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Discurso de presentacion

Dr. Juan Francisco Corona Ramon
Académico de Nimero
Real Academia Europea de Doctores

Your Excellency, Mr. President
Your Excellencies, Academicians,
Ladies and Gentlemen:

The Royal European Academy of Doctors is pleased to welcome as honor-
ary academician Dr. Eric Stark Maskin, and I am honoured to be asked to give
the speech in reply on the solemn occasion of his entry into our much loved
corporation, which is proud today to welcome him as honorary academician.

Unfortunately, I did not have the good fortune to receive teaching directly
from Professor Maskin, but he has been a presence throughout my academic
career, in particular during the years when I was directly involved in the Eu-
ropean Public Choice Society, since his studies on Nash Equilibrium and the
design of institutions perfectly complemented some of the projects that I had
occasion to prepare with my esteemed Professor James Buchanan. Later I also
had the opportunity to follow very closely his fundamental contributions to
game theory, thanks to the mastery of the much appreciated Andreu Mas-Colell
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and, therefore, going on from his acknowledged academic distinction, it is an
emotional moment for me to have the immense honour of replying to his ad-
mission speech.

A brief biographical sketch

Eric S. Maskin was born in New York City although he grew up further
north, in Alpine, a little town beside the Hudson River. He went to secondary
school at Tenafly, three miles from home, where thanks to his calculus teacher
he discovered the beauty of mathematics. So much so that Maskin decided to
study mathematics at Harvard University, where he became one of their finest
alumni. There he shared algebra classes with Pierre Samuel and Richard Brauer
and analysis with George Mackey and Lars Ahlfors, in whom he found great
inspiration.

His first contact with economics was almost accidental, when he attended
a course on “economics of information” given by Kenneth Arrow, who later
would be his doctorate tutor. In this course, Maskin discovered the work of
Leonid Hurwicz on the incipient field of mechanism design. This work was
a revelation to him. In his own words, “it had the precision, the rigour and, at
times, the beauty of pure mathematics and it was also orientated to problems of
real social importance; an irresistible combination”.

As a result of this discovery, Maskin did his doctorate in applied mathe-
matics, for which he attended various classes on economics including a course
on general equilibrium given by Truman Bewley, where he met his class com-
panion and later co-Nobel prize-winner, Roger Myerson, and also a seminar
on analysis by Jerry Green, where he met students of the stature of Elhanan
Helpman, Bob Cooter, and Jean-Jacques Laffont.

While doing his doctorate, Maskin learned from his tutor, Ken Arrow.
When he finished it, he secured a contract for post-doctoral research with
Frank Hahn at Cambridge University. While he was in England, Maskin sub-
merged himself in resolving a new problem: in what circumstances is it pos-
sible to design a mechanism which implements a given social objective. After
working on the question for nearly the whole year he came to the conclusion
that the key was to be found in monotonicity (a concept that we shall explain
later). This discovery was a revelation although the formula was pretty com-
plex. It was then that his friend (disputant) Karl Vind suggested a simplifica-
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tion. Maskin then wrote all the details in his article “Nash Equilibrium and
Welfare Optimality” when already a professor at MIT, although he did not
publish it until twenty years later, since by then it was already known in the
format of a working paper.

During his stay at MIT as professor he had the opportunity to come across
distinguished personalities such as Paul Samuelson, Franco Modigliani and
Bob Solow. At this time he said that he learned much from the teachings of
Peter Diamond, who acted as his big brother.

Seven years later Maskin left MIT to take up a place as a professor at Har-
vard, where he was part of a group of theoreticians among whom were Andreu
Mas-Colell, Jerry Green, Oliver Hart, Drew Fudenberg, Mike Whinston, Marty
Weitzman. After 15 years in this prestigious but also very demanding univer-
sity, Eric went to work in the Institute for Advanced Study where he continued
his research work as well as giving classes at Princeton University, where until
2011 he held the “Albert O. Hirschman” Chair, and supervised doctorate stu-
dents.

Up till now, Maskin has written more than 130 books and articles, he is a
member of numerous organisations all over the world, among which are: the
Econometric Society where he was president in 2003, the European Economic
Association and the American Academy of Arts and Sciences, considered as
the oldest and most prestigious honorary society and a leading centre of policy
research in the United States. Maskin has Honorary Doctorates in various uni-
versities of many different countries and has been awarded 15 prizes and top
level medals in recognition of his work.

Eric S. Maskin won the Nobel Prize for Economics in 2007 together with
Leonid Hurwicz and Roger Myerson “for having laid the foundations of mech-
anism design theory”, studying the design of social decision procedures in
situations in which economic agents have private information and use it in a
strategic way.

Maskin thought himself lucky to have been able to discover economics, to
have entered the field at a moment when mechanism design was beginning to
flourish, to have had a series of outstanding maestros, students, colleagues and
friends during his career and, most important of all, to be able to devote himself
to the profession which he loved.
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Given the variety of his contributions, I wanted to divide my reply into two
parts: first I will give a brief summary of some of his most significant achieve-
ments. Then [ shall illustrate the importance of his research with examples of
practical problems to which we can apply his results.

Brief summary of E. Maskin’s theoretical achievements

I would like to talk about six specific achievements by Eric Maskin with
great impact in different fields: (i) fundamental aspects of game theory, (ii)
mechanism design for the implementation of social choice, (iii) banking eco-
nomics, (iv) auction theory, (v) inequality theory and (vi) voting systems.

(i) Fundamental contributions to game theory'

In game theory, the folk theorem says that any feasible profile of payments
which dominates minimax strategy -consisting of penalising the rival- can be
achieved as Nash equilibrium in infinitely repeated games if the time discount
factor is sufficiently small.

For example, in the prisoner’s dilemma, the only Nash equilibrium occurs
when both players betray, which is also a mutual minimax profile. In this case,
cooperation is not Nash equilibrium. The ‘folk’ theorem says that if the players
are sufficiently patient, in the infinitely repeated version of the game there is
Nash equilibrium of such a manner that both players cooperate.

Maskin and Fudenberg demonstrated that this theorem is also valid in finite
repeated games and with imperfect information (and mixed strategies). It is
only necessary to fulfil one of these two conditions: that there are two players
in the game, or that players who do penalties can be rewarded (“full dimension-
ality condition”).

This result is important because until its publication, cooperation actions
could only be explained in the framework of a theory of infinitely repeated
games; not in a framework of finite games, which contrasts clearly with the fact
that economic agents generally have a limited life and that cooperation is often
observed in experiments with finite repetitions.

1. The Folk Theorem in Repeated Games with Discounting or with Incomplete Information, published
jointly with Drew Fundenberg in Econometrica in 1986.
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The strategy which sustains these possible cooperative equilibriums is
characterised by the fact that, after a deviation, each player changes to a mini-
max strategy, penalising the other player for a specific number of periods. With
multiple players, those who deviate must be penalised, but also those who pe-
nalise must themselves be threatened with sanctions in the case of not penalis-
ing those who deviate.

In the cases of imperfect information, a player can credibly threaten with
taking suboptimal decisions if there is a (small) probability that the action is in
fact optimum because there is interest in maintaining a reputation for possible
“irrationality”.

In this way, games with a finite and infinite horizon can reproduce the same
results. But Maskin’s article gives additional interest to games with a finite
horizon, because one can argue in favour of or against certain equilibriums
depending on the type of irrationality necessary to sustain them.

(ii) Mechanism design for the implementation of social choice*

As we have seen, Maskin extended game theory as a conceptual framework
in order to explain a great many situations in their finite interaction variants. In
consequence, it becomes a basic tool for mechanism design and the implemen-
tation of social choice.

In this specific terrain, Maskin identified the conditions necessary for a so-
cial choice to be able to be implemented by means of a mechanism compatible
with the incentives of the participants.

As I explained in the introduction, he discovered that the key property of
social preferences for the implementation of a social decision in the form of
Nash equilibrium is “monotonicity”. Any rule of social choice which fulfils
this condition and the non-existence of the power of veto (by any of the par-
ticipants) can be implemented by a game or “mechanism” if there are three or
more individuals.

The “monotonicity” of social preferences requires that if a result/option is
optimum in a given state, it will also be so in any other state in which this option
does not lose position in the ranking of preferences of any of the participants

2. Nash Equilibrium and welfare optimality, published in the Review of Economic Studies in 1999.
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in relation to the other options (the order of the rest of the results being able to
vary).

(ii1) Banking economy: efficiency in the grant of credit in centralised v. decen-
tralised systems?

Maskin also applied his knowledge of game theory to explain how financial
decentralisation (the number of banks) affects the grant of credit in a frame-
work of adverse selection, in which unprofitable projects are refinanced after
having incurred sunk costs (which happen when information on the quality of
the project is incomplete and which, had they been foreseen, would have made
the project undesirable).

He showed how, when there are multiple banks, they can publicly commit
not to refinance unprofitable projects thus discouraging entrepreneurs from
seeking finance. This extra in financial discipline is an argument in favour of
financial decentralisation. However, in his model, a large number of banks im-
plies an excessive emphasis on profitability in the short term.

Maskin’s model is important in explaining the existence of “soft” budgetary
restrictions in state financing, which means that state companies easily attain
state financing in spite of embarking on bad projects. It can also explain the
differences between banking and industrial relationships among Anglo-Saxon
types of economies, characterised by high banking dispersion, and those of
Germany and Japan, where the financial concentration is greater.

(iv) Auction theory*

Maskin explained that when buyers are averse to risk, an auction in which
the winner pays the highest price generates more income for the seller than an
auction in which the winner pays the second price. Also, the seller’s preference
for the first type of auction is greater if he also is averse to risk.

This is in contrast with the more normal result, as he himself has pointed
out, which indicates that it is optimum to award the lot to the winning buyer at
the second highest price.

3. Credit and Efficiency in Centralized and Decentralized Economies, jointly with M. Dewatripont
published by “Review of Economic Studies”, in 1995
4. Optimal Auctions with Risk Averse Buyers, jointly with John Riley, published in Econometrica in 1984
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(v) Inequality theory®

I would also like to mention one of his more recent contributions in the
social field: his inequality theory.

In a few words, Maskin argues that workers qualified in developing coun-
tries are sought-after by the multinationals and get salary rises. In contrast,
unqualified workers are ignored, so that their salaries tend to fall with global-
ization.

The message of this theory is not that we need to distance ourselves from
globalization to avoid increased inequality. Even if that were possible, to do it
would involve a high cost in the long term in terms of income per inhabitant.
Rather, Maskin insists that the best remedy for inequality is to give poorly
qualified workers the opportunity (and the tools) to share the benefits of glo-
balization.

(vi) Voting systems®

According to Gibbard-Satterthwaite’s impossibility theorem there is no
voting regulation which respects at the same time all the optimum criteria of
representativeness, that is: (1) that it cannot be manipulated -that is, that it
prevents strategic behaviour by voters to avoid a given candidate; (2) that it
maintains the consensus -that is, that if all the voters prefer one candidate A to
another B, that B is not elected; (3) that all the votes have the same value; (4)
that equal treatment is given to all candidates; (5) that the election always gives
a clear result.

But Eric Maskin has argued that this impossibility theorem is too pessimis-
tic. What matters is not whether a voting system can transmit any preference
adequately. What matters is whether it transmits a reasonably broad set of pref-
erences and the most likely to occur in reality.

