability, at the �rst stage a 
ountry
an 
hoose:1. to join the 
oalition of the supporters of an IEA and be
ome a signa-tory;2. to stay out as a non-signatory and a
t as a singleton, no 
ompeting
oalition is in order. 24



At the se
ond stage the members of the 
oalition a
t as a single player andjointly maximise the 
oalition's welfare whereas ea
h of the singletons max-imise his own welfare.The players/
ountries 
an 
hoose either simultaneously or sequentially, usu-ally the singletons 
hooses �rst and after the 
oalition 
hooses.Another point is how the bene�ts are distributed among the members of a
oalition. In [FR01℄ the following manners are dis
ussed:1. no distribution, sin
e all signatory 
ountries are ex-ante symmetri
 sothey re
eive the same payo� and no distribution is needed;2. distribution a

ording to the Nash bargaining solution;3. distribution a

ording to the Shapley value.The payo�s are distributed at the end of the se
ond stage and the rules ofthe game, su
h as:1. rules for 
oalition formation;2. 
hoi
e of emission levels;3. distribution of payo�;are exogenously �xed.After an equilibrium 
oalition is formed we have that it is stable if it is both:1. internally stable, so that none of the signatories has an in
entive toleave the 
oalition;2. externally stable, so that none of the non-signatories has an in
entiveto join the 
oalition.The other approa
h makes use of the 
ore. In this 
ase we have:1. in the �rst stage we verify if there is any in
entive for a group of 
oun-tries (or even for a 
ountry alone) to deviate from a 
oalition stru
ture;2. in the se
ond stage 
oalitions 
hoose an emission ve
tor (so to maximise
oalition's aggregate payo�) and, in 
ase of asymmetri
 
ountries, atransfer s
heme is de�ned.In 
ase one or more 
ountries deviate the 
oalition breaks up and all the
ountries a
t as singletons. 25



3 An environmental game3.1 Introdu
tionFollowing [FR01℄ and [CMO03℄ we present here a simple example of en-vironmental game within the frame of RGS models.The game is 
omposed of three stages:1. a 
onstitutional stage ([CMO03℄);2. a 
oalition stage;3. poli
y stage.In the �rst optional stage the 
ountries 
an 
hoose, non 
o-operatively andunanimously2 some general rule su
h as theminimum parti
ipation levelor the minimum number of 
ountries that must sign a treaty in order forit to enter into e�e
t. If su
h a 
ommon rules are absent or are supposedexogenously �xed this preliminary stage is missing.In the se
ond stage the 
ountries essentially de
ide if they join or not toa 
oalition. All this 
an be modelled through a set of rules. Usually thisstage is 
alled 
oalition stage and its stru
ture varies depending on themembership rule that is adopted.In the se
ond stage ([CMO03℄) there 
an be a a binary 
hoi
e game bywhi
h ea
h 
ountry 
an only 
hoose either to be a member of the 
oalitionor to a
t as a (outer) free rider3. In this 
ase the only possible 
oalitionstru
ture is: 
 = (
k; 1n�k) (47)or:1. a 
oalition of k 
ountries of n;2. n�k 
ountries not within the 
oalition and a
ting as (outer) free riders.2We note here that the requisite of unanimity may favour the \worse solution". If all
ountries must agree on a de
ision be
ause it takes e�e
t it 
an happen that a too highor a too low level is �xed: the former 
ase may be about the minimum parti
ipation levelwhereas the latter may be about the global target of abatement level.3We 
an de�ne two types of free rider: outer and inner. The outer free rider is a
ountry/player that does not sign an agreement but bene�ts from its positive spillovers.This behaviour is due to the fa
t that environmental spillovers 
annot be made ex
lusive.The inner free rider is a 
ountry/player that signs an agreement but that does not 
omplywith its obligations. This behaviour is favoured by the fa
t that the pra
ti
al e�e
ts of theagreements are usually hard to monitor and that many violations are hard both to dete
tand to as
ribe to a 
ulprit. 26



In the third stage the basi
 assumptions are:1. 
oalitions are formed;2. all 
oalitions a
t simultaneously (Nash-Cournot strategy).Under these assumptions all the members of a 
oalition tend to maximiseaggregate payo� of the 
oalition.3.2 The 
onstitutional stageIn two following subse
tions we brie
y examine the se
ond and third stageof the game. As to the �rst stage we note that, whenever it is the present, itprodu
es a set of parameters that represents the frame of the agreement the
ountries are going to sign. In the 
ase of minimum parti
ipation stagethe main produ
t is ([CMO03℄) a parameter:� = sn (48)where s 2 [0; n℄ is the number of signatory 
ountries so that � 2 [0; 1℄represents the share of the n negotiating 
ountries that must sign (and ratify)an agreement so that it 
an enter into e�e
t4. We an have, for example:1. � = 0 so that an agreement enters into e�e
t whi
hever is the numberof the signer 
ountries;2. � = 1 so that an agreement 
an enter into e�e
t only if all the negoti-ating 
ountries sign (and ratify) it;3. � = 0:55, as in the 
ase of Kyoto Proto
ol, so that, if all 
ountries are
onsidered symmetri
5, at least 55% of the negotiating 
ountries mustsign (and ratify) the agreement so that it 
an enter into e�e
t.4Usually the sign of an international agreement from a 
ountry is a two stage pro
ess:1. the agreement is signed as a preliminary a
t;2. the agreement is rati�ed (maybe even from an authority distin
t from that whosigned) as a formal and de�nitive a
t.5Countries are, in general asymmetri
 in the following senses:(a) sin
e they su�er in di�erent ways from the damages of the environmental problemto whi
h the agreement tries to provide a remedy;(b) sin
e they bene�t in di�erent ways from the positive e�e
ts of the agreement;(
) sin
e their e
onomi
al and/or so
ial and /or politi
al stru
tures di�er very mu
h;(d) sin
e they posses te
hnologies inadequate to 
omply with the obligations of the27



3.3 The 
oalition stageDuring this stage (also 
alled 
oalition formation game) ea
h 
ountryde
ides either to join a 
oalition or to remain a singleton 
ountry.Su
h ade
ision depends on:1. the rules that govern this stage;2. the value of the per-membership partition fun
tion determined in thepoli
y stage.The key point of the 
oalition stage is represented by the various ways inwhi
h a 
oalition 
an be formed. To des
ribe su
h a formation pro
ess we
an use one of the following games ([FR01℄):1. 
artel formation game;2. open membership game;3. ex
lusive membership ��game;4. ex
lusive membership ��game;5. sequential move unanimity game;6. equilibrium binding agreement game.3.4 The poli
y stageA

ording to [FR01℄, during the 
oalition stage we have a global pollution(or global emission) game in the following form:�i = �(ei)� �( NXj=1 ej) (49)where we have, under 
lassi
al hypotheses.1. 0 < ei < emaxi , emission level of 
ountry i, with a lower (0) and anupper (emaxi ) bounds;2. �, bene�t fun
tion of ea
h 
ountries (identi
al for all 
ountries owing tothe supposed symmetry), stri
tly 
on
ave or su
h as � 0 > 0 and � 00 < 0;agreement but they a

ept to sign it sin
e they hope to re
eive su
h te
hnologies inex
hange for their adhesion. 28



3. �, damage fun
tion of 
ountry i (identi
al for all 
ountries owing to thesupposed symmetry), 
onvex or su
h as �0 > 0 and �00 � 0.Equation (49) represents a general form that allows the derivation of a smallnumber of 
on
lusions. Other used forms, more spe
ialised and more easy tomanage, are the followings:�i = b(dei � 12e2i )� 
( NXj=1 ej) (50)where: �(ei) = b(dei � 12e2i ) (51)and: �(ei) = 
( NXj=1 ej (52)�i = b(dei � 12e2i )� 
2( NXj=1 ej)2 (53)where, again: �(ei) = b(dei � 12e2i ) (54)and: �(ei) = 
2( NXj=1 ej)2 (55)4 A NCGT theoreti
 approa
hNCGT 6 allows us to des
ribe the strategi
 interdependen
e among nplayers, ea
h one being 
hara
terised at least by:1. a set of pure strategies Si;2. an [expe
ted℄ utility fun
tion:ui : S �! R (56)with: S = �ni=1Si (57)6In what follows the basi
s of NCGT are given for granted so that many 
on
epts areused without any, either formal or intuitive, de�nition.29



In what follows we are going to examine some simple examples of non-
ooperative games under the following simplifying assumptions:1. we have only two players;2. ea
h player has a �nite, really very limited set of strategies;3. players 
hoose their strategy simultaneously;4. unless stated otherwise, games are single shot games.The games we examine belong to 
lassi
al games found in NCGT literatureand have 
hara
teristi
 names whose origin we do not investigate. All theexamples we present are devised from [Mus00℄ with some modi�
ations. We
ould have entitled the following se
tions as \Examples of IEPs".4.1 A Prisoner's Dilemma gameThe �rst example is a very simple game that represents an appli
ation ofthe Prisoner's Dilemma game. In su
h a game two players refuse to 
o-operateso rea
hing a solution worse than that they 
ould rea
h by 
o-operating buthave no in
entive to a
t 
o-operatively. In this 
ase we have a proje
t thatbrings bene�ts to two 
ountries/players7 simultaneously and in a non ex
ludi-ble way: this means that the proje
t is a publi
 good between the two 
oun-tries and that its bene�ts are enjoyed by both players (if it is implemented),even by that 
ountry that refuses to 
ontribute to its implementation.A vs. B 
 n

 1,1 -1,3n
 3,-1 0,0Table 1: Prisoner's DilemmaIn this 
ase (
f. Table 1) we have the following situation:1. ea
h 
ountry 
an 
o-operate at the proje
t (strategy 
) or not (strategyn
);2. ea
h 
ountry awards a bene�t B = 3 to the proje
t;3. the 
ost of the proje
t is equal to C = 4 for both 
ountries.7In what follows we 
onsider the two terms as synonyms.30



The joined bene�t is equal to 2B = 6 and is greater than the 
ost of theproje
t whose implementation is therefore so
ially eÆ
ient. If ea
h 
ountrywere to implement the proje
t by itself it would in
ur in a loss equal toB�C = �1, if both implement the proje
t they get a gain equal to B�C=2 =1 whereas if the proje
t is abandoned they both have neither a gain nor aloss. The payo�s of both players are those of Table 1.It is easy to see that we have the following preferen
e stru
tures for bothplayers:1. (n
; 
) �A (
; 
) �A (n
; n
) �A (
; n
),2. (
; n
) �B (
; 
) �B (n
; n
) �B (n
; 
).From these stru
tures (but also by using dominated strategies) we see thatthe only Nash Equilibrium (NE) is the strategy pro�le (n
; n
) whose payo�sare (0; 0), lower than those that 
ould be attained if the two 
ountries would
o-operate (1; 1).By inspe
ting Table 1, it is easy to see that if a 
ountry would implementthe proje
t by itself the other would have only bene�ts without any 
ost,it would behave as a free-rider. The same is true even if the two 
ountrywould agree to 
o-operate before playing the game (so to play both 
).In thisway both 
ountries would get an higher 
ommon bene�t. If, after havingsigned su
h an agreement to 
o-operate, A is sure that B will 
omply withit, A will have a strong in
entive to deviate playing n
 so to get 3 insteadthan 1. Sin
e the same holds for B, we again obtain the same NE. In this
ase a free-rider behaviour (by playing n
) of one of the players would beprevented by an identi
al move of the other.The general form of the game of Table 1 is shown in Table 2. For su
h aA vs. B 
 n