Maskin and Dasgupta have demonstrated that there are 2 regulations for
voting which maximise the situations in which a system is “optimum”. They

5. Globalization and Inequality, an outline of the article in The Economist (2014)

6. Relevant sources: On the robustness of majority rule (2008), with Dasgupta; Pandering and Pork Barrel
Politics (2014), with Jean Tirole; How should we elect our leaders? (2014); Elections and strategic voting
(2011).
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are the Condorcet Method’ and the Borda Count®. Happily, these two methods
of voting are complementary, so that when one fails the other works.

Normally, the Condorcet method satisfies all the criteria of representative-
ness, but sometimes it is unable to ensure its decision-making capacity (criteri-
on 5), as it can be a victim of what is called “Condorcet cyclical dependency”.
With 3 candidates, for example, a majority may prefer the some other candi-
date, for each candidate, if the preferences are sufficiently complicated.

In these cases, however, the Borda Count works properly. In this way, with
just two complementary methods an election can be achieved which meets the
established requirements.

Practical implications

Mechanism design theory is a fundamental field for the social sciences. It
allows solutions to be found for complex problems of collective choice. It is,
also, a field with enormous development potential and one which offers practi-
cal recommendations.

To have Eric Maskin among us today is an opportunity to thank him for his
contributions and to record the enormous advances that he has made possible:

- Development of game theory in the broad sense.
- Inspiring auction systems and the grant of licences throughout the world.

- Notably improving institutional quality and economic efficiency.

But there is still much to do. Specific problems on which there is still much
terrain to be explored.

In fact, in Spain, the auctions held of energy and mobile telephony have
been based on recommendations derived from Professor Maskin’s work. At
a practical level, the latest auction of 4G in Spain was assigned with lots at
highest price and with maximum limits on what each operator could buy. It can

7. According to which the voters put the candidates in order from greater to lesser preference and the
candidate is found who wins all the pairings.

8. According to this methodology, the candidates are ordered according to the preferences of each elector;
in the count, points are given for each position in the order: 1 point for last in line, 2 points for the next to
last, 3 for the antepenultimate, etc.
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be asked whether this is the best system (according to whether we consider the
participants as averse to risk or not), but it appears to be an efficient system. On
the other hand, Television spaces are assigned in a much less transparent way.
Also it is the government that decides what percentage of frequencies are allot-
ted to Mobiles and which to TV, and later they are assigned within each sector
and it is impossible to move them from TV to mobiles or vice versa.

Another example of a practical ambit with potential for improvement is
the market in greenhouse gas emissions. Before the crisis, rights were awarded
to various geographical zones. The EU got a fixed number which should have
allowed the creation of a market in rights which would be an incentive to green
investments to reduce emissions. However, electrical demand slumped with the
crisis and the number of rights distributed was too high. In consequence, there
were no incentives to make the necessary investments. After this experience,
perhaps we could conclude that a system should be designed in which the num-
ber of rights depends dynamically on the GDP or some other variable.

We can also extract implications from Eric Maskin’s work for our financial
sector. The process of concentration that Spain has been through will have nu-
merous effects: surely the emphasis on grants of credit will lessen in the short
term, but, ceteris paribus, the tendency to maintain commitments to unprofit-
able projects could have increased.

Also inequality theory is of great interest in tackling, understanding and
motivating the educational reforms necessary for our country to prosper. This
theory explains to us why we need to develop and attract talent.

Finally, Eric Maskin has made specific contributions in the study of elector-
al systems and on the strategic behaviour of voters.

It is a privilege to have Eric among us today, precisely at a time when the
Spanish electoral system has become extremely complex. Now the electors will
have to vote in a more strategic way, penalising those who obstructed the for-
mation of a government or voting against their less favoured option (and not
according to their preferences).

His work teaches us that this strategic behaviour not only distorts the trans-
mission of individual preferences, and therefore, the essence of the democrat-
ic system, but also imposes a significant cost on the voter: it is already hard
enough to discover which party best represents his preferences; now also we
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need to understand game theory and know how to predict the preferences of the
other electors in order to vote in consequence. The citizen’s decision problem
is now much more complex.

In the name of the President of the Royal European Academy of Doctors, in
those of all the academicians and in my own, please receive, my dear Eric, our
most cordial welcome.

Congratulations.

odd
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An Introduction to Mechanism

Dr. Eric Maskin
Harvard University

Theory of Mechanism Design —
“engineering” part of economic theory

» much of economic theory devoted to:

— understanding existing economic institutions
— explaining/predicting outcomes that institutions generate
— positive, predictive

» mechanism design — reverses the direction

— begins by identifying desired outcomes (goals)

— asks whether institutions (mechanisms) could be designed to achieve
goals

— if so, what forms would institutions take?

— normative, prescriptive
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For example, suppose
» mother wants to divide cake between 2 children, Alice and Bob
* goal: divide so that each child is happy with his/her portion

— Bob thinks he has got at least half
— Alice thinks she has got at least half call this fair division

* If mother knows that the kids see the cake in same way she does, simple
solution:

—she divides equally (in her view)
— gives each kid a portion

* But what if, say, Bob sees cake differently from mother?

— she thinks she’s divided it equally
—but he thinks piece he’s received is smaller than Alice’s

» difficulty: mother wants to achieve fair division

—but doesn’t have enough information to do this on her own
—1n effect, doesn’t know which division is fair

* Can she design a mechanism (procedure) for which outcome will be a fair
division?

(even though she doesn’t know what is fair herself ?)
* Age-old problem

— Lot and Abraham dividing grazing land
Age-old solution:

— have Bob divide the cake in two
— have Alice choose one of the pieces
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Why does this work?
* Bob will divide so that pieces are equal in his eyes

—if one of the pieces were bigger, then Alice would take that one
* So whichever piece Alice takes, Bob will be happy with other

» And Alice will be happy with her own choice because if she thinks pieces
unequal, can take bigger one

Example illustrates key features of mechanism design:

» mechanism designer herself doesn’t know in advance what outcomes are
optimal

* so must proceed indirectly through a mechanism

— have participants themselves generate information needed to identify
optimal outcome

* complication: participants don’t care about mechanism designer’s goals
— have their own objectives
* so mechanism must be incentive compatible

— must reconcile social and individual goals

Second Example:

Suppose government wants to sell right (license) to transmit on band of

radio frequencies (real-life issue for many governments, including in U.S.)

* several telecommunication companies interested in license

» goal of government: to put transmitting license in hands of company that
values it most (“efficient” outcome)
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* but government doesn’t know how much each company values it (so
doesn’t know best outcome)
Government could ask each company how much it values license

* but if company thinks its chances of getting license go up when it states
higher value, has incentive to exaggerate value

* so no guarantee of identifying company that values it most
» government could have

— each company make a bid for license

— high bidder wins license

— winner pays bid
* but this mechanism won’t work either

— companies have incentive to understate

* suppose license worth $10m to Telemax, then

— if Telemax bids $10m and wins, gets
$10m —$10m=0

* 50 Telemax will bid less than $10m

* but if all bidders are understating, no guarantee that winner will be com-
pany that values license most

Solution:
* every company makes bid for license
* winner is high bidder
* winner pays second-highest bid
— so if 3 bidders and bids are
$10m, $8m, and $5m,

winner is company that bids $10m
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— but pays only $8m
* Now company has no incentive to understate

— doesn’t pay bid anyway
— if understates, may lose license

» Has no incentive to overstate

— If bids $12m, will now win if other company bids $11m
— But overpays

* So best to bid exactly what license worth
* And winner will be company that values license most
* Have looked at 2 applications of mechanism design theory
» Many other potential applications
1) International treaty on greenhouse gas emissions
2) Policies to prevent financial crises

3) Design of presidential elections

ooo
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Nash Equilibrium and Welfare
Optimality

ERIC MASKIN
Harveard University

If 4 is a set of social alternatives, & social choice rule {SCR}) assigns 3 svbsee of 4 10 each
potential profile of individuals’ preferences over 4, where the subsel 38 interpreded as the set of
“welfare optima™, A game form (or “mechanism™} implements the social choice rule il for any
polential profik of preferences, (i) any welfare optimum can arise as a4 Nash equitibrium of the
game form (implying, in parlicular, that a Nash eguilibrium exists) und, {ii) e/ Nash equilibrig
are wellzre optimal. The main result of this paper sstablishes that any SCR that sarisfies twe
prapecties tonotonicity and no veto power—can be implemented by a pame form if there are
three or more mdividuals. The prool is constenctive.

1. INTRODUCTION

After society has decided on a social choice rule—a recipe for cheosing the optimal social
alternative (or alternatives) on the basis of individuals’ preferences over the set of all social
alternatives—the social planner still faces the problem of how to implement that rule. In
particular, the planner may not know individuals® preferences. He mighe attempt to elicit
them, but this may not be an easy task, even abstracting from communication costs, If
mndividuals know the rule by which the planner selects alternatives on the basis of reported
preferences, they may have an tncentive to report falsely.

One can think of the individuals as playing a game fonm. They are endowed with
strategy spaces coinciding with their sets of possible announcements. The strategics that
players choose determine an outcome. Ideally. one might hope to devise game forms which
ensure that individuals will akways want to announce their true preferences and that the
righi outcome (J.¢. the one prescribed by the social choice rule) relative to those prefer-
ences is selected. In the case where preferences can be anything---that is, when the planner
can place no a prieri Testrictions on the nature of individuals’ preferences—Gibbard (1973}
and Satterthwaite (1975) dash this hope by demonstrating that only dictatorial game
forms have the property that players always wish to announce the truth regardless of the
stratogies of others. In other words, only 4 game form in which there cxists a player who
always pets his Favocerite alternative is strategy-proof.

In view ol this negative result, one may be willing to sacrifice the strong incentive-
compatibility of strategy-proofness. One may require, for example, only that players be
in Nash equilibrium. This weaker stipulation hus in fact been pursued by Groves and
Ledyard (1977), Hurwicz (1979}, and Schmeidler (1980), who construct game forms for
the allocation of cconomic resources—with no restriciion on preferences other than the
usual convexity, continuity, and monolontcily assumptions--such that Nagh equilibria
exist and are Parete optimal. Moteover the game forms constructed are noadictatorial,
indeed, in the Hurwicz and Schmeidier papers the Nash equilibria are not only Pareto
optimal, but coincide with the set of Walrasian or Lindabl equilibria.
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NASH EQUILIBRIUM AND WELFARE OPTIMALITY

In tius paper [ examine the general question of implementation of social choice rules
by game forms when Nash equilibritun is the solution concept. The main result asserts
that a social choice rule on an arbitrary domain of preferences can be implemenied by a
game form if it satisfies two arguably reasonable properties: monoronicity and no veto
power,

As T have presented it, implementation theory may appear to be purely a topic in
applied welfare economies: Given the desired SCR, how can we go about implementing
it? But there is a positive aspect to the theory as well. Certain well-known mechanisms—
¢.g. the English auction in the context of selling goods or rank-order voting in the context
of electing candidates—are used frequently in practice, and we may wonder what proper-
ties the outcomes they give nise Lo satisfy as mdividuals’ preferences vary. This is a ques-
tion that the theory can also answer.