 B � C2 ,B � C2 B-C,Bn
 B,B-C 0,0Table 2: Prisoner's Dilemma, general formgame we have:1. B < C;2. B > C2 .In this situation, sin
e the game is played only on
e, there is no way to getthe two players 
o-operate and rea
h the so
ial optimum solution (i.e. thepro�le (
; 
)). 31



4.1.1 ExampleIn order to be more 
on
rete we 
an try to give a pra
ti
al appli
ationof this 
lass of games. Let us suppose we have two 
ountries A and B thatshare a non renewable resour
e su
h as an oil-�eld or a gas-�eld or a slowlyrenewable resour
e su
h as an underground aquifer.Both of them 
an follow either a 
onservative strategy (
), so that both 
anbene�t of the resour
e either for a period long enough to swit
h to other fuelsor resour
es or 
an bene�t of the renewable resour
e potentially forever, or anon 
onservative strategy (n
) so to deplete the resour
e. The situationis represented in Table 3. In su
h a Table we have:1. if both 
ountries 
o-operate they share almost evenly the resour
e sothat both get the same bene�t b > 0;2. if both 
ountries over-exploit the resour
e they in
ur in a loss l < 0sin
e they fall in shortage of the renewable resour
e;3. if one over-exploits the resour
e and the other not, the former gets thewhole bene�t B > 0 whereas the latter in
ur in a loss L < 0.A vs. B 
 n

 b,b L,Bn
 B,L l,lTable 3: Prisoner's Dilemma, depletion vs.
onservation gameSin
e we have B > b and l > L we easily see that, for both players:n
 � 
 (58)so that the only Nash equilibrium of the game is the strategy pro�le (n
; n
).4.1.2 Possible solutions?Maintaining the general stru
ture of the game as a one shot game, thepossible solutions involve:1. the intervention of an international punishing authority with:(a) dire
t punishment,(b) indire
t punishment as san
tions;32



2. the intervention of an international funding authority.In the 
ase of dire
t punishment su
h an authority, on 
ondition that it isa

epted by both players, would punish the la
k of 
o-operation (or strategyn
) with a penalty equal to the bene�t ea
h 
ountry would gain from theproje
t. In this 
ase Table 2 would be 
hanged in Table 4.A vs. B 
 n

 B � C2 ,B � C2 B-C,0n
 0,B-C -B,-BTable 4: Prisoner's Dilemma, with international punishing authorityIf we look at Table 4 we easily see that the only NE 
orresponds now to thefollowing strategy pro�le: (
; 
) (59)so that the threat of a heavy penalty would 
onvin
e both players to adopta 
o-operative strategy.The main 
aw with this solution is that it requires both the presen
e of aninternational punishing authority with a real power to impose penalties (thisfa
t itself renders this an impra
ti
able solution) and that both 
ountriesde
lare truthfully the bene�t they expe
t from the proje
t. Sin
e the penaltyea
h of them has to pay in 
ase of non-
ooperation is equal to su
h bene�tboth have the in
entive to de
lare a lower bene�t so to pay less without 
o-operating anyway.A vs. B 
 n

 B � C2 + C 0,B � C2 + C 0 B-C+C',Bn
 B,B-C+C' 0,0Table 5: Prisoner's Dilemma, with international funding authorityIn the se
ond 
ase (
f. Table 5) there we would be the need of an internationalfunding authority that should give to ea
h player, as sunk 
apital, a sum C 0only if it 
o-operates su
h that playing 
 gives higher payo�s than playing n
or su
h that:1. B � C2 + C 0 > B,2. B � C + C 0 > 0, 33



From the �rst 
ondition we get: C 0 > C2 (60)that satis�es also the se
ond 
ondition, sin
e B > C2 .Su
h a solution is 
learly an impra
ti
able solution be
ause the funding au-thority would bear more than the 
ost of the proje
t (it should pay 2C 0 > Cto the two 
o-operating 
ountries) whereas the two 
ountries would enjoythe bene�ts. Moreover, if the money transfer o

urs in advan
e, there isno truly e�e
tive way to prevent both 
ountries to get the money and afterrefuse to 
o-operate whereas, if it should o

ur after the proje
t has beenimplemented, there should be no reason for the funding authority to pay.Sin
e this is known also by the two players they would refuse to implementthe proje
t before getting the funds.4.2 A reassuran
e gameWe now pro
eed with des
ribing a game similar to the pre
eding butwhere a 
o-operation is possible, mainly for te
hnologi
al reasons.A vs. B 
 n

 4,4 -8,0n
 0,-8 0,0Table 6: A reassuran
e gameAgain we have two 
ountries and ea
h of them:1. must provide for some publi
 good whose 
ost is C = 8;2. gets a bene�t B = 12 if and only if both 
ountries provide for the samepubli
 good;3. if only one 
ountry provides for or if none of them provides for thepubli
 good then they get no bene�t at all but the supplying 
ountrysu�ers the 
ost C.All this a

ounts for the payo�s of Table 6. We have, indeed:1. if both 
ountries 
o-operate (
) and provide for the publi
 good, ea
hof them gets a bene�t B � C = 4;34



2. if only one 
ountry 
o-operates it gets a loss �C = �8 whereas theother gets a null payo� sin
e the basi
 
ondition has been violated;3. if none of them 
o-operates (n
) then both get a null payo�.By inspe
ting Table 6 it is easy to see that we have two NE and pre
iselythe following strategy pro�les:1. (
; 
),2. (n
; n
).Of those NE the �rst one stri
tly Pareto dominates the se
ond so that it isthe only one who is implemented. We 
an note, moreover, that:1. if a 
ountry sends signals indi
ating a will of no-
ooperation the othermust adapt to the 
ir
umstan
e and not 
o-operate, otherwise it wouldsu�er a loss;2. if, before playing the game, the two 
ountries agree to 
o-operate noneof them, playing the game, has an in
entive to deviate sin
e, in any
ase, it would get a lower payo�. This prevents any free-riding fromboth 
ountries. In this 
ase we get a self-reinfor
ing agreement withoutthe need of any international authority.From all this follows that an ex-ante agreement between the two 
ountries isself-reinfor
ing: none of them has an in
entive either to deviate or to be afree-rider at the expense of the other.All we have said is true if players 
hoose their strategies si 2 Si = f
; n
g(i = 1; 2) simultaneously and independently from ea
h other but remainstrue even if the two players are engaged in a dynami
 game and one of themmoves �rst and the other moves knowing the other player's move, as 
an beshown by applying a ba
kward indu
tion to the game in extensive form.4.2.1 ExamplesBefore going on we try to give, also for this family of games, some moreor less realisti
 examples involving a pair of neighbouring 
ountries A and B.1. Suppose A is ri
her in hi-te
h raw materials but la
ks in te
hnologywhereas B has very advan
ed te
hnologies but is very poor in hi-te
hraw materials. If they both 
o-operate (in the sense that A gives hismaterials to B and gets them ba
k as �nished goods at very favourablepri
es) they 
an get high payo�s, if they do not 
o-operate they 
an35



attain very low payo� whereas if only one 
o-operates gets a loss andthe other gets a small gain.If A does not 
o-operate and B does, A gets a small gain from exploitinghis raw materials with his ineÆ
ient te
hnology whereas B gets a highloss sin
e he has to provide for the raw materials from other and moredistant 
ountries.If B does not 
o-operate and A does, B gets neither a gain nor a lossfrom this intera
tion whereas A gets a high loss sin
e he has to look formore distant 
ountries that 
an eÆ
iently transform his raw materials.2. Suppose A and B share a river and want to build a dam for produ
ingele
tri
 power. If ea
h of them builds his own half of the dam they bothget a high payo�, if only one builds a half of the dam and the othernot, the builder gets a high loss (sin
e the half of the dam is useless)whereas if none of them starts the 
onstru
tion none of them in
urs ina loss nor gets a gain.3. If A and B possess 
omplementary ex
lusive te
hnologies they 
an at-tain high payo�s only if they both 
o-operate whereas if only one 
o-operates that 
ounty in
urs in the loss of the investments without beingable to use the te
hnology (that requires the 
ontribution of both 
oun-tries to work properly) while the other has neither a gain nor a loss asit happens if non of the two 
ountries 
o-operate.4.2.2 AsymmetriesFor the game of Table 6 we have supposed symmetri
 
osts C and bene�tsB for the two 
ountries. Now we pro
eed with 
onsidering the following 
asesof asymmetri
 bene�ts BA; BB and 
osts CA; CB:1. CA > CB and BA > BB or \who spends more bene�ts more";2. CA > CB and BA < BB or \who spends more bene�ts less";3. CA < CB and BA > BB or \who spends less bene�ts more";4. CA < CB and BA < BB or \who spends less bene�ts less".Again, only if both two 
ountries 
o-operate they get the bene�t otherwisethey get a 
ost or nothing at all, as we have already seen. In all the four
ases we suppose:1. BA > CA, 36



2. BB > CB,otherwise we would get, for one or both 
ountries:n
 � 
 (61)so that the game would be a Prisoner's Dilemma game with all the 
onse-quen
es of the 
ase.The situation is that of Table 7.A vs. B 
 n