I proceed as follows. In the second section T introduce most of the notation and
definitions. In the third, I present an “impossibility™” result for the case of two plavers. In
the fourth, T discuss the properties of monctonicity and no veto power. [ demonstrate
that monotonicity is an essential refuirsment of a social choice rule for implementability.
I suggest also that no veto power, though not a necessary condition, is really quite weak
and, in fact, is vacuonsly satisfied in many contexis.

Then in Seetion V, I present the main result of the paper: a constructive demon-
stration that monotonicity and no veto power suffice for an SCR of more than two indi-
viduals to be implementable in Nash equilibrium. 1 also show, by example, thai the resuli
does not remain true if we drop the ne veto pewer hypothes:s.

Finally, in Section VI, I show that we can reialn implementability with an even
weaker no veto power condition if we impose an individuval tationality requitement on
the SCE.

1L, DEFINITIONS AND NOTATION

Let 4 be a non-empty, possibly infinite sct of social alternatives and let 57, be the class
of all orderings of the elements of 4 (#, is sometimes called the wrestricted domain of
preferences). If 54, ..., ¥, are sub-classes of .7#,, where n is a positive lnteger, then fis
an n-person soclaf choice rule (SCR) on & = 5, %+ --x 52, if iy 2 correspondence

T ®— A

One intetprets an SCR as selecting a set of welfare optimal”™ alternatives f(R) for
each profile of preferences R =(R,,..., R,)c &, where R,(e 7)) is individual {’s prefer-
ence ordering of A, and .-#; is his domain of possible preference orderings. If e f(R), we
say that a is f~optimal for profile R,

Prominent examples of SCRs include (i) the {(weak} Pureto correspondence, which
selects all weak Pareto optima corresponding to given profile R:

FTO(R) = {a]for all be A there exists i such that aR:b};'

(i) the Condoreet correspondence, which, for each profile R of strict preferences,’ selects
each alternative that a (weak) majority prefers to any other alternative:

SEONR) = {a|for all be A #{i|aRb)Z#{i|bRia}};

t. The notation “aR,b" means “« is at least as high as b in the ordering R,” (f.e. @ i3 weakly preferred
o b),

2. A preference ondering 35 strict if it ranks no two allersatives as indifferent,

3. The notation #{;/aR.A} denotes the number of mdividuals who prefer o o & (tecall that we are dealing
with strict preferences).
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and, in a pure exchange economy of 7 goods, where an alternative & constitutes an alloca-
tion of goods across individuals {ie. ¢ ={a,, ..., ay}. where g& Hi), (iii) the Walrasian
correspondence, which, given individuals” endowments (@, ..., &.), chooses the set of
allocations that can arise in competitive equilibrium:

Y (RY= {a2|Za, = Zw, and there exisis 2 price vector pe R), such that,
for all i. ;e R, g {a;— a)=0 and if
for some b, R, b, P(R)a}?
then p- (b, —w,)> 0}

An SCR differs from a siciaf welfure finction in the sense of Arrow (1951) (a mapping
F #— #,) in that it does not rank non-opuimal allematives. Clearly, however, a soclial
welfare function F induces a natural sacial choice rule: the correspondence which selects
the alternatives top-ranked by F for each profile.

Given strategy spaces S),...,5,, an #-person game form (“mechanism™ and “‘out-
come function™ are two synonyms) g ex A iS & mapping

P TE R WY

If players 1 shrough » choose strategies ¢ through s,, respectively, then alternative g(s),
where s ={s,,....5,). is the outcome. Moreover, if players use the vector of mixed stra-
tegies p= {g, ..., #.)° we denole the random ouwome by g(p), for which the probabitity
of cutcome g(5,....3.) 8 (5] - - ulSa).

We say that the game form g /mplements the social choice rule [ in Nash equilibrium
if and only if

YR=(R),..., RB.e # Vae f(R) there exists

£=(8,...,5,)€ |'II S; such that g(s) = ¢ and

g(s)R,g(s;, 5. for all ie {1,....n) and all s S, 1
and
YRe # il p is a mixed-strategy Nash equilibrium’ of g with respect to
R then g(s}e f(R) for all realizations £ in the support of p. ()

Requirement (1) needs litile explanation if one’s solution concept is Nash equilibrium.
It states simply that any welfare-optimal alternative {as defined by /) cam arise as a (pure-
stralegy) Nash equilibrium of the game form.* We could alternatively impose the weaker
requirement that, for all Re 9, there exists somie ae F(R) for which there is a Nash
equilibrium of g resulting in ¢. But this would not lead to significantly differeni results.
Indeed, if the game form g implements f using 1he aiternative condition in place of (),

4, xPCR)y means that x s stoctly preferred v under R,

5 A mixed strategy 14 for plaver i assigns a probability g (s} 1o each (pure) sirategy s,.

6. The notation “g{sf, V" denotes wle . ... .5 ., 85 50, -o . 5a b

7. If g and p’ are nondegenerale mixed sirategy voctors, then player i°s preferonce between g{p) and g{u’)
may not be fally specified by his ordinal rarking &, we may have to know his risk prefersnces as well, However,
the analysis in this paper holds for any risk preferences consistent with &,.

. Requirement (1) is essentially the stipulation that the game form be mmbiared {see Hurwicz (1979513,
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define the subcorrespondence f* as f'{R)= {ze f(R)|there exists an equilibrium of g
resulting in a}. Then g implements 7 in the standard sense (f.e. using (1)).

Requirement (2), which is essentially the converse of (1), is also quite natural. Given
that, in general, there can be multiple Nash equilibria of g and that, in the absence of a
theory of how players select among these, one cannod predict which of these will ultimately
arise, requirement (2) is necessary to ensure f~optimality of the outcome,

III. THE TWO PLAYER CASE
One might well argue that most social choice rules of interest satisfy the Pareto property.

Parera property.  The SCR f: @ —5 A satisfies the Pareto property if, for all Re &,
SR OR).

We shall see that the prospects for implementing two-person Parcto optimal SCRs
on an vnrestricted domain of prefercnces are quite bleak. We need the following definition:

Dictetor.  An individual i is a dictator for an SCR
S F—Aif and only if
[YRe #Vac A, ac f(R) if and only if aR;b for all be A4),

In other words, individual i is a dictator if, for any profile of preferences, the set of
welfzre-optimal alternatives (with respect to /) consists of the fop-ranked allernatives for
{ (the alternatives that f prefers to any other). An SCR that has 4 dictator shall be called
dictatorial,

1 now show that any Pareto-optimal two-person SCR that is implementable must be
dictatorial if it is defined on the unrestricted domain of preferences.

Theorem 1. Let f1 38 405 4+ A be o two-person SCR satisfving the Pareio prop-
erty. Then f can be implemented if and ondy if it is dictatorial®'?

Proof. First obscrve that if f is dictatorial, it is trivially implementable; if 7 is the
dictator, just take the game form in which player ¢ announces an alternative and his
announcement is implemenied.

To prove the proposition in the other direction, suppose that g: 5 x 8;—A
implements f. If 4 contains only one ekmenl, the resull is trivial. Therefore assume that
A contains at least two elements. For each s%e 8%, let T\ {v4)= {ae A|gls, 5 )0, for all
s1€ ;). DefineT(st) for s¥ € S, analogously. Notice that Ti(s} ) is the set of alternatives
that player [ cannot induce, given that player /s (Jf#7) strategy s 57,

Claim 1. For any 516 8y and ;e &, Ti(3Tals ) =& That is, starting from any
pair of strategles (31, 52}, any alternative a ean be reached by a unilareral deviation by some
player,

4. This result bas also been ablained, in sormewhat different form, by Hurwicz and Schmeidlet (1978).
10, Theorem 1 remaing true if we replace <, with the somewhai smaller domain .#% of strict orderings.
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Proof of Claim 1. Suppose Tor §&€ &) and §;€ &,, there exists ae I (L) Ta(5).
Take £ =g(5,. 5:). Then, b#4 by construction. Choose (R, B;)e #,» #, such that, for
alf ie §1,2} and all ce A\ a. b}, aP(R)BP(R ). Obscrve that (5, 5) constitutes a Nash
equilibriwm for preferences (R, R;}, yel & is not Paretlo optimal, a contradiction of /7
Pareto optimality, Hence Ty () T=(51=9. |

Claim2. Foralfac A, ifa e UN:\ 51 T\(52), then there exists § € 8, such that, for all
$:€ 5y, g6, 8:) = a. Simtilarly, if o € | s, T2(51), then there exisis $12 5, such that ¥s e
8, 801, $2) =8 That is, if no strategy by player 2 prevemts player | from inducing alierna-
tive @, then player | has a straiewy that guarawtees afternative o {and similarly for player
4%

Progf of Clyim 2. It suffices to prove the statement about player 1's strategy §,.
Consider a€ 4 such that ag \J,.. ., Ti(s2). Choose Ry, Rye 4/, such that Vbe A\fui.
aP(R )b and 6P(Ro)a. Let (51,5, ) be a Nash equilibrium for {R,, R:). Because ae T(5:)
there exists ;€ .5, such that g (, &) = a. For (§,, §) to be a Nash equilibrium, therefore,
we must have g(#,, 1} = 2. Suppose there exist be A\la} and . §; such that g{4,, )=
b. Then from our choice of B, {¢,, £, cannot be a Wash equilibrium. We infer that, s,
81, g(81.51) = a, as desired. |

Now, lor any ae A, either ae U*;: s, Ti(sz) or ag e, g, Tolv)), otherwise Claim 1 is
violated. Suppose there exist a.be 4, a=zh, such that oge UnESz Ti(x) and
bhg US,E 5, 12051 ). By Claim 2, there exist §i€ S, and §:e 8, such that ¥s.e 8, g(3,.5.) =
a and ¥5,€ 85, g5, 52)=b. But ther g(5,, £) ~a and g(§ . %) = b, which is impossible.
Therefore, either Vazc A, ae U_QE 5. T1is:) or Vae 4, ue U we 5, 72(5)). The first statement
implies, by Claim 2, that | is a dictator for /. the second that player 2 is a dictator. ||

The negative conclusion of Thearem 1 depends on there heing an unresiricted domain
of preferences. For restricted domains. resubts can be quite positive, e.g. in the case of
“economic preferences,” where preferences arc required to be increasing, continuous, and
convex over allocations of a divisible good (see Dutta and Sen (1991} and Mocere and
Repullo (1990) for a complete characlerization of the implementation possibilities in the
n =2 rase).

ING). An example with more than twa players

When #> 2, the conclusion of Theorem | no longer holds. Indeed, for this case, it is
possible to implement Pareto optimal and nendictatorial SCRs defined on the unrestricied
domain of preferences. Consider the following example.

Example 1."' For any positive inlegers m and », tuke A=dar,. .. 4.} Si=
{2,....0), and $»=- =5, =4, Define g S;x x84 so that ¥(5,...,5)
€ n::_ \ 5y &(s¢,... v 8.) =5, That is, player | chooses a player &, (other than himself),
and player & chooses the outcome from 4. 1 claim that this game form implements the
SCR fF“™(Ry= {a| there exists je {2....,m} such that aR:b for all be 4} when players
have preferences in . .#,. In other words. /™ chooses each alternative for which there
exists some individual other than 1 who top-ranks it

11, This example is adapted from Hurwicz and Schmeidler (1973), who call the game form we have con-
structed the “king-makes” mechanisny.
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To see that g implements /5™, we first note that, for any profile R=(R,, ..., R.),
each ae f5™(R) corresponds 1o some Nash equilibrium of g. In particular, if #e f*M(R)
there exists some je {2,..., m} such that ¢ is top-ranked by R,. Then the strategy profile
(,a,...,aq) is & Nash equilibrium for R, and g(j,a,...,a)=a, as required. Hence, it
remaing only to show that all Nash equilibria of g are f~oplimal. Suppose ({1, ..., M) i3
a mxed-strategy equilibrium of g with respect to R. Consider je {2,...,#} to which t,
assigns positive probability, Then player j has a positive chance of being able to choose
the alternative he wants. Therefore for i to be an equilibrium strategy, it must assign
positive probability only to player j's top-ranked zlternatives. But this means that only
an alternative that is top-ranked for some individual among 2, 3, . .., n can be a realization
of g(u,, ..., p,), which is what we wanted to show.

Whether or not we take satisfaction from the fact that /™ is implementable, it is
only an example. Clearly, what is needed is a set of general criteria for whether any given
SCR is implementable. It is to this task to which 1 now turn.

IV. MONOTONICITY AND NO VETO POWER

The condition on SCRs that is central to their implementability is monotonicity.

Monotonicity.> The SCR f: & A satisfies monotenicity provided that Vae A,
VR, R'e #if ae f(R) and [Vie {1,...,n} Vbe 4 gR;b= aR}b], then g f(R").

In words, monotonicity requires that if allernative a 1 f~optimal with respect to some
profile of preferznces and the profile is then altered so that, in each individual’s ordering,
@ docs not Fafl below any alternative that it was not below before, then a remains f-
optirnal with respect to the new profile.

To see that monotenicity is “reasonable™, let us observe that it is satisfied by the
prominent SCRs mentioned in Section 11, First consider the Pareto correspondence f7°.
If a is (weakly) Parcto optimal with respeci to R then, for all 4, there exists ji such that
aR; 5. But if we replace B by R” such that, for all /, aR b= aRlb, we conclude that
aRj—’ 5. Hence, # is (weakly) Pareto optimal with respect to R’, estublishing the monotonic-
ity of F™.

Next, let us exanine the Condorcet correspondence . If g is a majority winner
for a strict profile (a profile consisting of strict orderings) R, then, for any other alternative
B, the number of individuals preferring a to & is no less than the number preferring 5 to
a

fCDN

#{aR b2 #{i| bR}, 3)

But il R” is a profile such that, for all i, aRb = aR b, then the lefi-hand side of {3) cannot
fall when we replace R by R’ Furthermorg, if the right-hand side rises, then we must have
aR:b and bR;a for some i, a contradiction of the relation betwesn R and R’, given the
strictness of preferences. We conclude that (3) continues 1o hold when R’ replaces R, and
so ¢ is still a majority winnper.

12. Munotonicity is called “stromg positive association™ by Muller and Saterthwaite (1977}, who show
that when § is single-valved and the domain consists of all sirict preferences 7§ them monotonicity is necessary
and sufficient for implementation in dominant stralegies. However, more generally, when fis either nonsingla-
valued or the domain of preferences admits indifference or is more highly cestricted than . %4, this characteriz-
atien result no longer obtains (see Dasgupta, Hammond, and Maskin (197%)).
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FrGurE 1

The Walrasian cerrespondence

As for the Walrasian correspondence, refer to the Edgeworth Box in Figure 1. In this
two-consumer, two-good economy, allocation a is 2 competitive equilibrium zllocation
with respect to the endowments @ and the preference profile ® = (R, R,). If we now alter
R so that any allocation that was worse than a for consumer ¢ remains worse than a, we
obtain profile &' = {R}, R3), with respect to which o remains a competitive equilibrizm,
Hence, ¥ is monotonic.?

We should also point cut that monotonicity is qutematically satisfied by any SCR
whose domain of preferences is among certain classes of preferences often studied in the
literatwre. For example, this is true of classes of preferences satisfving the “single-crossing”
property (£.e. the **Spence/Mirrlees” condition). A set of preferences ‘4 satisfics this prop-
erty if no two indifference curves in the class intersect more than once. Notice that this
means (refer to Figure 2} that if R, Ric #, and a,he 4 are such that aRb and aR}5,
then there exists another alternative ¢ A such that aR:5" but b'P(R ). Hence, the
hypothesis of the monotonicity condition cannot be satisfied, and so the condition halds
vacuously.

A particularly interesting case in which single-crossing holds s that in which alterna-
tives are nondegencrate lotieries over a set of possible outcomes. If individuals’ preferences
aver lotteries satisfy the von Neumann-Morgenstern axioms. then indifference curves in
probability space are siraight, parallel lines, and so elearly indifference curves correspond-
ing to distinct preferences can intersect ondy once. This insight figures prominently in the
literature on *virtual implementation” {sec Abreu and Scn (1931) and Abreu and Matsu-
shita {1992}),

For an exumple of a well-known SCR. thal fails lo satisfy monotonicity, consider the
Borda Court (Ze. rank-order voting) SCR f5€. For sach individuat, according to #=C,
points are assigned to each of the m alternatives available: » points are assigned to his
favoorite alternative, m — 1 to his next favourite, and so on. The alternative {or alterna-
tives) chosen by f2C is the on¢ for which the sum of points over individuals is highest.
Suppose that 4 = {a, b, e, d} (ie. m— 4) and n - 2. Consider the profile R = (R, R;):

13. This argement relies on competitive allocaiions like o being imrerior allocations. For whal can go
wrong if a campetitive allocation oocurs on the boundary, see Hurwicz, Maskin, and Postlewaite (1995).
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Figure X
Single-crossing prefersnces

R, R,

s R B
Hn T

Note that in this profile, alternative 4 garners the most points {(6), and so is chosen by
8%, Next consider the profile R* = (R}, R%:

R R:
a b
b c
i a
¢ d

Noetice that in going from R; to R}, a does not fall vis-d-vis any other alternative. Thus,
monotonicity would require that it still be chosen for profile R’. However, 4 no longer
attracts the most points; alternative & does (7). Hence monotonicity is violated.

Whether one accepis monotonicity as natural or has qualms about its restrictiveness,
it is an inescapable requirement for implementability in Nash equilibrium, as the following
result shows.

Theorem 2. If f: ® —+ 4 is an SCR that is impiementable in Nash equilibrium, then
it is monctonic,

Proof. Suppose that f is implementable in Nash equilibrium by the game form

g Si%x --xS§,—=4. For some profile Re # consider ae f{R). Then there exists a Nash
equilibrium s of g with respect t¢ R such that g(s) = a. Consider profile R'e 4 such that
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for all  and all he A aRb=ak}b. {4)

If there exist 7 and 57 such that g(s], s_, WP(R])g(s) = a, then from (&), g(s7, s }P{Ra, a
contradiction of the assumption that s is 2 Nash equilibrium with respect to R. Henee &
is also a Nash equilibrium with respect 1o R*. From requirement (2) of the defintion of
implementability, therefore, we conclude that ae f(R*). Thus fis monotonic. ||

T will show below (Theorem 3) that not only is monotonicity 4 necessary condition
for implementability, as just demonstrated, bue almost a sufficient condition as well.
Nevertheless monotonicity by itself does not saffice to ensure implementability (see
Example 2 below). One weak condition that we can add to monotonicity to do the Lrick
is no veto power:

No Vete Pawer (NVP). An SCR /. .# —+.4 satisties NYP if, for all Re & and all
ac A, whenever there exists ie {1.....n} such that, for all j#/ and all he A, uR;b, then

acf(R).

NYVP says that if an alternative is at the top of n -1 individuals” preference orderings.
then the last individual cannot prevent the alternative from being f~optimal {7.c. he cannot
“veko” it),

NVP is satisfied by virtually all “standard” SCRs (including the Pareto and Con-
dorcet correspondences). [t is also often automatically satisfied by any SCR when prefer-
ences are restricied. Consider, for example, a pure exchange economy with at least three
consumers, in which an alternative corresponds to an allocation of poods. If there exists
at least one good that is transferable and desirable, that gives nise to no externalities, and
that 1s availlable in a positive quantity, then it 15 impossible to find an alternalive that all
but ane consumer rank at the top of their preference orderings. This is because, for an
individuzl to prefer a given allocation to all others, the allocation must assign him all of
the good in question: iff any other individuals got some of this goed, he would be better
off receiving their pordons. Clearly, no other individual could also rank this allocation
first, since it cannot be the case the two consumers each receive all of the good in question,
Therefore the NVFP property is satisfied vacuonsly.

V. SUFFICIENT CONDITIONS FOR IMPLEMENTATION

I now present the main result of the paper.

Theorem 3. [f nZ3 and [~ ®# =4 is a n-person SCR satisfying monotonicity and
NP, then it is implemeniable in Nash equilibrium.

Preof. The proof is by construction. ] first show that we can construct a game form
all of whosc pure-strategy equilibria satisfy (1) and {2)."* In the appendix 1 show that the
construction can be extended 1o handle mixed straregies. For each player J, define the

strategy space

Si—@®xAx

14, This elagant peoof i due essentially to Repullo ¢ [9%7).
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where ¢ consisls of the nonnegative integers. In other words, player i chooses as a

sirategy a triple consisting of a preference profile R’ in & (not necessarily the true one),

an alternative o from 4, and a number m’ in .#" (the numbers serve only to break ties).
For all §, alt R, :7; and all ge 4 defina

1{a, R) = {blaR.b}.

I{a, ;) is the lower contour set of R; at alternative @: the set of alternatives that are no
better than a according to R,
1 will construct an implementing game form g that implements f in three steps:

{} I, for some R, a, and m,
5= =5=(8 amand ac f(R), take g8y, ...,5.0= 2. {5

In words, if players are unanimous in their stralegy, and their proposed alternative a is f~
optimal given their proposed profile R, the outcome is a.
() W, forall j=i, 5, =(R.a,m), 5,;= (R, o, m'}= (R, a,m), and ae f{R) take

( ) {a", if d'e Lia, R;)
A .
5 a, ifa'elia,R).

That s, suppose that all players but one play the saine strategy and, given their proposed
profile, their proposed alternative « is f-optimal. Then, the odd-man-out, gets his propesed
alternative, provided that it is in the lowsr contour set at @ of the ordering that the other
players propose for him; otherwise, the cutcome is 4.

(iii} If neither (i) nor (ii) applies, then

3[-":,---,-9"}:‘-{*, (6)

where i* = max [f|m' =max,m”}. In other words, when neither (i) nor (i} applies, the
outcome is the alternative proposed by the player with the highest index among those
whose proposed number is maximal.

It remains to show that this game form implements f. I first claim that, for all Re #
and all ac A, if g f(R), then, for any me 7, the strategy profile (s, ..., 5,) satisfying
(5) constitutes & Nash equilibrium with respect to R. To see this, note from (i) that the
outcome from this strategy profile is g, Moreover, from (i), any player { who deviates
vnilaterally from (s,,...,5,) gets an alternative in L(g, R), which, by definition of the
lower contour set, is no betier For him than . Thus I have established requirement {1)—
that there is a Nash equiltbrium of g corresponding to each ffoptimal alternative—in the
definition of implementability.