 BA � CA,BB � CB �CA; 0n
 0;�CB 0,0Table 7: A reassuran
e game in general formIn the �rst and last 
ase nothing 
hanges and the two 
ountries are bothbetter o� if they 
o-operate, though one 
an be better o� than the other(in the �rst 
ase we have BA � CA > BB � CB whereas in the last we haveBA � CA < BB � CB).In the se
ond 
ase we get: BA � CA < BB � CB (62)so that 
ountry B is better o� than 
ountry A.In the third 
ase we get: BA � CA > BB � CB (63)so that 
ountry A is better o� than 
ountry B.Condition CA > CB and BA < BB may arise if 
ountry A has a lowerenvironmental damage to repair but has to build more infrastru
tures toimplement the proje
t or su�ers a higher 
ost of work for
e.Condition CA < CB and BA > BB may arise if 
ountry A has a higherenvironmental damage to repair that 
an be repaired with the use of lower
ost te
hnologies.4.3 A battle of the sexes gameAnother \
lassi
al" or paradigmati
al 
lass of games is the 
lass of the so
alled battle of the sexes games. Within these games we have two play-ers that wish to 
o-operate but the preferen
e of ea
h goes to his/her own37



proje
t.So to be more 
on
rete, let us suppose to have two 
ountries, A and B, ea
hof them with a proje
t to a�e
t in some way the environment so that both
ountries 
an get a bene�t form it. Su
h proje
ts are mutually ex
lusive, foreither e
onomi
al or te
hnologi
al reasons, so that only one 
an be imple-mented (or even none if no agreement o

urs).We have8:1. 
ountry A has a proje
t PA with a bene�t BAA > BBA ;2. 
ountry B has a proje
t PB with a bene�t BBB > BAB .Ea
h proje
t has the same 
ost CA = CB = C to be evenly shared betweenthe two 
ountries. This is a strong hypothesis that 
an be removed in morerealisti
 appli
ations.In order that ea
h proje
t is feasible only if both 
ountries agree on one ofthem we must impose:1. C > BAA > BBA > C=2,2. C > BBB > BAB > C=2.Su
h 
onditions prevents ea
h 
ountry from implementing the proje
t with-out the intervention of the other. Sin
e we have:1. 2C > BAA +BBA > C,2. 2C > BBB +BAB > C.the total bene�t is greater that the 
ost of a single proje
t (so that it is so
iallyeÆ
ient to implement it) but is lower than the 
ost of the two proje
ts. Theproblem, at this point, is how the two 
ountries 
an 
hoose whi
h proje
tthey are going to implement.If we represent the situation as a game in strategi
 form where the two playersmove simultaneously we get Table 8.It should be obvious that if both 
ountries implement a distin
t proje
t (sothat A implements PA and B implements PB or vi
e-versa) they both in
urin a loss, generally heavier if the implemented proje
t is the one preferredby the other 
ountry, but anyhow a loss. The only way for both 
ountries toget a gain is to engage both in the same proje
t though A would prefer PAand, obviously, B would prefer PB.By inspe
ting Table 8 it is easy to identify two NE9:8A supers
ript identi�es the 
ountry whereas a subs
ript identi�es the proje
t.9In all these examples we 
onsider only NE in pure strategies. The main reason is thatthis hypothesis greatly simpli�es the analysis.38



A vs. B PA PBPA BAA � C2 ; BBA � C2 BAA � C;BBB � CPB BAB � C;BBA � C BAB � C2 ; BBB � C2Table 8: A battle of the sexes game1. the former asso
iated to the pro�le of strategies (PA; PA);2. the latter asso
iated to the pro�le of strategies (PB; PB).Sin
e the so
ial utility in the �rst NE is equal to:BAA +BBA � C (64)and in the se
ond NE is equal to:BAB +BBB � C (65)we 
ould 
hoose the NE with the higher so
ial utility. In all 
ases where wehave: BAA +BBA = BAB +BBB (66)the 
hoi
e of the more suitable NE depends on the development of some
onvention between the two 
ountries. For instan
e, a way to 
hoose 
ouldbe to develop the favoured proje
t of the poorer 
ountry. Another way wouldbe to let the ri
her 
ountry a
t as a Sta
kelberg leader and 
hoose �rst theproje
t to develop. In this 
ase the other should follow and 
hoose the sameproje
t, sin
e otherwise both would in
ur in a loss, heavier to tolerate for thepoorer 
ountry.All these 
onsiderations are beyond a purely non 
ooperative game theoreti
approa
h and involve either a sort of agreement between the two 
ountriesor the existen
e of a for
e relation between them where one of the two iswealthier that the other and 
an in
uen
e its 
hoi
es.4.3.1 ExampleAn example of appli
ation of this family of games 
ould be the following.Let us suppose we have two 
ountries that are planning to build some powerplant and that, owing to the global level of present and estimated energydemand, only one plant will be suÆ
ient over a long range of time.Now suppose that 
ountry A is ri
h in natural gas whereas 
ountry B is ri
hin 
oal. In this setting, 
ountry A will be favourable to the implementationof a natural gas power plant whereas 
ountry B will be favourable to theimplementation of a 
oal power plant.39



4.4 Chi
ken gamesAs we have seen, if two 
ountries get engaged in a Prisoner's Dilemmagame they both behave non-
ooperatively so to attain a sub-optimal equi-librium. In this 
ase, if the game is a single shot game, no 
o-operation ispossible and any eventual agreement in that dire
tion would be violated byboth 
ountries (and so is neither stable nor self-reinfor
ing).Sometime it 
an happen that an environmental proje
t 
an be realised evenby only one 
ountry without any loss but with a little gain (and with theother a
ting as a free-rider). To examine su
h a situation we introdu
e an-other 
lass of games, the so 
alled 
hi
ken games. The name of these gamesderives from the fa
t that ea
h player tries to 
onvin
e the other to give upand behave like a 
hi
ken. Possible out
omes of su
h games are that bothplayers give up (so both 
o-operate) or insist (and so non 
o-operate) so toget the worst payo�s.Again, we have two 
ountries (A and B) whose strategies are (we supposeagain to be in a stati
 framework):SA = SB = f
; n
g (67)so that ea
h 
ountry 
an either 
o-operate (
) or non 
o-operate (n
).A vs. B 
 n

 B � C2 ; B � C2 B � C;Bn
 B, B � C 0,0Table 9: First 
ase of 
hi
ken gameThe 
ost of the proje
t (that 
an be shared between the two 
ountries) is Cand the bene�t for ea
h 
ountry is:B = BA = BB > C (68)so that ea
h 
ountry 
an develop the proje
t by itself. The proje
t is publi
good for the two 
ountries in the sense that, even if only one 
ountry im-plements it, also the other enjoys its bene�ts and there is no way to preventthis from o

urring. Table 9 shows the payo�s for the two players in all theout
omes of the game. If both players a
t non 
o-operatively they both geta null payo�. If only one engages in the proje
t, the other a
t as a free-rider.If both a
t 
o-operatively they share the 
ost and get the bene�t.The possibility of free-riding in
entives ea
h 
ountry to 
arry the other toimplement the proje
t. By inspe
ting Table 9 it is easy to dete
t two NEand namely: 40



1. (n
; 
);2. (
; n
).In both NE one of the two 
ountries a
t as a free-rider sin
e it gets the fullbene�t without paying any 
ost. Again we fa
e the problem of whi
h of thetwo NE will be realised.A possible solution relies on a pre-play 
ommuni
ation between the two 
oun-tries sin
e ea
h of them tries to 
onvin
e the other that there will be no
o-operation and to urge the other of the ne
essity to implement the proje
tby itself. The main problem with this solution resides in the possibility thatneither 
ountries engage in the proje
t that remains undone.The same framework 
an be used in a 
ontext similar to the one of Prisoner'sDilemma game and so whenever, if ea
h 
ountry implements a 
ommon goodproje
t by itself, it gets a loss but gets an even greater loss if the proje
t isleft unimplemented.In this 
ase let's suppose we have two 
ountries A and B that must redu
eor get rid of a 
ommon environmental damage.We have:1. 
ountries A and B with strategies SA = SB = f
; n
g;2. 
ost C (to be shared between the 
ountries if both 
o-operate) of theproje
t and bene�t C > BA = BB = B > C=2;3. a loss or damage D < 0 if the proje
t is not implemented.We design a stati
 game of 
omplete information and represent it in thestrategi
 form of Table 10. For the game of Table 10 we have to spe
ify aA vs. B 
 n

 B � C2 ; B � C2 B � C,Bn
 B, B � C D,DTable 10: Another 
ase of 
hi
ken gamerelation between the value of D < 0 and the value of B � C < 0. In many
ases, indeed, an even approximate evaluation of D may be very 
omplex ifnot impossible at all. We have, essentially, two meaningful 
ases:1. D > B � C;2. D < B � C. 41



A vs. B 
 n

 1,1 -1,3n
 3, -1 �0:5,�0:5Table 11: A 
hi
ken game, numeri
al exampleIn Table 11 we show a numeri
al example with B = 3, C = 4 and D = �0:5.In the �rst 
ase, we are in an identi
al situation of a Prisoner's Dilemmagame: for both players strategy n
 strongly dominates strategy 
 so that theonly NE of the game is (n
; n
). In this 
ase a redu
ed 
ommon damagetends to be ignored and not to be �xed.In the se
ond 
ase, by inspe
ting Table 10, it is easy to see that we have thefollowing NE:1. (n
; 
),2. (
; n
).In this 
ase ea
h 
ountry 
an a
t as a free-rider so to for
e the other eitherat implementing the proje
t or at su�ering an higher loss. Whi
h of thetwo NE 
omes true depends on the relations between the two 
ountries andtheir environmental sensibility but 
an depend also on te
hnologi
al ande
onomi
al 
apabilities. A pre-play 
ommuni
ation phase between the twoplayers, even in absen
e of binding agreements, 
an in
uen
e the out
ome ofthe game if a 
ountry su

eed in persuading the other 
ountry of its will ofnon 
o-operation.It 
an happen that two 
ountries would su�er a di�erent loss in 
ase theproje
t gets aborted. The situation is depi
ted in Table 12.A vs. B 
 n

 B � C2 ; B � C2 B � C,Bn
 B, B � C D1; D2Table 12: Yet another 
ase of 
hi
ken gameIn this 
ase we have:1. D1 < 0 and D2 < 0;2. D1 > D2, so 
ountry B's loss is greater than A's loss;3. D1 > B � C; 42



4. D2 < B � C.In this 
ase strategy n
 for 
ountry A stri
tly dominates strategy 
. Redu
ingthe game, it is easy to see that the only NE in this 
ase is:(n
; 
) (69)so that the 
ountry with the higher environmental damage will implementthe proje
t by itself getting a lower loss and allowing the other to a
t as afree-rider (and get the full bene�t B from the proje
t). Similar 
onsiderationshold in the other situation where 
ountry A's loss is greater than B's loss.4.4.1 ExampleAgain to give an idea of the pra
ti
al utility of this family of games wegive an example.In this 
ase we imagine two 
ountries A and B that share a polluted lakethat in the past both 
ountries used for �shing.At the present time, neither A nor B 
an use lake for �shing purposes. Thedamage from keeping the status quo of the lake is the same for 
ountry A andB but both 
ountries would bene�t greatly from the fa
t that is the other
ountry who undertakes any a
tion for the 
leaning of the lake.If 
ountry B implements a proje
t for 
leaning, at least partially, the waterof the lake it gets a bene�t B but it has also to bear the 
ost C of the proje
twhereas 
ountry A only gets the bene�t B as a pure free-rider.Similar 
onsiderations hold if player A de
ides to 
lean the lake even withoutthe 
o-operation of B.If the proje
t would be 
arried out by the two 
ountries they would share the
ost: this behaviour is in 
ontrast with the self interest of both 
ountries.Of 
ourse this is a somewhat unrealisti
 example be
ause it omits both tomention other problems asso
iated with lake pollution and to identify theresponsibility of the pollution: 
ountry A or B or both or also a third 
ountryC through a river?4.5 Possible ways to rea
h a 
o-operationUp to this point we have presented games involving two 
ountries thatintera
t only on
e in a single shot game. In the 
ases we have examined
o-operation is hard to a
hieve and free-riding has strong in
entives sin
eplayers 
annot be 
redibly threatened of retaliations.We propose here three possible solutions within the NCGT theoreti
 ap-proa
h and namely: 43