To establish {2}—that every Nash equilibrivm of g is f~optimal—consider first a Nash
equilibrium (s;,...,s,) in which (5) holds and ae f(R}, but where the true prefcrence

profike is R’, From (i), the gquilibrium outcome is a. Moreover, because (5, ..., 5,) is an
equilibrium with respeet to R’, (ii) implies that
for all ¢ und all be L{z. R;), aRb. (7}

(To understand why {7) holds, note that if instead we had AP{R} ) for some i and be
Lia, R;), it would pay player i to deviate from s; and induce b, which (ii) implies he could
do. But this would contradict the assumption that (s, ..., 5,} is an equilibnium.} But (7)
can be rewritten as

for ali i and all be 4, aR,hb=aR[b. (%)
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Hence because f satisfies monotonicity, {8) and the Fact that @e f{R) imply that a< f{R"),
ie. the equilibrium outcome is foptimal.
WNext let us consider a Nash cquilibrium (5, ....s,) for  in which, for all j=1i,

5= (R, a.m),

where a f[R), but 5;2{R, a, m), Le. the sirategy profile s such that {ii) applics. Let the
cutcome from this profile be a'. From {iii), each player j#/ could deviate from 5 and
induce any alternative ge 4 he wishes by choosing m” high encugh {i.e. higher than
max,,, 4" ). Hence, the fact that (s,.. ... 5,) is a Nash equilibrium for 8’ implies that, for
all j=i,

aR:h for all he A {9

We conclude that NVP together with (9 ensures that o< f(R”), 7.e. the equilibrium out-
come is again ffoprimal.

The same argument as in the preceding paragraph appilies of {s,,....5,) s a Nash
equilibrium for which (iii) applies. ||

Remark 1. The game form constructed in the proof of Theorem 3 may be considered
rather complicated. However, much of the complexity derives from 115 generality-—the
fact that it 1s supposed to work for a vast array of possible SCRs. For a specific SCR., by
contrast, it is often possible to find an iimplementation that iz guiie simple {e.g. the mech-
anism in Example 1).

Remark 2. Even if the set of alternatives A 15 finite, the game form constructed in
the proof of Theorem 3 has an unbounded strategy space, since. ¢ is unbounded. Jackson
{19592) points out, however. that, for some solution concepts, the set of SCRs
implementable by unbounded game forms is strictly larger than the limit of those
implementable by bounded game forms as the bound goes to infinity. It remains an open
question whether this is so for Nash equilibrium.

We have argued that no veto power is a weak condition. It is ncvertheless restrictive,
and 5o it is of some inierest understanding its role in Theorem 3.'* As we will see below
{Theorem 4) NVP is not necessary {or implementability. However, as the following
examplc ¢stablishes, monotonicity by itself does not suffice.

Example 2. Suppose that n=3 and 4= [a,h,c}. For all §, let .#, = 2% (ie the
demain consists of all strict orderings}. Define /¥ such that, for all Re 2,
for each x€ {a, b}, x& f*{ R} if and only if x is Parcto-optimal
#nd top-ranked for individual 1
ce {*{(R) if and only il ¢ is Parcto optimal and not
bottom-ranked for individual 1.

It is easy to veriiy that /* is monotonic. However, it does not satisfy WVP hecause if
individual 1 bottom-ranks alternative ¢, it fails to be /*-optimal even il individuals 2 and
3 top-rank «.

15 For conditions (hat are necessary and sufficiem for implememabilicy, see Moore and Repulio { 19%).
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Consider 1he following three profiles R, RY* REh*.
R*  =(6,c.alle,a b [c.abl)
R*¥* =([a,b,c],[c,h,a],lc,a b))
R+ — ([b, 4, c,[a, b, €], [a, b, c]},

where “Ix, y, z]” denotes the ordering n which x 18 preferred to y, and p is preferred to z.
Then

FHR®y= b, e} fHR™) = {a], /M (R} = {b).

If * were implementable, there would exist a game form g and a Nash equilibrium
§* =(s%,5%,5}) with respect to R* such that g(s*) = ¢. Because bP(R} )e there does not
exist 51 8 such that g(s7,53,5%)=0.

Il there existed sic 5, such ihat g(s7, s¥.5%) =g, then (51, s¥, s¥} would be a Nash
equilibrium for R***, a contradiction since ae f(R***}). Hence, 57 cannot exist. We con-
clude that (s*,s¥,5%) is 3 Nash equilibrium for ®**, which contradicts the fact thag
ce f(R**). Hence, /* is not implementable.

V1. INDIVIDUAL RATIONALITY

We will say that an SCR f. # A is individually rational {IR) with respect to some
alternative a”e A if for all Re & all ac f(R), and ull i, aR,a". That is, if a is foptimal, it
must be weakly preferred by all individuals to &*. In general, an SCR satisfying IR does
net satisfy NVP because 1f, for some profile preference, everyone but mdividual i top-
ranks alternative @, then NVP would require that ¢ be f~optimal with respect to that
profile. But f would then violate 1R if { strictly preferred &° to a.

Nevertheless, many SCRs satisfying IR are implementable. One example is the “Indi-
vidunal Rationality”” correspondence: for all Re # '

S®(R)y = {ac A|aRa" for all i},
This SCR is implemented by the game form g™ such that S, = 4 for all { and

a, ifs=- =31.=aforsomcaed

i
S1yeenndp) = .
g ) L;O. otherwise.
The example of /™ suggests that if we relax NVP so that it applies only to individu-
ally rational alternatives, we might obtain a general result.

Weak no veto power (WNVP), An SCR f: ¥ >4 satisfies WNVE with respect to
&® if, for all Re .# and all ae 4, whenever there exists i such that for all j#iaR;b for all
b und aR.a", then ae F(R).

Theorem d. Tf 223 and f ® —» A iv an SCR satisfving monotonicity, WNVP, and
IR with respect 10 &°, then it is implementable in Nash cquilibrium.

Proof. The proof of Theorem 4 uses exactly the same construction as that of
Theorem 3. The only thing to show is that Nash equilibria satisfying configurations (ii)
or {iil) in the proof of Theorem 3 are individually rationzl, This enables us to apply
WNVP and complete the proof.
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Thus, consider a configuration (i1} equilibrivm (5,. . . ., 5,} with Tespect 10 profile &'
That is, there exist i, 4, m, and R such that ge f({R) and, for all j=i, 5;=(R. a,m). We
must show that g(s,...., s Rid" for ail & This is immediate for all j#/, since each of
those players can deviate from s, and induce his top-ranked alternative. Henee, the fact
that (s, ..., s,) constitutes an equilibrium means that g(s,,...,s.) itself must be top-
ranked and so g(5.... ,S..)R_',-ao, As for playcr f, note that because f salishies TR with
respect to &, aR’. ie. a'e L{R.. ). Hence, by construction of g, player  can induce &®
when the other players all use strategy (R, a. m). Thus because (5),....5,) Is an equilib-
Tium implies that g{v;,. .., 5, R/¢" The argument is virtuzlly identical for configuration

Gii). |

APPENDIX

Proof of Theoremn 3 for mixed strategies

The argument that all Nash eguibbria ol the mechanism in Theoram 3 are f-optimal does 1ot carry over ta
mixed siralegics.

To see the problem consider a mixcd-stralegy equilibriwn (g, ..., ) (for profile &%) for which one
possible realization s =5, . ... 5.} whewe, Tor some j, Rc #, and g€ f{R).

a=1Ra 0 forall faj,

but 5;# (K, a.0). In the proof of Theorem 3, 1 showed that the sutcome corresponding o s must be foplimal
singe, by devialing from s,. each player f=f could induce his favourite alternative o' (NVP then would imply
optimality of the quicome). But if there are other possible realizations of j_,, then player { might sulfer by rying
to induce . Suppose, o1 example, that 5’ 1§ & realization in which., for some R'c # and oc (R

5= IR G0 Tur gl k2
Agsume, farthemore, that
o PR W (+h
Then, although individual / can induce & against 5 .. formula (+) and the consteuction of Theorem 3 fmply that
he cannat jnduce &' against ¢ Tndeed, if he tries to do so. the outcome will be o, which may he 2 very bad
alternalive for him.

[ now show, however, that the game form [tom Theorem 3 can e mediied to circurvent this difficulty.
For each player i, define the skrategy space

S = An oo Bk A" =i

In other words, player f chooses as a strategy a quadruple congisting of a preference profile R'e 42, an alternalive
a'c A, & function o'} mapping esch possible vector of announced profiles and  alternatives
(R',...,R",a',. . ,¢") o um altecnniive (R, ... F. S S Zye A, and ap inleger m'e

As In the proaf of Theorem 3. | will construet the implementing game form g in three sleps:

W s = =s,=(Ru o) moand aif.. R.q. .. 0-a¢cf(R). @kegls . .. .. niza

In other words, if players are unanimows in their serategy, and their proposed allernative a is prescribed by their
proposed function @ () and Foptimal given their proposed profile R, the owicome is 4.

(i) If, for all p=i 5, =(K a ai-}m with ofR. ., Roa,. ...0)=ac (R but «=(R & a'l)m)
e(R,a, al-), m}, tnke

B{S1, . 8] =
{a"[R....,R’....,R.a,....a‘.\..nj. Ta'iR... ., B... R.e,... . ... &€ L R).
dx athervise,

Thax is, suppose that ail players but player  play the same strategy and their praposed aliernative « is preseribed
by their propased funciion o) and f~optimal. given their propased profile R. Then, player gets the alterngtive
prescribed by his proposed funclion a'( ] {given the vector of proposed profiles and alternatives
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(R .. R .. _.Ra,.. .o . a)provided thai it is in the lower contour set at g of the ordering that the other
players propase for hisn; atherwise, the outcome is 2.

(iii} W neither (1) ner Gi) apphics, then
5, s SRR, dY), (Al

where 7* = max {i|m’ = max ). That 35, the outcome is the alternative prescribed by the proposed function of
the player whose index is highest among those propasing the maximal number.

T must show that this game Form implements 7. Note first that, for all Re & and all 7€ 4, if ae SR},
then, for any mre 4", she strategy profile {51, . . ., 5. whete

sz =g,=(RealLm and oR,.... Ra....a =4 fAZ)

gonskilntes 8 Nash equilibrivm with respact to 8. To see this, note from {i) Lthat the oucome from this strategy
profile it o, Morsover, from (i), any player # who deviates nnilaterally from (51, .., ,) induces an allernative
in L{a, R,), which by definition of Lig, &} is no beter for player § (with preference otdering ;). Thus the profile
(A2) indeed constitutes 2 Nash equilibrium with respect to £, and so I have established that, for every Foptimal
alternativa, there is a Nash equilibrium of g giving rise (0 that alternative,

Il remains 1o show that of (0, ..., &) is a Nash squilibrium for £ with respect o profile £, then the
outcame carresponding to each realization (3, .. .. £ in the suppart of (i, . .., t) s _foptimal. Suppase fiese
that (s¥.....53}i5 a realization for which {A2) hoMls and < f{R), but that the profile & differs from the truc
profile &', From (i), the equilibrium owtcome is 2. For any player i, consider »< A such that a&, & Now imagine
that player i plays 5= (R',a’, &', ') such thai

(K'. 2.0} =(R,a,m), (A3]
and

5 ... R4, 8 =(R... ., Ra,. . .4,

a'(k',..,,ﬂ"‘,d',.“,:f"]={ (Ad)

id',. .., R d",... ,d"%, otherwise.