1. the use of 
ontra
ts;2. the use of 
ommuni
ation;3. the use of repeated intera
tions among players within the same game.The �rst two solutions ([Mye91℄) introdu
e either a 
ontra
t or a 
ommuni-
ation among players so that they are 
onvin
ed to play strategies that yieldan out
ome better than the one they 
ould get by a
ting sel�shly.The last solution shows how, whenever players do not know in advan
e howmay times they will be playing together, they 
an be attra
ted by a 
o-operative pro�le of strategies.4.6 Games with 
ontra
ts and 
ommuni
ationAs we have seen, in a Prisoner's Dilemma game we get a Nash equilibriumwhere the out
ome is worse than the 
o-operative out
ome. In su
h gamesone possibility is to transform the game so to in
lude better out
omes. Oneway to attain su
h a transformation is through 
ommuni
ation among theplayers that 
an 
oordinate their moves and even sign binding agreementswhose e�e
t is re
e
ted in the stati
 or strategi
 form stru
ture of a game.We suppose to have games with simultaneous and independent moves inwhi
h 
ommuni
ation and 
oordination are part of the strategies of the play-ers.This approa
h, however, 
an be used only in simpler 
ases whereas, in more
omplex 
ases, it is more useful to leave 
ommuni
ation and 
oordinationpossibilities out of the game model and make use of impli
it 
ommuni
ationopportunities.As a �rst example ([Mye91℄) we examine a 
ase in whi
h we have no 
ommu-ni
ation between the players but they 
an sign jointly binding 
ontra
ts to
oordinate their strategies. In this 
ase we speak of games with 
ontra
ts([Mye91℄).We examine a Prisoner's Dilemma game in strategi
 form (
f. Table 13).A vs. B x2 y2x1 2,2 0,6y1 6,0 1,1Table 13: A Prisoner's Dilemma gameTable 14 represents the generalised form of su
h a game. In this 
ase we44



have: y1 �A x1 (70)and: y2 �A x2 (71)only if z < 6. A vs. B x2 y2x1 z,z 0,6y1 6,0 1,1Table 14: A Prisoner's Dilemma game, generalised versionThe game of Table 13 has a unique Nash equilibrium (y1; y2) whi
h gives pay-o�s (1; 1) worse than the payo� they 
ould get from the 
o-operative solution(x1; x2). The players, ea
h a
ting alone, 
annot attain su
h a solution. If thetwo players, with the aid of an outside intervener, were to sign a 
ontra
tthat, whenever signed by both of them, would bind them tho 
hoose (x1; x2)and, if signed by only one, would let that player 
hoose either y1 or y2 we
ould get the game of Table 15.A vs. B x2 y2 s2x1 2,2 0,6 0,6y1 6,0 1,1 1,1s1 6,0 1,1 2,2Table 15: Binding 
ontra
ts in a strategi
 form gameIn su
h a game s1 and s2 are the strategies ea
h player 
hooses if the 
ontra
tis signed. It easy to see that:1. s1 �A y1;2. s1 �A x1;3. s2 �B y2;4. s2 �B x2;so that the only Nash equilibrium of the game of Table 15 is (s1; s2), whereboth sign the 
ontra
t and get payo�s (2; 2). Moreover, by examining thegame of Table 15, we 
an see that none of the players has an in
entive to45



deviate autonomously from su
h an equilibrium that, therefore, proves stable.For the game of Table 13 the two players 
an get an even better payo� ifthey use a 
ontra
t to 
ommit themselves to use a 
orrelated strategy (also
alled a jointly randomised strategy). Beyond the 
ontra
t asso
iated to thestrategy pro�le (s1; s2) the two players 
ould arrange for another 
ontra
tthat, if signed by both players, would implement the mixed strategy:12[x1; y2℄ + 12[x2; y1℄ (72)with a payo� equal to 3 for ea
h player. Under the hypotheses that:1. ea
h player makes his signing de
ision independently from the other;2. ea
h player 
an sign only one 
ontra
t;we get the transformed game of Table 16. The se
ond 
ontra
t is asso
iatedA vs. B x2 y2 s2 ŝ2x1 2,2 0,6 0,6 0,6y1 6,0 1,1 1,1 1,1s1 6,0 1,1 2,2 1,1ŝ1 6,0 1,1 1,1 3,3Table 16: Use of two 
ontra
tsto the strategy pro�le (ŝ1; ŝ2) with payo�s (3; 3). In su
h a modi�ed (morepre
isely extended) game we have two Nash equilibria in pure strategies:1. (ŝ1; ŝ2),2. (s1; s2)and a Nash equilibrium in mixed strategies where both players have a prob-ability distribution: (23 ; 13) (73)over, respe
tively, s1; ŝ1 and s2; ŝ2. If we 
onsider only pure strategies ofthe game of Table 16 we have that in every 
ase, by both signing one of thetwo 
ontra
ts, the two players get at least the same payo�s they would getin the unrea
hable solution (x1; x2) of Table 13.The situations we have depi
ted so far are somewhat unrealisti
 sin
e, in morerealisti
 settings, the involved players have a wide spe
trum of 
ontra
ts they
an sign and, moreover, the a
t of signing a 
ontra
t is the last move of apotentially long bargaining pro
ess.A possible solution, to whi
h we only allude here, is twofold:46



1. to keep the strategi
 stru
ture of the game un
hanged, without ex-pli
itly introdu
ing in it the strategies asso
iated to the signing of a
ontra
t;2. to develop a new solution 
on
ept that is able to take su
h 
ontra
tsigning options into a

ount.A

ording to ([Mye91℄) we de�ne a game with 
ontra
ts whenever theplayers have:1. the options they get from the formal stru
ture of the game;2. the options to bargain with ea
h other and sign 
ontra
ts.Ea
h 
ontra
t, from its side, binds the signers (that form the set S � N if Nis the set of all players) to some 
orrelated strategy that may depend on thestru
ture of S. A

ording to this approa
h we keep the a
tual stru
ture ofthe 
ontra
t-signing options impli
it and introdu
e an appropriate solution
on
ept ([Mye91℄).Following ([Mye91℄), we de�ne the 
on
ept of 
orrelated strategy for thegame: � = (N; (Ci)i2N ; (ui)i2N ) (74)in strategi
 form as any probability distribution on the set of possible 
om-binations of pure strategies that the players 
an 
hoose in �.In this 
ase we 
onsider a subset S � N of the players (a \
oalition") andde�ne a 
orrelated strategy for S as any probability distribution over:�(CS) (75)with the following notation:1. CS = �i2SCi,2. C = CN ,3. C�i = CN�i.A set S of players 
an implement a 
orrelated strategy �S with the supportof a trustworthy mediator that ([Mye91℄) designates randomly a pro�le ofpure strategies 
s 2 CS so that the probability of any 
s = (Ci)i2S 2 CSis �S(
S). Under these assumptions, the mediator would suggest ea
h playeri 2 S to implement strategy 
i 2 
S.If we now swit
h to the whole set of players N in game � we 
an de�ne, for47



ea
h i 2 N and any given 
orrelated strategy � 2 �(C), the expe
ted payo�of player i: Ui(�) =X
2C �(
)ui(
) (76)whereas, for the whole set of players, we de�ne the following ve
tor of payo�sallo
ation: U(�) = (Ui(�))i2N (77)the players get from implementing �.We 
an now de�ne a 
ontra
t as any ve
tor � = (�)S�N su
h that:� 2 �S�N�(CS) (78)In this setting ([Mye91℄), for any 
onta
t � we have that �S represents the
orrelated strategy that the players of the \
oalition" S would implement ifthey sign that 
ontra
t. Another important point is that for any allo
ationin the set (a 
losed and 
onvex subset of Rn):fU(�) j � 2 �(C)g (79)there is a 
ontra
t su
h that, if all the players (the so 
alled \grand 
oalition")sign it, they get the 
orresponding payo� allo
ation.Given a 
ontra
t � we note, however, that it 
an happen that no all theplayers would sign it. In the 
ase of the game of Table 13 we note that, if the
ontra
t would 
ommit the players to 
hoose (x1; y2), player A would not signit be
ause he would be better o� by not signing the 
ontra
t and 
hoosingy1, independently from the 
hoi
e made by player B. We note, indeed, thatthe payo� 1 for player A is the worse best out
ome for that player or hisminmax value. It is easy to see that the same holds also for player B.Formally, we have ([Mye91℄) that the min max value of player i (vi) isthe best expe
ted payo� that the player 
an get against the worse (for him)
orrelated strategy that the other players of S (or in S n fig) 
an use againsthim.We 
an guess that a player will not sign any 
ontra
t from whi
h he gets anexpe
ted payo� lower than his min max value. From this point of view wede�ne a 
orrelated strategy � 2 �(C) as individually rational i� we have:Ui(�) � vi (80)for every i 2 N . We have, in this way, a set of n =j N j 
onstraints, 
alledindividual rationality 
onstraints, on the 
orrelated strategy �.As a last step, we suppose that the players de
ide, one independently from48



the others, whi
h 
ontra
t to sign. As a general fa
t we 
an prove (for details
f. [Mye91℄) that for every individually rational 
orrelated strategy � there isa 
ontra
t � with �N = � su
h that the fa
t that all players sign su
h a 
on-tra
t is an equilibrium of the strategi
 game with impli
it 
ontra
t-signingoptions.If we 
onsider player i we have that �N�i is the min max strategy of theother players against i so that, if i is the only players who does not sign the
ontra
t, his payo� is at least equal to his vi: under this 
ondition also i willsign the 
ontra
t that all other players are expe
ted to sign.On the other hand, if we are in an equilibrium of a 
ontra
t-signing game,none of the signers 
an get a payo� that is stri
tly lower than his vi otherwisehe 
ould be better o� not to sign the 
ontra
t and use the strategy that guar-antees him to get vi (this follows dire
tly from the de�nition of equilibrium).We have, now, the �nal result that de�nes the set:fU(�) j � 2 �(C) and Ui(�) � vi 8i 2 Ng (81)as the set of payo� allo
ations that 
an be obtained at the equilibria of thesegames in whi
h player i has the option of either not sign any 
ontra
t or
hoose a strategy in Ci.At this point a few 
omments are in order.1. We have seen that one 
entral point is represented by the role of themediator that randomly designates a pro�le of pure strategies 
S 2 CS.In pra
ti
al settings of IEA the role of the mediator 
ould be played byan International Organisation that all the players re
ognise as \superpartes", sin
e no enfor
ing power is needed.The main problem with the mediator is, however, that he must knowall the pure strategies a player has at his own disposal. We 
an 
allthis property observability and may represent a major problem sin
eea
h player 
an either not know or 
on
eal or modify some of thosestrategies so to obtain some strategi
 advantage.2. Another key point is the problem of free-riders, both inner and outerfree-riders. We remind that the former players are those players whosign a 
ontra
t but do not respe
t its ties whereas the latter are thosewho does not sign a 
ontra
t but bene�t, at no 
ost, of its spillovers.For this problem the type of games we introdu
ed has no real solution.3. We have seen that an equilibrium is individually stable sin
e no playeri 2 S alone has an in
entive to deviate from it. Nothing has been said(and 
an be said) about the possibility that a subset S 0 � S of players(a \sub 
oalition") de
ide to deviate from the 
orrelated strategy.49