That is, 5, iz the same as 5 = (&, a, (- ), ) except for the function a'(-), which, io tum, is the same as a{-)
exccpt at the point (R,. .., R, q,...,2). Mow becausc be Lig, R)), (i), (A3), and (Ad) together imply that

2, s%)=5. (A5
Moreover, because tz'{-) is the sumec as (-} except at (R, ... . R,a.. ... 0),
2,8 =gls! £} (A6}

for any readization §. = (R™, &, & ),#™) of w, such that (# * & “}=#(R,... R.a,...,a} Hence, if 2P(R})a,
(AS) and (AB) imply that player i is batter off using s, rather than s* against n ;. We conclude that

forallfand allb  aRb=aR(b (A7)

Hence, because f is monotomc (AT and the fact that ae f(R) imply that a< f(R"). That is, ihe cuicome
£0sF, ..., 50) is foptimal, as required.
Mext let us consider a realization (5§, ..., 57} in the supperl of (i), ..., f,) 0 which, Tor all f#4,
= (R,a o) m,

wheee (R, ..., R,e, ..., 90 = a= f(R) but s# = (R o', o (), )2 {R, &, (-}, m). That is, the strategy profile is
such that (ji} applies. Let the outcome from 1his profile be #” ¥or any j #i, choose b/ 4 such that

HRE forall be 4. {A8)

Then, consider x;= (R’ a’, ¢’(-), m*) such that
(R’ a’)y=(R,a). (A9)
m = man [, mi, (AL

al(f, .. R.&,....5
¥ H 1 m =1 LT i ]

=[b, irR,. . @8"a',. .. ¢ =(R,. . R, .. Ra. . .d. .3, A
a(f,. .. R4, .. . 4", otherwise.
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That is, 5, i3 the came as s¥ = (R, &, (), ) EXCEPT for the integer m, (which we take to be bigger than the other
nambers in %) and the function @f(-), which, in turn, is the same as a@{') except at the point
R,... . R.....Ra. . &, ..  d.From (A9-1ALl)

ALt SY1= B (A1)
Moreaver, for each £ % ¢ (A9)-(All} ensure that either
gla, § 0= b7, (Al%

ar

sy 5.0 = (s 5 ). (AM)

Hence, frem (AS) and (A12)—(Ald). we conclude that player j does strictly herter with s, than with s against
I, & contradiction, unkss player 7 docs noe strictly prefer 47 to &, ie unless

a" R Tor all be 4. (ALS)

Thus ¢A15) must hald Yor all f#4, and sa, from NVP, &’ € f(R’), a5 required,
The same argument as in the preceding pesagruph applies il (5., ... %,) is 4 reabization in the support of
(f1. .1, la) 10 which (iit) applies. ||

Remark.  The reason for having players report Tunetions () rather than merely fixed allarnatives is to
be able 10 accommodate mixed sirategies. Which alicrnative is best for a player 10 propose will, in general,
depend on the profiles and zlternstives that the other players propose. But if the others are playing mixed
strategies, then a plaver may not be able to forecast (except probabilitically) what these proposals will be.
Allowing im 1o propose & function enables him. in effect, to propose an alternative oo a conotingent basis.
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THE FOLK THEOREM IN REPEATED GAMES WITH
DISCOUNTING OR WITH INCOMPLETE INFORMATION'

By DrEw FUDENBERG AND ERiC Maskin?

When either there are only two players or a “full dimensionality™ condition holds, any
individually rational payoff vector of a one-shot game of complete information can arise
in a perfect equilibeium of the infinitaly.repeated game if players are sufficiently patient.
In contrast to garlier wark, mixed strategies arg allowed in determining the individually
rational payoffs (even when only realized actions ars observable)}. Any individually rational
payofis of a onec-shot game can be approximated by sequential equilibrium payoffs of a
long but finite game of incomplete information, where players’ payofis are almost certainly
as in the one-shot game.

1. INTRODUCTION

THAT STRATEGIC RIVALRY in a long-term relationship may differ from that of a
one-shot game is by now quite a familiar idea. Repeated play allows players to
respond to c¢ach other's actions, and so each player must consider the reactions
of his opponents in making his decision. The fear of retaliation may thus lead
te outcomes that otherwise would not occur. The most dramatic expression of
this phenomenon is the celebrated “Folk Theorem™ for repeated games. An
outcome that Pareto dominates the minimax point is called individually rational.
The Folk Theorem asserts that any individually rational outcome can arise as a
Nash equilibrium in infinitely repeated games with sufficiently little discounting.
As Aumann and Shapley [3] and Rubinstein [20] have shown, the same result
is true when we replace the word “Nash” by *“(subgame) perfect” and assume
no discounting at all.

Because the Aumann-Shapley/Rubinstein result supposes literally no discount-
ing, one may wonder whether the exact counterpart of the Folk Theorem holds
for perfect equilibrium, i.e., whether as the discount factor tends to one, the set
of perfect equilibrium cutcomes converges to the individually rational set. After
all, agents in most games of economic intercst are not completely patient; the
no discounting case is of interest as an approximation.

It turns out that this counterpart is false. There can be a discontinuity (formally,
a failure of lower hemicontinuity) where the discount factor, 8, equals one, as
we show in Example 3. Nonetheless the games in which discontinuities occur
are quite degenerate, and, in the end, we can give a qualified “yes” (Theorem
2) to the question of whether the Folk Theorem holds with discounting. In
particular, it always halds in two-player games (Theorem 1). This last result
contrasts with the recent work of Radner- Myerson-Maskin [18] showing that,
even in two-player games, the equilibrium set may not be continuous at §=1 in

! Under stronger hypotheses, we obtain 2 sharper characterization of perfect and Nash ecuilibrium
payoffs of discounted repeated games in our note {Fudenberg and Maskin [8]).

* We wish to thank D. Abreu, R. Aumann, D. Kreps, M. Whinston, and three referees for helpful
comments. The project was inspired by conversations with P. Milgrom. We are grateful to NSF Grants
SES £409877 and SES 8320334 and the Sloan Foundation for financial support.
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the discount factor if players’ moves are not directly observable and outcomes
depend stochastically on moves. "

Until recently, the study of perfect equilibrium in repeated games concentrated
mainly on infinite repetitions without discounting (“supergames™). One carly
exception was Friedman [5 and 6], who showed that any outcome that Pareto
dominates a Nash equilibrium of the constituent game (the game being repeated)
can be supported in a perfect equilibrium of the repeated game.” The repeated
game strategies he specified are particularly simple: after any deviation from the
actions that sustain the desired outcome, players revert to the one-shot Nash
equilibrinm for the remainder of the game. More recently, Abreu [1] established
that a highly restricted set of strategies suffices to sustain any perfect equilibrium
outcome. Specifically, whenever any player deviates from the desired equilibrium
path, that player can be “punished” by players’ switching to the worst possible
equilibrium for the deviator regardless of the history of the game to that point.

We exploit this idea of history-free punishments, by contrast with the methods
of Aumann-Shapley/Rubinstein, in the proofs of our Theorems 1 and 2, which
are constructive.’ In the proof of the two-person “discounting folk theorem”
(Theorem 1), both players switch for a specified number of periods o strategies
that minimize their opponent’s maximum payoff (i.e., minimax strategies) after
any deviation. Theorem 2 treats the »n-person case, where “mutual minimazing™
may be impossible. In this case we impose a “full dimensionality” assumption
that enables players to be rewarded for having carried out punishments, Theorem
5 also makes use of rewards to punishers to show that mixed strategies can be
used as punishments even if only realized actions, and not the mixed strategies
themselves, are observable. This provides a substantially stronger result, becanse
the individually rational payoff levels are often lower with mixed strategies than
with pure ones.

Although the theory of infinitely repeated games offers an explanation of
<ooperation in ongoing relationships, economic ageats often have finite lives. If
the game has a long but finite length, the set of eguilibria may be much smaller
than the folk theorem would suggest. The classic example here is the repeated
prisoner’s dilemma: with a fixed finite horizon the only equilibrium involves both
players’ confessing every period, in contrast with the cooperative equilibrium
that is sustainable with an infinite horizon.® Still anecdotal and experimental
evidence both suggest that cooperation is a likely outcome with a large but finite
number of repetitions.

Recently Kreps-Wilson [14], Milgrom-Roberts [17], and Kreps-Milgrom-
Roberts-Wilson [13] have proposed a reason why a finite number of repetitions
might allow cooperation. Their explanation supposes that players are uncertain
about the payofls or possible actions of their opponents. Such “incomplete

3 Actually Friedman was concerned explicitly only with Nash equilibria of the repeated pame. The
strategies that he proposed, however, conglitute perfect equilibria (See Theorem C of Section 2).

4 Lockwood [16] characterizes the (smaller set of) equilibrum payoffs that are possible when one
restricts attention to punishments of the Aumann-Shapley/Rubrinstein variety.

¥ See, however, Benoit and Krishna [4] and Friedman [7] who show that when a game with
multiple sguilibtia is repeated even only finitely many times, “Folk-Theorem-like™ results may emerge.
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information” in the prisoner’s dilemma precludes applying the backwards-induc-
tion argument that establishes thai the players must confess each period. Players
can credibly threaten to take suboptimal actions if there is some (small) probability
that the action is indeed optimal, because they have an interest in maintaining
their reputation for possible “irrationality.”

The examples of reputation games analyzed to date exhibit the apparent
advantage, compared with infinite-horizon models, of having substantially smaller
sets of equilibria. However, the equilibrium set depends on the precise form of
irrationality specified. Our “incomplete information™ Folk Theorem shows that
by varying the kind of irrationality specified, but still keeping the probability of
irrationality arbitrarily small, one can trace out the entire set of infinite-hotizon
equilibria. Thus, in a formal sense, the two approaches, infinite and finite horizon,
vield the same results. However, those who are willing to choose among different
forms of irrationality may still find the incomplete information approach useful.
One may argue for or against certain equilibria on the basis of the type of
irrationality needed to support them.

We provide two different theorems for repeated games of incomplete informa-
tion. Qur first result (Theorem 3) paraliels Friedman's work on repeated games
with discounting: after a deviation the “crazy” player switches to a Nash-
equilibrium strategy of the constitvent game. This simple form of irrationality
suffices to support any outcome that Pareto-dominates a {one-shot) Nash equili-
brium. Qur second, and main, result (Theorem 4} uses a more complex form of
irrationality. However, the basic approach is the same as in our Folk Theorem
with discounting: after a deviation each player switches to his minimax strategy
for a specified number of periads.

It is not surprising that similar kinds of arguments should apply to both infinite
horizon games with discounting and finite horizon games. Each type of game
entails the difficulty, not present in infinite herizon games without discounting,
that deviators from the equilibrium path cannot be “ punished” arbitrarily severely.
This limitation is a problem because of the requirement of perfection. Deviators
must be punished, but it must also be in the interest of the punishers to punish.
That is, they must themselves be threatened with punishment if they fail to punish
a deviator. Such considerations give rise to an infinite sequence of potential
punishments that, at each level, enforce the punishments of the previous level.
Depending on how these punishments are arranged, they may have to become
increasingly severe the farther outin the sequence they lie. This creates no problem
in supergames but may be impossible for the two types of games that we consider.
It seems natural, therefore, to study these two types together.

Section 2 presents the ¢lassical Folk Theorem and the Aumann-Shapley/Rubin-
stein and Friedman variants. Section 3 discusses continuity of the equilibrium
correspondence as a function of the discount factor and develops Folk Theorems
fot infinitely repeated games with discounting. Section 4 provides a simple proof
that any payoffs that Pareto dominate a (one-shot) Nash equilibrium can be
sustained in an equilibrium of a finitely repeated game with incomplete informa-
tion. This result is the analog of the Friedman [§] result. Section 5 uses a more
complex approach to prove a Folk Theorem for these finitely repeated games.
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Sections 2-5 follow previous work on repeated games in assuming that, if
mixed strategies are used as punishments, they are themselves observable. In
Section 6 we drop this assumption but show that our results continue to hold
under the more natural hypothesis that players can observe only each other’s
past actions.

2. THE CLASSICAL FOLK THECREM

Consider a finite »#-person game in normal form
gAY XA, >R"

For now, we shall not distinguish between pure and mixed strategies, and so we
might as well suppose that the A;'s consist of mixed strategies. Thus, we are
assuming either that a player can observe the others' past mixed strategies, as in
previous work on repeated games, or restricting players to pure strategies. Mixed
strategies can be made observable if the outcomes of players’ randomizing devices
are jointly observable ex-post. (More importantly, we show in Section 6 that the
assumption is not necessary.) Moreover, for convenience, we assume that the
players can make their actions contingent on the outcome of a public randomizing
device. That is, they can play correlated strategies.® Even if a correlated strategy
over vectors of actions cannot literally be adopted, it can still be approximated
if the action vectors are played successively over time and the frequency of any
given vector corresponds to its probability in the correlated strategy. To see how
to modify the statements of the theorems if correlated strategies cannot be used,
see the Remark following Theorem A.
For each j, choose M’ = (M2, ..., M) so that

(MJ;9 vy Mj—l, Mj+1,- iy M{u} carg n;lm mj_‘x g;(ap a—j);
-r o

and
v}k = m“a.x gj(aj, Mj_j} = gj(Mj).7

The strategies (M7, ..., Mi_,, M}.,,..., M%) are minimax strategies (which
may not be unique) against player.j, and »} is the smallest payoff that the other
players can keep player j below® We will call v} player j's reservation value and
refer to (vf,..., v}} as the minimax point. Clearly, in any equilibrium of g—

whether or not g is repeated—player j's expected average payoff must be at least

*
U}'.

£ See Aumann [2]. More generally, a correlated strategy might entail having each player make his
action contingent on a (private) signal correlated with some randomizing device. We shall, however,
ignore this passibility

"The mnotation “a_,‘“ denotes “*(a,...,&_;,8q,-- ., d,)", and “gla, M;' T denotes
E(Mh--- M,_l,a M;+|., AN M{.]

o Actually, if =13, the other players may be zble to keep player j's payoff even lower by using a
correlated strategy agamst J. where the autcome of the correlating device is not observed by j (another
way of putting this is to observe that, for a3, the inequality max, min,_ L& {a} )s
ming_ MAax,, g,{a;, a_,) can hold strictly). In keeping with the rest of the hterature on repeated games,
however, we shall rule out such correlated strategies.
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Henceforth we shall normalize the payofis of the game g so that (of, ..., 0¥)=
{0,...,0). Let

U={{v,...,v)3(a,,...,a,)e A x -+ x A,
with g(a,,...,a,)={v,..., t.)},
V =Convex Hull of [/,
and
v*={{(n,...,v,)e V|y,>0for all i}.

The set V consists of feasible payoffs, and V* consists of feasible payoffs that
Pareto dominate the minimax point. That is, V* is the set of individually rational
payoffs. In a repeated version of g, we suppose that players maximize the
discounted sum of single period payofis. That is, if (a,(1), ..., a.(t}) is the vector
of actions played in period t and & is player s discount factor, then his payoft
is S 87'g(ayr),...,a,(1)) and his average payol s (1-
8) %, 8 'ela(r),.- ., a,{1)). We can now state a version of the Folk Theorem
{see Hart [10] for more details).

THEOREM A (The Folk Theorem): For any (v,, ..., v,) € V¥, if players discount
the future sufficiently little, there exists o Nash equilibrivm of the infinitely repeated
game where, for all i, player i's average payoff is v,.°

Proor: Let (8,...,5,)€ A, % --%x A, be a vector of stratcgiesw such that
2(s,...,5%)=(v,..., v.). Suppose that in the repeated game each player i plays
$; until some player j deviates from s; (if more than one player deviates simul-
taneously, we can suppose that the deviations are ignored). Thereafter, assume
that he plays MY, These strategies form a Nash equilibrium of the repeated game
if there is not too much discounting; any momentary gain that may accrue to
player j if he deviates from 5; is swamped by the prospect of being minimaxed
forever after. QED

Remark: If we disallowed correlated strategies, the same proof would estab-
lish that any positive vector in U/ could be enforced as an equilibrium. For other
points {(¢,,..., v,) in ¥? the statement of the theorem must be modified to read:
for all & >0 there exists § <1 such that, for all 8§ > §, there exists a subgame
perfeet equilibrium of the infinitely repeated game in which each player i’s average
payoff is within £ of v, when players have discount factor 3. The ¢ gqualification
is needed because discounting and the requirement that each vector of actions
be played an integral number of times limit the accuracy of approximating a
correlated strategy by switching ameng action vectors over time.

* The hypothesis that the #.’s are positive is important, as a recent example by Forges, Mertens,
and Neyman demonstrates,
1% Or, if necessary, correlated strategies.
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Of course, the strategies of Theorem A do not, in general, form a (subgame)
perfect equilibrium {such an equilibrium is a configuration of strategies that form
a Nash equilibrium in all subgames), becawse, if a player deviates, it may not be
in others’ interest to go through with the punishment of minimaxing him forever.
However, Aumann and Shapley [3] and Rubinstein [20] showed that, when there
is no discounting, the counterpart of Theorem A holds for perfect equilibrium.

THEOREM B {Aumann-Shapley/Rubinstein): For any (v, ..., 0,)€ V¥ there
exisis a perfect equilibrivm in the infinitely repeared game with no discounting, where,
Jor all i, player i’s expecied payolf each period is v, "

Remark: The Aumann-Shapley and Rubinstein arguments assume that past
mixed strategies are observable (or, aliernatively, that only pure strategies are
ever played, which, in general, implies a smaller equilibrium set). However, the
methods of Section 6 can be used to establish Theorem B in the case where only
past actions are observable.

The idea of the proof is simple to express, Onee again, as long as everyone
has previously conformed, players continue to play their s,’s, leading to payoft
#,. If some player j deviates, he is, as before, minimaxed but, rather than forever,
only long enough to wipe out any possible gain that he obtained from this
deviation. After this punishment, the players go back to their 5,'s. To induce the
punishers to go through with their minimaxing, they are threatened with the
prospect that, if any one of them deviates from his punishment strategy, he in
turn will be minimaxed by the others long enocugh to make such a deviation not
worthwhile. Moreover, his punishers will be punished if any one of them deviates,
ete. Thus, there is a potential sequence of successively higher order punishments,
where the punishment at each level is carried out for fear the punishment at the
next level will be invoked.

Theorem B is not an exact counterpart of Theorem A because it allows no
discounting at all (we investigate in Section 3 when an exact counterpart holds).
Moreover, the strategies of the proof are a good deal more complex than those
of Theorem A. One well-known case that admits both discounting and simple
strategies is where the point to be sustained Pareto dominates the payoffs of a
Nash equilibrium of the conastituent game g

THEOREM C (Friedman [8] and [6]): If (v,,..., D)€ V* Pareto dominaies the
paveffs (vi,...,¥.) of a (one-shot) Nash equilibrium (e,,...,e,) of g, then, if
players discount the future sufficiently little, there exisis a perfect equilibrivin of the
infinitely repeated game where, for ail i, player 's average payoff is v;.

'* If there is no discounting, the sum of single-period payoffs cannot serve as a player’s repeated
game payoff since the sum may not be defined. Aurnann and Shapley use {the lim infinum of} the
average payoff; Rubinstein considers both this and the overtaking criterion, and the sketch of the
prool we offer corresponds to this latter rule. {See also Hart [10]}. The average payefi criterion allows
more out¢omes 1o be supported as equilibria than the overtaking criterion because for a player to
strictly prefer w deviate he must gain in infinitely many pericds. Indeed, for the former eriterion,
Theorem B holds far the closure of V*.
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Proor: Suppose that players play actions that sustain {v,,...,,) until
someone deviates, after which they play (e,,..., e,) forever. With sufficiently
little discounting, this behavior constitutes a perfect equilibrium. QED.

Because the punishments used in Theorem C are less severe than those in
Theorems A and B, its conclusion is correspondingly weaker., For example,
Theorem C does not allow us to conclude that a Stackelberg outcome can be
supported as an equilibrium in an infinitely-repeated guantity-setting duopoly.

3. THE FOLK THEOREM IN IMFINITELY REPEATED GAMES WITH DISCOLINTING

We now turn to the question of whether Theorem A holds for perfect rather
than Nash equilibrium. Technically speaking, we are investigating the lower
hemicontinuity'? of the perfect equilibrium average payoff correspondence (where
the independent variable is the discount factor, 8) at § =1. We firsi remind the
reader that this correspondence is upper hemicontinuous.”

THEOREM D: Let V(8) ={(v1,..., v,) € V¥|(vy,..., v,) are the average payoffs
of a perfect equilibrium of the infinitely repeated game where players have discount
factor &}. The correspondence V(- ) is upper hemicontinuous at any § < 1.

It is easy to give examples where V(- } fails to be lower hemicontinuous at & < 1.

ExampLE 1: Consider the following version of the Prisoner’s Dilemma:

C D
1,1 | -1,2
D | 2-1 0,0

For 8§ <1/2 there are no equilibria of the repeated game other than players’
choosing D every period. However at § = 1/2 many additional equilibria appear,
including playing C each period until someone deviates and thereafier playing
I Thus V¥(-} is not lower hemicontinuous at § =1/2.

3A. Twa-Player Games

Our particular concern, however, is the issue of lower hemicontinuity at § =1,
and we begin with two-player games. It turns out that, in this case, the exact
analog of Theorem A holds for perfect equilibrium. We should point out, however,

Za correspondence £ X - Y is lower hemicoatinuous at x = £ if for any § € f{£} and any sequence
x™ - % there exists a sequence ¥™ 3 7 such that y™ e f{x™) for all m.

" If Y is compact the correspondence f: X + ¥ is upper hemicontinuoys at £ if for any sequence
x™ X and any sequence ¥ = ¥ such that y™ & f{x™) for all m, we have Fe f(x).
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that to establish this analog we casnot use the Aumann-Shapley/Rubinstein
(AS/R) strategies of Theorem B once there is discounting. To see that, if there
is discounting, such strategies may not be able to sustain all individually rational
points, consider the following example.