In many 
ases ([Mye91℄) players 
annot sign binding 
ontra
ts and the rea-sons may be the following:1. the strategies of the players are unobservable to the mediator or to thelegal enfor
er of the 
ontra
ts;2. there is no e�e
tive way to punish players who infringe a 
ontra
t eithersin
e the available punishments are inadequate or sin
e it is very hardto dete
t any violation;3. the strategies of some of the players involve inalienable rights (su
h assovereignty, alimentary se
urity and the like).In su
h situations players may have, however, the possibility to 
ommuni
ateand 
oordinate with ea
h other. In su
h 
ases ([Mye91℄) we speak of gameswith 
ommuni
ation if the player have at their disposal:1. the expli
it strategies spe
i�ed by the stru
ture of the game,2. a set of impli
it 
ommuni
ation options.Again, following ([Mye91℄), we start with a simple example and ten try togeneralise.Table 17 presents a game in strategi
 form with three Nash equilibria:1. (x1; x2) in pure strategies with payo�s (5; 1);2. (y1; y2) in pure strategies with payo�s (1; 5);3. a randomised equilibrium with �1 = �2 = (1=2; 1=2) and expe
tedpayo�s (2:5; 2:5). A vs. B x2 y2x1 5,1 0,0y1 4,4 1,5Table 17: An example of game in strategi
 formIn this 
ase the so
ial optimum (y1; x2), with payo�s (4; 4), 
annot bea
hieved without a binding 
ontra
t be
ause it is not an equilibrium of thegame (so that ea
h player has an in
entive to deviate from it).50



In this 
ase, if the two players 
ommuni
ate, they 
an use a 
orrelated strat-egy to attain a better payo�, better than the expe
ted payo�s (2:5; 2:5).If they implement the following 
orrelated strategy:0:5[x1; x2℄ + 0:5[y1; y2℄ (82)(based, for instan
e, on the 
ommon observation of a fair 
oin toss) theyget an expe
ted payo� of (3; 3). We note that the event is not binding but,notwithstanding this, gives rise to a self-enfor
ing plan sin
e none of theplayers 
an attain a better payo� by unilaterally deviating from it. If playerB follows the plan (and play a \mixed strategy" �B = (1=2; 1=2)) and playerA deviates from it, player A gets:1. an expe
ted payo� equal to 2:5 < 3 if 
hooses x1;2. an expe
ted payo� equal to 2:5 < 3 if 
hooses y1;In this 
ase the 
ommuni
ation is the 
ommon observation of an event thatde�nes a 
orrelated strategy. Another way for the two players to get a betterpayo� is with the intervention of a mediator.A mediator ([Mye91℄) is not a player (in the sense that he has neitherstrategies nor re
eives payo�s) but has the task to let players 
ommuni
ateand share information.In this 
ase:1. if the mediator suggests both players a randomised strategy su
h as:13[x1; x2℄ + 13[y1; y2℄ + 13[y1; x2℄ (83)2. if ea
h player re
eive only his own re
ommendation from the mediator;3. if both players obey the mediator M sin
e both expe
t that also theother obeys;then, even if the mediator's re
ommendation has no binding for
e, the sit-uation in whi
h both players follow the re
ommendation of the mediatorrepresent a Nash equilibrium of the transformed game with 
ommuni
ation.We 
an have the following 
ases:1. if M re
ommends A to play y1 then A 
an think that B has re
eived are
ommendation to play 0:5x2 + 0:5y2 so that the expe
ted payo� forA would be the same both for x1 and for y1 and this in
entives A toobey to M ; 51



2. if M re
ommends A to play x1 then A would think that player B hasbeen re
ommended to play x2 so that his best response is x1 and, again,A obeys the mediator.In all the 
ases A obeysM sin
e he expe
ts also B obeysM . Dual argumentsapply to player B. In this way both players rea
h a self-enfor
ing behaviourwhere both obey to M so that they get the following expe
ted payo�s:13(5; 1) + 13(1; 5) + 13(4; 4) = (10=3; 10=3) (84)An essential point ([Mye91℄) is that ea
h player gets only a partial informa-tion sin
e if, for instan
e, A know s that B has been told to play x2 thenA will refuse to play y1 even if re
ommended by M and will play x1 (so toattain a pure strategy Nash equilibrium).In this 
ase we have that a 
orrelated strategy 
an be implemented only inpresen
e of a mediator or of a noisy 
ommuni
ation (so that one player doesre
eive only his own re
ommendation and is in the dark about other players're
ommendations).If, on the other hand, players 
an 
ommuni
ate among themselves so that allthe available strategies are dire
tly observable then ([Mye91℄) the only self-enfor
ing plans that, in absen
e of 
ontra
ts, the players 
an implement arerandomisations of the Nash equilibria of the original game as the 
orrelatedstrategy we have already seen.As a general rule ([Mye91℄) for any �nite game in strategi
 form:� = (N; (Ci)i2N ; (ui)i2N ) (85)if there is a mediator that tries to 
oordinate the a
tions of the players, themediator at least would need to let any player i 2 N know a re
ommendedstrategy 
i 2 Ci. If the game we are modelling is without 
ontra
ts we have:1. every player i knows only his re
ommended strategy and not the onesre
ommended to the others;2. every player i is free to 
hoose any strategy in Ci after hearing the me-diator's re
ommendation. In this 
ase the set of ea
h player's availablestrategies is enlarged sin
e it in
ludes also all the possible mappings:Æi : Ci �! Ci (86)of a re
ommended strategy on the set of the available strategies Ci. Inthis 
ase the player 
an obey the mediator but 
an also deviate fromthis re
ommendation and 
hoose a di�erent strategy.52



At this point we suppose all the players know the probability distributionwith whi
h the mediator determines his re
ommendations:� 2 �(C) (87)Under this hypothesis we have that:�(
) (88)is the probability of any pure strategy pro�le:
 = (
i)i2N (89)that the mediator would re
ommend the the players.We de�ne, at this point, an equilibrium 
ondition ([Mye91℄) as follows.It is an equilibrium for all players to follow mediator's re
ommendation i�,for all i 2 N and for all possible mappings Æi we have:Ui(�) =X
2C �(
)ui(Æi(
i); 
�i) (90)where: Ui(�) =X
2C �(
)ui(
) (91)is the expe
ted utility of the generi
 player i.If relation (90) is satis�ed, for all i 2 N and for all possible mappings Æi,we speak of a 
orrelated equilibrium. We note, with ([Mye91℄), that a
orrelated equilibrium is any 
orrelated strategy for the players of � thatis self-enfor
ing and 
an be implemented with the help of a mediator that,
on�dentially, suggests a strategy to ea
h player.Condition (90) 
an be shown to be equivalent to a system of inequalities:X
�i2C�i �(
)(ui(
)� ui(ei; 
�i)) � 0 (92)for all i 2 N , 
i 2 Ci, ei 2 Ci and with 
 = (
i; 
�i). Relations like (92) 
anbe rewritten as: X
�i2C�i �(
)ui(
) � X
�i2C�i �(
)ui(ei; 
�i) (93)meaning that the expe
ted utility if all the players obey to the mediator isno worse that the expe
ted utility when all the players obey but one (indeedei is a disobedient a
tion). The right side of (93) o

urs if player i 
hooses53



a disobedient a
tion ei when getting re
ommendation 
i from the media-tor. Relations (92) and the equivalent (93) are 
alled strategi
 in
entive
onstraints sin
e ([Mye91℄) they represent a set of 
onstraints over the 
or-related strategy of the mediator so that all the players �nd it 
onvenient toobey him.We note that, for any �nite game in strategi
 form:1. the set of 
orrelated strategies is a 
ompa
t and 
onvex set;2. su
h a set 
an be des
ribed with a �nite set of linear inequalities;3. a ve
tor � 2 RN is a 
orrelated equilibrium if satis�es the strategi
in
entive 
onstraints and the following probability 
onstraints:(a) Pe2C �(e) = 1,(b) �(
) � 0 for all 
 2 C.Before some 
on
luding remarks we brie
y dis
uss here an example takenfrom ([Mye91℄). We examine the game of Table 18 in the light of what wehave said till now. If we want to �nd a 
orrelated equilibrium that maximisesA vs. B x2 y2x1 5,1 0,0y1 4,4 1,5Table 18: An example of game in strategi
 formthe expe
ted sum of the players' payo�s we must solve the following linearprogramming problem:8>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>:

max 6�(x1; x2) + 0�(x1; y2) + 8�(y1; x2) + 6�(y1; y2)s:t:(5� 4)�(x1; x2) + (0� 1)�(x1; y2) � 0(4� 5)�(y1; x2) + (1� 0)�(y1; y2) � 0(1� 0)�(x1; x2) + (4� 5)�(y1; x2) � 0(0� 1)�(x1; y2) + (5� 4)�(y1; y2) � 0�(x1; x2) + �(x1; y2) + �(y1; x2) + �(y1; y2) = 1�(x1; x2) � 0�(x1; y2) � 0�(y1; x2) � 0�(y1; y2) � 0
(94)
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Problem (94) 
an be easily solved with standard te
hniques so to obtain thefollowing optimum solution:�(x1; x2) = �(y1; y2) = �(y1; x2) = 13 �(x1; y2) = 0 (95)so that the sought for 
orrelated equilibrium is:13[x1; x2℄ + 13[y1; y2℄ + 13[y1; x2℄ (96)In this 
ase we have that strategi
 in
entive 
onstraints require that for ea
hplayer the expe
ted payo�s are upperly bounded by:13[5; 1℄ + 13[1; 5℄ + 13[4; 4℄ = 103 (97)for player A and: 13[5; 1℄ + 13[1; 5℄ + 13[4; 4℄ = 103 (98)for player B so that the expe
ted sum of both players' payo� is upperlybounded by: 103 + 103 = 203 (99)At this point, as usual, before 
losing the topi
 and the se
tion some 
om-ments are in order. More details on this type of equilibrium 
an be found on([Mye91℄).1. The key point is the reason why the analysis has fo
used on 
ommu-ni
ation systems with a mediator in whi
h it is rational for all playersto obey the mediator. The reason, ([Mye91℄), is that su
h 
ommuni-
ation systems 
an simulate any equilibrium of any game that 
anbe generated from any given strategi
 form game by adding any
ommuni
ation system. The details of this equivalen
e 
an be foundin ([Mye91℄) and represent an appli
ation of the revelation prin
iplefor strategi
 form games.2. Again, as in the 
ase of games with 
ontra
ts, given a set of players,a mediator must be identi�ed su
h as that all the players may wishto obey his re
ommendations. In 
ases of multipart negotiations thisrequirement may be (more or less) easily satis�ed but there are 
asessu
h as:(a) the set of players 
ontains all the possible players;55



(b) the set of players in
ludes all the trustworthy mediators of themembers of the set;where this requirement represents a hard problem by itself.3. The requirement of 
on�dentiality may be hard to satisfy in real sit-uations so that, in many 
ases, the private re
ommendations to ea
hplayer 
an in
uen
e the strategi
 de
isions of the others. We re
all herethat ea
h player 
an indeed de
ide independently either to obey or dis-obey the mediator's re
ommendation. If 
on�dentiality is not perfe
t,informative asymmetries among the players may arise so that some ofthem may refuse to obey sin
e, individually, they have better a
tions o
hoose. For the game of Table 18 in 
ase of this asymmetri
 situation:(a) player B knows only his re
ommendation, say x2;(b) player A knows both his re
ommendation, say y1, and B's re
om-mendation;we have that A will disobey and 
hoose x1 so that the out
ome ofthe game is no more a 
orrelated equilibrium but a traditional Nashequilibrium in pure strategies.4. If the set of players N is seen as a \grand 
oalition" and stability 
on-
erns only the 
onvenien
e of a single player to disobey whereas all theothers obey, nothing is said about the possibility that a subset S � Nof players (a \sub
oalition") de
ides to disobey to their re
ommenda-tions.5. The set of 
orrelated strategies 
an 
ontain more then one element (upto an in�nite set of elements) so there is the problem of the 
hoi
e ofthe \best" equilibrium, as traditionally happens in all the 
ases wherea game has more than one Nash equilibrium.6. The last point that we mention here is related to in�nite strategy spa
esavailable to the players sin
e all we have said is based on the assump-tion of �nite strategy spa
es. We note that the hypothesis of a �niteset of players is of no harm sin
e, within the s
ope of International En-vironmental Agreements or Problems the set N is upperly bounded forany de�nition of player we 
an adopt in pra
tise (i. e. nations, groupsof nations or even single human beings).
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4.7 Repeated gamesIn the present se
tion we are going to examine games that are repeated,between the same players, more than on
e. The underlying hypothesis isthat we have a single shot game, the so 
alled stage game, that is repeated,identi
al to itself, a 
ertain number of times.Basi
ally we have two 
ases:1. the number of repetitions N is high but �nite;2. the number of repetitions is potentially in�nite or, that is the same,players do not know when the game will end so that, after any play ofthe game, the game 
an 
ontinue with probability p and 
an end withprobability 1� p.The analysis of this 
lass of games starts with a very simple Prisoner'sDilemma game. Again we have two 
ountries A and B that strategi
allyintera
t for the implementation of a 
ommon proje
t P with:1. a total 
ost C;2. a bene�t B for ea
h 
ountry.As we have already seen, we have the following relations:C > B > C2 (100)The single shot game, to be used as a stage game, is des
ribed by Table 19.A vs. B 
 n

 B � C2 ,B � C2 B-C,Bn
 B,B-C 0,0Table 19: Prisoner's Dilemma game as a stage gameIf we de�ne the following quantities:1. R = B � C2 ,2. S = B � C,3. P = 0, 57



we have the following ordering:B > R > P > S (101)In general we have P > 0 but small enough to preserve the aforesaid ordering.The game of Table 19 has a single NE ((n
; n
)) that di�ers from the so
ialoptimum that 
ould be attained through 
o-operation ((
; 
)). For simpli
itywe 
an rewrite Table 19 as Table 20.A vs. B 
 n

 R,R S,Bn
 B,S P,PTable 20: Prisoner's Dilemma game as a stage game, simpli�ed formNow let's 
onsider the possibility that the two 
ountries intera
t twi
ethrough the same game, playing it twi
e. The game of Table 20 is a stagegame of su
h twi
e repeated new game. The timing of the game is the fol-lowing:1. the two 
ountries play the game on
e;2. the out
ome is observed;3. the game is played again;4. the payo�s are distributed to the players.Under the hypothesis of a dis
ount fa
tor equal to 1, by using ba
kwardindu
tion, both players know that the out
ome of the se
ond repetition ofthe game is ((n
; n
)) with payo�s P; P so that the payo�s of the �rst stagegame are those of Table 21.A vs. B 
 n

 R+P,R+P S+P,B+Pn
 B+P,S+P P+P,P+PTable 21: Prisoner's Dilemma game as �rst stage of a two stage gameIt is easy to see that, sin
e we simply added a positive quantity to ea
hpayo� of the stage game, the out
ome of the new game remains un
hangedand stu
k to ((n
; n
)). If the two 
ountries play the game twi
e they get the58



same out
ome they get if they play it on
e: a non 
o-operative result. It iseasy to see that the same result holds also if the game is repeated T times,the only di�eren
e being that in this 
ase we have to sum to ea
h payo� ofthe stage game the quantity: TXi=1 P (102)Things 
an 
hange if we imagine the two players do not know how manytimes they are going to intera
t through su
h a game so that they 
an imag-ine T as potentially being equal to +1.In this 
ase we want to verify if there is any possibility that, in this parti
-ular type of repeated game, we 
an obtain a 
o-operation between the two
ountries.We suppose the two 
ountries A and B adopt a \tit for tat" strategy and weaim at verifying under whi
h 
onditions su
h a strategy is feasible (i. e. itgives better payo� that the traditional non 
o-operative strategy).The \tit for tat" strategy is stru
tured as follows:1. ea
h 
ountry adopts a 
o-operative strategy 
 at t = 0;2. at a generi
 t > 0, if the 
ountry B (or A) always played 
 before,A (or B) should play 
 otherwise it should play n
 as well as for anysubsequent play of the game.If we denote with r the interest rate (also 
alled dis
ount rate) and with:11 + r (103)the dis
ount fa
tor we 
an 
ompare the payo�s for ea
h play of the gamewith the payo�s at t = 0.In this way, if a player 
hooses to play the 
o-operative strategy 
 at ea
hrepetition of the game it gets the following total payo�:1Xi=0 ( R1 + r ) = R1 + rr (104)(where we have used the sum of an in�nite geometri
al series). If, on theother hand, a player 
hooses a non 
o-operative strategy n
 at t and is for
edto go on playing n
 owing to the retaliation of the other 
ountry it gets atotal payo� equal to: B + 1Xi=1 ( P1 + r ) = B + Pr (105)59



(again we have used the sum of an in�nite geometri
al series and a smalltri
k to arrange the initial value of the summation).By 
omparing the two resulting payo�s we see for what values of r it is betterto a
t 
o-operatively and for what values it is better to a
t sel�shly. If r issu
h that: R1 + rr > B + Pr (106)or: r < R� PB �R (107)
o-operation is a desirable strategy otherwise not. In this way future bene�tsplay a bigger role that today's and this en
ourages 
o-operation: if interestrate is high 
urrent bene�ts are exalted with respe
t to future bene�ts sotoday's non 
o-operative strategies are preferred to 
o-operative ones sin
eit redu
es the weight of future retaliation punishments.The present result has a general validity that holds whenever the stage gamehas a unique NE. Two possible extensions in
lude:1. the 
ase of more than two players, as it usually happens in 
aseswhere a group of 
ountries negotiate an International Environmen-tal Agreement;2. the 
ase where the stage game has more than one NE, that we are notgoing to examine in the present notes.Whenever we have more than two 
ountries that intera
t within an in�nitelyrepeated game again 
o-operation is hardly established and, in many 
ases,we 
an assist to a transformation of the game: it 
an happen that we startwith a Prisoner's Dilemma game and end with a 
hi
ken game.A

ording to this point of view, we start des
ribing a repeated Prisoner'sDilemma game among N players. In this 
ase we denote as:�
(�) (108)the \stage" pro�t of a 
o-operating 
ountry when further � 
ountries 
o-operate and as: �n
(�) (109)the \stage" pro�t of a non 
o-operating 
ountry when � 
ountries 
o-operate.Sin
e we are in a repeated Prisoner's Dilemma game, for any value of � 2[0; N � 1℄, we must have: �n
(�) > �
(�) (110)60



(so that non 
o-operation for a 
ountry gives a greater bene�t than 
o-operation and represent a dominant strategy) and also:�
(N � 1) > �n
(0) (111)so that a situation of full 
o-operation gives a greater bene�t than a situationin whi
h every 
ountry a
ts sel�shly (otherwise there should be no in
entiveat all to 
o-operate).

Figure 1: Pro�ts and 
oalitions [Mus00℄In addition to the pre
eding inequalities we have the following hypotheses:1. fun
tion �
 in
reases with �;2. fun
tion �n
 in
reases with �;3. all the 
ountries have the same fun
tions �
 and �n
 (symmetry).From equation (110) we have that the 
urve of fun
tion �n
 lies above thegraph of fun
tion �
. From equation (111) we obtain a 
onstraint on the61



relative position of the two 
urves.The situation is depi
ted in �gure 1.If we have that: �n
(0) < �
(N � 1) (112)so that the bene�t that a 
ountry gets from global 
o-operation is greaterthan the bene�t it gets a
ting sel�shly, from the nature of the intera
tions,it 
an happen that (
f. �gure 1):�n
(0) = �
(m� 1) (113)In this 
ase, a
ting together with other m�1 
ountries gives the same bene�tthan when nobody 
o-operates. Under this hypothesis we 
an see that a
oalition of m + 1 
ountries 
an su

essfully rea
h a 
ommon agreementsin
e: �n
(0) < �
(m) (114)Su
h a 
oalition 
annot be said stable sin
e, even if only one 
ountrywithdraws, the agreement breaks sin
e 
ountries have no bene�t from 
o-operation.Now let's evaluate the total bene�t a 
ountry gets from entering su
h a 
oali-tion and 
ompare it with what gets in 
ase of non 
o-operation.De�ning, again, the dis
ount fa
tor as:Æ = 11 + r (115)(where r is the dis
ount rate) we 
an evaluate the present value of futurebene�ts from entering a 
oalition (of agreement's signers) as:1Xi=0 Æi�
(m) = 1Xi=0 ( 11 + r )i�
(m) = �
(m)1 + rr (116)If a 
ountry does not 
o-operate at i = 0 whereas other m 
ountries do we
an have a \tit for tat" strategy so that for i > 0 there is no 
o-operation. Inthis 
ase the non 
o-operating (and punished) 
ountry obtainf the followingpresent value bene�t:�n
(m) + 1Xi=1 Æi�n
(0) = �n
(m) + �n
(0)( 1Xi=0 Æi � 1) (117)and, therefore: �n
(m) + �n
(0)1r (118)62



If we impose that the bene�t de�ned by relation (116) is greater that thebene�t de�ned by relation (118) we get:r < �
(m)� �n
(0)�n
(m)� �
(m) (119)If disequation (119) holds, a group of m + 1 
an settle an environmentalagreement about a 
ommon problem.Now the bad news. The main problems with the aforesaid solution are thefollowings:1. that it involves only m+ 1 
ountries out of N ;2. that su
h a number is lower the steeper is �
 and the higher is �
(0).From the �rst point we have that N� (m+1) stay out of the agreement and,notwithstanding this, they get the bene�ts of the agreement at no 
ost. Thisis an in
entive to a
t as a free-rider and not to join a 
oalition. Moreover, wehave that ea
h 
ountry has a strong interest that other 
ountries 
o-operateand sign the agreement. The game is now a 
hi
ken game where every
ountry urges the others to a
hieve an agreement, having no intention tojoin.This is a major problem sin
e there 
an be a lot of 
oalitions involving m+1
ountries out of N and every 
ountry has an in
entive both to stay out fromea
h of them and, at the same time, that one of su
h 
oalitions forms so theget its bene�ts as a free-rider.As to the se
ond point we note that, under the 
onstraints:1. �
(0) < �n
(0),2. �
(n) < �n
(n) for n 2 [0; N ℄,we have:1. the more ea
h 
ountry wishes to 
o-operate in a singleton situation (orthe higher is �
(0)) the smaller will be a 
oalition;2. the higher is �0
, or the marginal bene�t of ea
h 
ountry from 
o-operation, the smaller will be a 
oalition;3. even if �
(0) and �0
 are small enough so that only a grand 
oalition(i.e. a 
oalition involving the full set of N 
ountries) 
ould be possible.only the problem of free-riding would 
lear up by itself whereas theproblem of stability would still be on sin
e, by de�nition, we wouldhave: �n
(0) = �
(N � 1) (120)so that no 
ountry would have a real in
entive at 
o-operation.63



5 A CGT theoreti
 approa
h5.1 Introdu
tionThe NCGT theoreti
 approa
h has been examined in the previous se
tionwhere we have tried to show how 
o-operation among 
ountries 
an be a hardmatter.In this se
tion we are going to use a CGT theoreti
 approa
h to examinethe formation of International Environmental Agreements (IEAs) involvinga set of 
ountries i. e. a 
oalition.5.2 A 
oalition against environmental pollutionIn this se
tion we are going to examine a 
o-operative game based on theRSG paradigm. Su
h a game is based on two stages:1. at the �rst stage we have a 
oalition game during whi
h 
ountriesde
ide to adhere or not to a 
oalition;2. at the se
ond stage we have a pollution game where the 
ountries ofthe 
oalition a
t as a single player against all the other that a
t sel�shlyas singletons.At this level we want to des
ribe and solve the problem of forming groups(
oalitions) of 
ountries who sign international agreements so to attain a
o-operative solution, more eÆ
ient from the point of view of the involved
ountries.We suppose to have a set S of n polluting 
ountries (a 
oalition), ea
h
ountry 
ontributing with a quantity ei to the global pollution. The totalpollution amounts to: X =Xi ei (121)Su
h a pollution 
auses damages both in 
ountry i itself and in all the other
ountries. We suppose that the self indu
ed damage has the following ex-pression: miX = miXj ej (122)where mi � 0 represents the marginal damage for 
ountry i:mi = ddeimiXj ej (123). We have: 64



1. a global marginal damage M =Pimi;2. a total ordering on the marginal damages, sin
e we 
an always reorderthe 
ountries so to get: m1 � m2 � � � � � mn (124)The main problem is that ea
h polluting 
ountry gets a bene�t B(ei) fromits 
ontribution ei. Under 
lassi
al hypotheses we have:1. B0(ei) > 0 so that the marginal bene�t is positive (and so the bene�tis in
reasing in ei);2. B00(ei) < 0 so that the marginal bene�t is de
reasing in ei.In this way we have that B is a stri
tly 
on
ave fun
tion.As to the 
ountry i we have, therefore:Wi(ei; e�i) = B(ei)�miX (125)as the net bene�t of 
ountry i as a fun
tion of the polluting strategies of theother 
ountries (represented by the term e�i) with:X = ei + e�i (126)whereas we have the following expression of the welfare in 
ase of a 
ost:Wi(ei; e�i) = B(ei)�miX � C(ei) (127)In absen
e of any 
o-operation 
ountry i maximises its own net bene�t byevaluating: dWi(ei; e�i)dei = 0 (128)so to get, from equation (125) the marginal damage:B0i(e0i ) = mi (129)where e0i represents the non 
o-operative level of emissions of 
ountry i, forall i 2 S.This solution, that represents a NE of the non 
o-operative solution of theproblem, has two major drawba
ks:1. it negle
ts the damages that other 
ountries 
ause to 
ountry i;2. it negle
ts the damage that 
ountry i 
auses to the other 
ountries;65



so that solution (129) is not so
ially eÆ
ient for the whole set S of 
ountries.To get su
h a solution the 
ountries should work to rea
h the 
o-operativesolution that maximises:Xi Wi(ei; e�i) =Xi (B(ei)�miX) (130)Considering the expression for X, it is easy to see that the �rst order 
ondi-tion applied to relation (130) gives the following result:B0(e�i ) =Xj mj = M (131)so that the value of admissible emissions e�i for 
ountry i at the so
ial opti-mum is su
h that the marginal bene�t B0(e�i ) for 
ountry i is equal to theglobal marginal environmental damage M .

Figure 2: Case of two asymmetri
 
ountries [Mus00℄Figure 2 presents the 
ase of two 
ountries 1 and 2. If they a
t non 
o-operatively they maximise their own bene�ts at the emission levels e01 and e02.If they both a
t 
o-operatively they 
onsider the global value M = m1 +m266



so that their emission levels drop to lower values e�1 and e�2. In this 
ase, asto the global pollution (or global emission), we have:X� = e�1 + e�2 < X0 = e01 + e02 (132)The global pollution in the 
o-operative 
ase X� is lower than that in thenon 
o-operative 
ase X0.The situation we have depi
ted is a little bit unrealisti
 sin
e it negle
ts theabatement 
osts ea
h 
ountry has to ta
kle. For the moment we 
omparethe following two situations (
f. �gure 3) of two 
ountries (namely 1 and 2)with a status quo of, respe
tively, �e1 and �e2 levels of emission.1. If the two 
ountries de
ide to a
t independently one from the otherthey will lower their emission levels, respe
tively, at e01 e02. In this 
asethe drops (
f. �gure 3 (a)) are equal to:(a) �e1 = �e1 � e01,(b) �e2 = �e2 � e02.2. If, on the other hand, they de
ide to a
t 
o-operatively they sign anagreement by whi
h they redu
e their respe
tive emission levels to e�1e�2 so to obtain the following bigger drops (
f. �gure 3 (b)):(a) �e1 = �e1 � e�1,(b) �e2 = �e2 � e�2.As we have already seen, in the se
ond 
ase the value of the global pollutionX is lower than in the �rst 
ase (
f. equation (132)).For the moment we have dealt with marginal bene�t 
urves and emissionredu
tion levels. It is time to introdu
e something about unitary abatement
ost fun
tions Ci(ei). Traditional assumptions on su
h 
urves di
tate that:1. C 0i(ei) > 0 (133)2. C 00i (ei) > 0 (134)From equation (134) we have that Ci is not linear so that the higher thepollution level the higher the unitary 
ost of pollution abatement.A 
loser examination of �gures 3 (a) and (b) shows some of the problems ofsu
h solutions. 67



Figure 3: Case of two 
o-operating or non 
o-operating 
ountries [Mus00℄1. We 
an have 
ountries whose initial pollution level is lower than thatof the others. This is the 
ase of 
ountry 2 
ompared with 
ountry1. In this 
ase it is easier that 
ountry 2 (maybe a developed andte
hnologi
ally advan
ed 
ountry) engages in a redu
tion plan whereasthe other (a developing 
ountry) may �nd it hard to fa
e the 
osts of apollution redu
tion plan, owing to the high 
osts and the la
k of properte
hnology.2. On the other hand, in the 
o-operative 
ase, the needed abatementlevels are higher so that also the asso
iated 
osts are mu
h higher. Inthis 
ase if we want that 
ountries join the e�ort there must be somesort of support, at least for the less developed 
ountries, so to en
ouragetheir parti
ipation.3. In both 
ases, the 
ountry with higher pollution levels fa
es, at thesame time, bot an higher redu
tion level and, therefore, higher 
osts.This represents an asymmetry among 
ountries that we are going to68



dis
uss in greater details shortly.4. Usually 
o-operative solutions (involving more that m = 2 
ountries ona total of n > m) su�er the following problems:(a) stability, sin
e 
ountries tend to withdraw from too 
ostly agree-ments so that in many 
ases it is ne
essary to make 
on
essionsin order that 
ountries not only join an agreement but also staywithin it;(b) internal free-riding whenever a 
ountry joins an agreement buttends not to satisfy its obligations;(
) external free-riding whenever a 
ountry does not join an agreementbut bene�ts, at no 
ost, of the e�orts made by the signers.5.3 Drawba
ks of agreementsOne of the main problems asso
iated with the setting up of an agreementamong a set of 
ountries is that, in many 
ases, a 
ountry may su�er a losspassing form a non 
o-operative equilibrium to a 
o-operative one. Let'sexamine a simple 
ase, swit
hing, for a moment, to the NCGT and repre-senting a simple game in strategi
 form.We suppose we have two 
ountries A and B with the 
lassi
al strategies of astati
 game in strategi
 form:1. SA = f
; n
g,2. SB = f
; n
g. A vs. B 
 n

 b1; 
2 d1; a2n
 a1; d2 
1; b2Table 22: Co-operation is hardIf we have the payo�s of Table 22 with the following orderings:a1 > b1 > 
1 > d1 (135)a2 > b2 > 
2 > d2 (136)we easily see that: n
 �1 
 (137)69



n
 �2 
 (138)so that (n
; n
) is the only Nash Equilibrium of the game. If the two 
ountrieswould de
ide to swit
h to the 
o-operating solution (
; 
) one of the majorobsta
le is represented by the fa
t that, for 
ountry B, the swit
hing fromthe former to the latter implies a loss equal to b2 � 
2 whereas 
ountry Agets, from the same transa
tion, a net bene�t equal to b1� 
1. Moreover it isnot always assured that the global bene�t is bigger than the sel�sh (or non
o-operative) bene�t or, formally, that:b1 + 
2 > 
1 + b2 (139)In order for (139) to be satis�ed we must have (under the hypotheses b1�
1 >0 and b2 � 
2 > 0 that are satis�ed from (135) and (135)):b1 � 
1 > b2 � 
2 (140)but relations (135) and (136) are not enough for (139) to be always veri�ed.This situation derives mainly from an asymmetry among the various 
oun-tries owing to:1. di�erent marginal bene�t B0i ea
h 
ountry i gets from its emission levelsei;2. di�erent marginal damage mi;3. di�erent te
hnologi
al 
apabilities and so di�erent 
ost fun
tion Ci(ei).A vs. B 
 n

 b1 � �; 
2 + � d1; a2n
 a1; d2 
1; b2Table 23: In
entives to 
o-operationA possible solution, in 
ases where relation (139) is veri�ed, may be foundunder the form of a transfer of resour
es (� > 0) from 
ountry A to 
ountryB (
f. Table 23) so that the following 
onditions are satis�ed:1. for 
ountry A we have b1 � � > 
1;2. for 
ountry B we have 
2 + � > b2.70



In this 
ase we have, again: b1 + 
2 > 
1 + b2 (141)We note, however, that also the game of Table 23, under the orderings:a1 > b1 � � > 
1 > d1 (142)a2 > 
2 + � > b2 > d2 (143)has the only Nash equilibrium at (n
; n
). This means that:1. even if two 
ountries agree to 
o-operate (so to adopt the strategypro�le (
; 
)) both have strong in
entives to unilaterally deviate fromit;2. if transfer � o

urs before the two 
ountries e�e
tively 
o-operate, 
oun-try B 
an obtain it and then adopt a non 
o-operative strategy sin
e,in many 
ases, there is no e�e
tive way for A to get the transferredgood ba
k;3. if transfer � o

urs after the two 
ountries e�e
tively 
o-operate, 
oun-try A 
an refuse to 
arry out the promised transfer.Another bun
h of problems arise as to the nature of transfer �. Usually thereare three kinds of transfers:1. money transfers;2. in-kind transfers;3. te
hnologi
al transfers.All these kinds of transfers su�er drawba
ks. Among these the major draw-ba
k is that, after a transfer has o

urred, if the bene�
iary 
ountry doesnot ful�l the asso
iated obligations there is no e�e
tive way, for the donor
ountry, to get ba
k the transferred good.5.4 Something more on 
oalitionsIn order for an IEA to be rati�ed and go into e�e
t, in many 
ases, itis ne
essary that a minimal set of 
ountries agree on it and form a stable
oalition.We 
all these 
ountries initial signers (IS) and de�ne a stable 
oalition a
oalition that none of the belonging 
ountry has any in
entive to leave. More71



formally we speak, in this 
ase, of internal stability whereas a 
oalitionis termed as externally stable if no 
ountry outside of the 
oalition hasin
entives to join it.Su
h a 
oalition, therefore, should not be externally stable, in the sensethat it should give in
entives to non initial signers 
ountries (NIS) to jointhe 
oalition.This 
an happen essentially in three ways:1. be
ause a 
ountry j 2 NIS thinks that it 
an get bigger bene�ts joiningthe 
oalition than staying out of it;2. be
ause a 
ountry j 2 NIS obtains by 
ountries in IS an in � outtransfer that is an in
entive to join the 
oalition;3. be
ause a 
ountry j 2 NIS gives a transfer to another 
ountry j 2 NISso that it joins the 
oalition (out� out transfer).As to the se
ond point we only note that ea
h transfer redu
es the net bene�tof the 
ountries in IS so that usually this is not the right way to rea
h neithera mu
h wider 
oalition nor a grand 
oalition (or the 
oalition that in
ludesall the 
ountries).We already noted some of the problems asso
iated with the use of transfersto enlarge a 
oalition beyond IS. Here we add two more problems:1. in many 
ases it is hard to quantify the entity of the transfer as afun
tion of the (politi
al, so
ial, e
onomi
al and te
hnologi
al) 
har-a
teristi
s of the re
eiving 
ountry in order to in
entive it to join the
oalition;2. in many 
ases the existen
e of transfers, as in
entives to join the 
oali-tion, 
an spur strategi
 behaviours from 
andidate 
ountries. Su
hbehaviours may be summarised as follows: a 
ountry j 2 NIS 
an de-
ide to stay out of the 
oalition as long as it does not re
eive transfersof a given amount to join, maybe threatening to 
arry out a damag-ing environmental poli
y (owing to 
auses beyond 
ontrol) so to risethe pri
e of its adhesion. In this 
ase we have a bargaining pro
essamong the 
ountries of IS and the 
andidate 
ountry j 2 NIS thatmust equitably 
lose either with j joining the 
oalition or staying outof it. The risk of su
h strategi
 behaviours 
an in
rease in presen
e ofasymmetries and la
k of information among the 
ountries.
72



5.5 A new solution: issues linkageA new way to favour the formation of a 
oalition of 
ountries that signan IEA is to bind the 
oalition forming game to some other game amongthe same 
ountries so that within the global game the 
o-operative strategypro�le results preferable to any other (or at least at no 
ost or with somelimited bene�t).In this way the transfers are not seen as a sunk 
ost but as a ex
hange goodsbetween the two games. In the present se
tion we are going to examine asimple example from [Mus00℄.We suppose to have two 
ountries A and B engaged in two negotiation pro-
esses:1. an environmental negotiation for the redu
tion of greenhouse gases;2. an e
onomi
al negotiation for th adhesion to a free trade agreement.We want to model su
h negotiations with two single shot stati
 games andassuming that, in ea
h game, both 
ountries have the following strategies:1. SA = f
; n
g;2. SB = f
; n
g.The �rst game, �1, is an environmental negotiation game whose strategi
form representation is given in Table 24A vs. B 
 n

 b1; 
2 d1; a2n
 a1; d2 
1; b2Table 24: Environmental negotiation gameIf we have the following orderings:a1 > b1 > 
1 > d1 (144)a2 > b2 > 
2 > d2 (145)we 
an easily see that: n
 �A 
 (146)n
 �B 
 (147)so that (n
; n
) is the only Nash Equilibrium of the game �1.The other game, �2, is an e
onomi
al negotiation game whose strategi
 form73



A vs. B 
 n

 
1; �2 Æ1; �2n
 �1; Æ2 �1; 
2Table 25: E
onomi
al negotiation gamerepresentation is given in Table 25.If we have the following orderings:�1 > �1 > 
1 > Æ1 (148)�2 > �2 > 
2 > Æ2 (149)we 
an easily see that: n
 �A 
 (150)n
 �B 
 (151)so that (n
; n
) is, again, the only Nash Equilibrium of the game �2.If the two games are played separately, in both 
ases the two 
ountries attaina non 
o-operative solution whereas the swit
hing to the 
o-operative solutionwould impose a loss (either b2 � 
2 or �1 � 
1) to one of the two 
ountries.If, moreover, we add the 
onditions:1. b1 + 
2 > 
1 + b2,2. 
1 + �2 > �1 + 
2,it is easy to see why the two 
ountries should prefer a 
o-operation that isnot attained owing to the loss ea
h one of them in
urs in swit
hing from non
o-operation to 
o-operation.If the two games are played together we swit
h to a more 
ompli
ated butmore ri
h stru
ture where the two players have the following strategies:SA = SB = fn
; n
;n
; 
; 
; n
; 
; 
g (152)or: SA = SB = f
; n
g � f
; n
g (153)The �rst element of ea
h strategy identi�es the 
hoi
e of the player in �1whereas the se
ond element identi�es the 
hoi
e of the player in �2 so that,for instan
e, n
; n
 is the 
ase where a player never 
o-operates. The payo�sin the new game are easily obtained by appropriately summing the payo�sof the two separate games so to obtain the payo�s of Table 26. If we suppose74



A vs. B n
, n
 n
, 
 
, n
 
, 
n
, n
 
1 + �1; b2 + 
2 
1 + �1; b2 + Æ2 a1 + �1; d2 + 
2 a1 + �1; d2 + Æ2n
, 
 
1 + Æ1; b2 + �2 
1 + 
1; b2 + �2 a1 + Æ1 d2 + �2 a1 + 
1; d2 + �2
, n
 d1 + �1; a2 + 
2 d1 + �1; a2 + Æ2 b1 + �1; 
2 + 
2 b1 + �1; 
2 + Æ2
, 
 d1 + Æ1; a2 + �2 d1 + 
1; a2 + �2 b1 + Æ1; 
2 + �2 b1 + 
1; 
2 + �2Table 26: Composed gamethat in 
ases where neither 
ountries 
o-operate we have null payo�s so that:
1 = b2 = �1 = 
2 = 0 (154)we get Table 27. From (154) and the orderings on the payo�s we get:A vs. B n
, n
 n
, 
 
, n
 
, 
n
, n
 0; 0 �1; Æ2 a1; d2 a1 + �1; d2 + Æ2n
, 
 Æ1; �2 
1; �2 a1 + Æ1 d2 + �2 a1 + 
1; d2 + �2
, n
 d1; a2 d1 + �1; a2 + Æ2 b1; 
2 b1 + �1; 
2 + Æ2
, 
 d1 + Æ1; a2 + �2 d1 + 
1; a2 + �2 b1 + Æ1; 
2 + �2 b1 + 
1; 
2 + �2Table 27: Composed game, redu
ed Table1. d1 < 0,2. d2 < 
2 < 0,3. Æ1 < 
1 < 0,4. Æ2 < 0.By examining Table 27 we 
an easily see that the two 
ountries have, in theaggregate game:1. a Nash Equilibrium for the following strategy pro�le (n
; n
;n
; n
);2. a 
o-operative solution asso
iated to the following strategy pro�le(
; 
; 
; 
).Seemingly nothing has 
hanged but if the following relations are satis�ed:1. b1 + 
1 > 0 (155)75



2. 
2 + �2 > 0 (156)we 
an make the following 
onsiderations:1. in game �1 the swit
hing from the solution (n
; n
) to the solution (
; 
)is asso
iated to a loss from 
ountry B so to in
entive that 
ountry atransfer is needed;2. in game �2 the swit
hing from the solution (n
; n
) to the solution (
; 
)is asso
iated to a loss from 
ountry A so to in
entive that 
ountry atransfer is needed;3. in the 
ompound game both 
ountries are better o� in the solution(
; 
) than they are in the solution (n
; n
) so that the swit
hing 
ano

ur without any 
ompensatory transfer from the ri
her to the poorer
ountry.Relations (155) and (156) are more easily satis�ed in all 
ases where 
ountriesA and B are 
hara
terised by symmetri
 
onditions with regard to bothnegotiation so that, for instan
e, we have:1. b1 = �2,2. 
2 = 
1.In this 
ase both 
ountries get the same positive bene�t from the 
o-operativesolution.We have seen how linking a negotiation (an issue) with another one 
an makeunne
essary any transfer between involved 
ountries in order to en
ouragethe 
o-operation among them. This, of 
ourse, leaves opened, among theothers, the following interlinked problems.1. A problem of stability: like in any Prisoner's Dilemma game, howto prevent that a 
ountry violates or denoun
es an agreement sin
e ithas in
entives to do so.2. A problem of size and s
ale: given a set of 
ountries and a set oflinked issues de�ne what is the best way to 
arry on the negotiations:bilateral vs. multilateral negotiations with the aid of one or more me-diators and/or one arbitrator.3. A problem of 
omplexity: linking two negotiations together in-
reases the 
omplexity of the overall pro
ess and this may be even more76



evident if one or both negotiations are 
hara
terised by pre-existing
onstraints. For instan
e we 
an have two parallel negotiations, �1 and�2, but the latter lies within the s
ope of some wider and pre-existingnegotiation �, that poses some non negotiable 
onstraints on the for-mer.4. A problem of transferability: an agreement that requires a 
er-tain kind of e
onomi
al stru
ture 
an be more easily 
on
luded andrespe
ted if the ne
essary te
hnologies are available and 
an be trans-fered among the involved 
ountries. This has been the 
ase of Mon-treal Proto
ol where alternative produ
ts and te
hnologies have beenswapped among 
ountries so to obtain (at least oÆ
ially) a redu
tionof the produ
tion a some gases that were damaging the ozone layer.6 A few notes about free-riding, transfersand related topi
sIn this se
tion we present a few remarks ([Fin00℄) about some of the\politi
al" aspe
ts of what we have been examining up to this 
on
ludingse
tion.First of all we fa
e some fundamental problems and questions then we stepto examine the main 
aw of IEA, the problem of free-riding, and 
lose these
tion with some 
omments on san
tioning and monitoring.6.1 \Hardness" of 
o-operation
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