ExAaMPLE 2;
C D
1,1 0,-2
Dl 20| —-1,-1

For this game the minimax poiat is (0, 0), and so a “folk thecrem” would require
that we be able to sustain, in particular, strategies that choose (C, '} a fraction
(e+1)/2 of the time and {2, 2) the remainder of the time, with 0 < g <1 (note
that for & near 1, these strategies vield average payofls of approximately (e, £},
which are individually rational}. However such behavior cannot be part of an
A8/ R type of equilibrium." Suppose, for example, that one of the players (say,
player I} played C in a period where he was supposed to play D. In an AS/R
equilibrium, player II would “punish™ I by playing D sufficiently long to make
I's deviation unprofitable. I's immediate gain from deviation is 1, and I's best
response to D is C, resulting in a payoff 0. Therefore if the punishment lasts for
1, periods, 1, must satisfy

%_::.)} 1+4-0=1.
That is,
log (36 —5;+6)
(1) > __lf-'35_
Condition (1) ¢an be satisfied as long as
1
(2) 8> Tre

* Although Rubinstein’s [19] theorem applies to stationary strategies without public correlation
{and so does not directly imply that (= &) can be enforced without disccunting) it does permit a
continuum of strategies. Thus we can think of an “enlarged™ version of this game, with a continuum
of strategies indexed by £, 0 < e <1, as well as the onginal strategies © and D Suppose that if both
players play £, they each receive &. [f one plays & and the other plays £, they each get 1/2. If player
2 plays £ and 1 plays C, 1 receives 1+ ¢ and 2 receives 0. If 2 plays ¢ and 1 plays D, 1 gets -1+¢
and 2 gets £ The payolls are permuted if the roles are reversed. In this enfarged game, D is still the
minimax strategy and (0, 0} is the minimax point. Hence, the pure strategy pair (&, ) is sustainable
by AS/R punishments without discounting, but, as we show in the text, these punishments fail in
the discounting case.
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But in order to punish player I, II must himself suffer a payoft of -2 for 1,
periods. To induce him to submit to such self-laceration, he must be threatened
with a t,-period punishment, where

(1=8%)  §he(l—8%"""1)

-2 =5 T—% >1.

That is,

3"5—3+28"+8/

)] L>—1+log log 8.

Such a ¢, exists as long as
Bhe—3+260+8>0,
which requires that

2 L/
{4) 6>(2+E) .

But {4} is a more stringent requirement than (2), since

1
Wt
(2/(2+ ) l}1+ =
Continuing iteratively, we find that, for successively higher order punishments,
8 is bounded below by a sequence of numbers converging to 1. Since 8 is itself
strictly less than 1, however, this is an impossibility, and so an AS/ R equilibrium
is impossible.

The problem is that in this example the punisher is hurt more severely by his
punishment than is his victim. He must therefore be threatened with an even
stronger punishment. Without discounting, this can be arranged by (roughly)
taking the f’s to be a geometric series, as in Rubinstein [20]. With discounting,
however, arbitrarily long punishments are not arbitrarily severe, because far-off
punishments are relatively unimportant.

These punishment strategies are not “*simple” in the sense of Abreu [1] because
they are not independent of history, i.c., they depend on the previous sequence
of deviations. Abreu’s work shows that there is no loss in restricting artention to
simple punishments when players discount the future. Indeed, we make use of
simple punishments in the proof of the following result, which shows that we
can do without arbitrarily severe punishments in the two-player case.

Trueorem 1: For any (v,, vo}e V¥ there exists 5€(0,1) such thai, for all
He(8,1), there exists a subgame perfect equilibrium of the infinitely repeated game
in which player i's average payoff is v; when players have discount factor 5,

ProOF: Let M, be player one’s minimax strategy against two, and M; a
minimax strategy against one. Take & =max, , g(a, ;). For (v,,v;)e V*
choose » and & such that for i =1, 2,

(5) v > G§{1—8)+ SuF*,
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where

(6) vFF=(1-9%)g( My, M)+ 6"v,,
with

(7 ¥ =0,

To see that v and & exist, choose § close enough to 1 so that

(5a) ;> 31— 8)

and (7} holds when p =1, If with » =1, (3) is violated, consider raising ». From
(52), (5) will eventually be satisfied. Since, for § close to 1, (6) declines almost
continuously as p increascs, by taking § ncar enough to one we can ensure that
{7) will be satisfied for the first ¥ for which (3} holds.

Condition (5} guarantees that player i prefers receiving v, forever to receiving
his maximum possible payoff (7;} once, then receiving g,(M,, M,} for » periods,
and receiving v; thereafter. Condition {7) ensures that being punished for deviating
is still better than receiving the reservation value, zero, forever. Clearly, for any
8 > § there is a corresponding »{8} such that (5) and (7) hold for (5, v(5)).

Lat (s,s,) be correlated one-shot strategies corresponding to (v, v2):
g5, 82) = v,. Consgider the following repeated game strategies for player i:

(A) Play s, each period as long as (s, s:) was played last period.

After any deviation from (A):

(B) Play M,»(3) times and then start again with (A). If there are any deviations
while in phase (B), then begin phase (B) again.

These strategies form a subgame-perfect equilibtium. Condition (5) guarantees
that deviation is not profitable in phase {A). In phase (B), player [ receives
an average payoff of ai least v¥* by not deviating. If he deviates, he can
obtain at most 0 the first period (because his opponent, j, is playing M),
and thereafter can average at most v]*. Hence deviation is not profitable in
phase (B). QED,

The statement of Theorem 1 assumes that correlated strategies are available.
To see how the theorem must be modified if they are not, see the remark following
Theorem A.

The strategies in the proof of Theorem 1 are easily summarized. After a deviation
by either player, each player minimaxes the other for a certain number of perieds,
after which they return to the original path. If a further deviation occurs during
the punishment phase, the phase is begun again.

Notice that in the proof of Theorem 1 the only place where we invoked our
assumption that past mixed strategies can be observed was in supposing that
deviations from the minimax strategies, M, and Af,, can be detected. This
assumption is dropped in Section 6,

3B. Three or More FPlayers

The method we used to establish Theorem 1—'mutual minimaxing”—does
not extend to three or more players. This is because with, say, three players there
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may exist no triple of alternatives (M, M,, M;) such that M, and M, minimax
player one, M, and M, minimax two, and M, and M, minimax three; that is,
the “mutual minimax™ property may fail. However, the situation is even worse:
not only does the method of proving Theorem 1 fail to extend, but the result
itself does not generalize. To see this, consider the following example.

ExXAMPLE 3;

L.1,1 | 0,00 0,0,0 | 0,0,0

0,0,0 | 0,0,0 0,0,0 1,1,1

In this game, player one chooses rows, player two chooses columns, and three,
matrices. Note that whatever one player gets, the others get too.

Craim: For any 8 <1 there does not exist a perfect equilibrium of the soper-
game in which the average payoff « is less than 1/4 (the one-shot mixed strategy
equilibrium payoff).

ProoF: For fixed 5 <1, let « =inf {¢|¢ sustainable as an average payoff of a
player in a perfect equilibrium}. We must show that o= 1/4. Let

ﬁ = min max {gl(ﬂ' s Tz, ) gz(ﬂ' Uy, OF )
1 3/ 1» L ]
olofof oqon0

33( O—f: 0')2'{: '-73)}-

That is, # is the minimum that the most fortunate defector can obtain in an
optimal {one-shot) deviation from an arbiirary configuration of strategics. We
¢laim that 8 = 1/4. Hence, the mutual minimax property does not hold.

To see this, let a; be the probability that player i plays the “first” pure strategy,
Le., the first column, row, ot matrix as appropriate. For some player f it must be
the case that, for j# i# k, either ;= 1/2 and @, =1/2 or ¢;<1/2 and a, <1/2.
But since player i can obtain any convex combination of .aa, and (1—a;){(1—a,)
as a payoff, he can get a payoff of at least 1/4.

Thus in any equilibrium, the payoff to deviating for some player is at least
1/4+8a/{1—8). Let {e,} be a sequence of possible average payofis in perfect
equilibria, where £, » a. For all m we have 1/4+ 8a/(1 —8) < £,,/(1 —8). Hence,
1/4+ 8a/{1—8)=ae/(1-§),and so a=1/4. Q.ED.

The game of Example 3 is degenerate in the sense that V¥, the individually
rational set, is one-dimensional. This degeneracy is responsible for the discon-
tinuity in ¥{&) as the next result demonstrates.
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THEOREM 2: Assume that the dimensionality of V* eguails n, the number of
players, Le., that the interior of V (relative to n-dimensional space) is nonempty.
Then, for any (v,...,v,) in V*, there exists (0, 1) such that for all 6 (3, 1}
there exists a subgame-perfect equilibrium of the infinitely repeared game with
discount factor § in which player i’s average payoff is v,.

The idea behind the proaf of Theorem 2 is simple. If a player deviates, he is
minimaxed by the other players long enough to wipe out any gain from his
deviation. To induce the other players to go through with minimaxing him, they
are ultimately given a “reward” in the form of an additional £ in their average
payoff. The possibility of providing such a reward relies on the full dimensionality

of the payoft set.

Proor: Choose s=(s,,...,s.) 50 that g(s,,..., 5.} =(v;,..., ) (again we
allow correlated strategies), Also choose (v}, ..., vl) in the interior of ¥* such
that »;> v} for all i. Since (o5, ..., v.) is in the interior of V* and V* has full
dimension, there exists £ > 0 so that, for each j,

’ r ! t 4
(vi+e.. .., 0l +e v, 0+ ... 00 te)

isin V*, Let TV=(T,..., T%) be a joint sirategy that realizes these payoffs. Let
M’ ={M4, .., M.)bean n-tuple of strategies such that the strategies for players
other than j together minimize player j's maximum payoff, and such that g;{ M =
0. Let w{ = g;(M’)} be player i’s per-period payoft when minimaxing player j. For
each i choose an integer »; such that

b
(8) ;—:<1+u,,

where, as before, §; is player i's greatest one-shot payoff.

Consider the following repeated game strategy for player i:

(A) play s; each period as long as s was played last period. If player j deviates
from (A)," then:

(B) play MY for v, periods, and then:

(C) play T thereafter.
If player k deviates in phase (B) or (C), then begin phase (B) again with j = &.'®

If player i deviates in phase (A) and then conforms, he receives at most 7; the
period he deviates, zero for », periods, and ©{ each period thereafter. His total
payoff, therefore, is no greater than

3» +L

C) R

'S If several players deviate from (A) simuitaneously, then we can just as well suppose that everyone
ignores the deviation and continues ta play s
' As in footnote 15, we can suppose that simultaneous deviation by several players is ignored.
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If he conforms throughout, he obtains v./{1 — &), so that the gain to deviating is
less than
1-— 5( w+1)

10 _j - - - [.
(10) b-—1_s ¥
Because (1—58%"")/(1—8) converges to »;+1 as & tends to 1, condition (8)
ensures that (10) is negative for all & larger than some 8 << 1. If player i deviates
in phase (B) when he is being punished, he obtains at most zero the period in
which he deviates, and then only lengthens his punishment, postponing the
positive payoff v;. If player i deviates in phase (B} when player j is being punished,
and then conforms, he receives at most

PO N
et

v,—+m Ui,

which is less than &+ v}/(L— ). If, however, he does not deviate, he receives at
least
5 (l _ Sk) 8v+l

+—— (vi+
Wi 1_6 I_S(vl S),

for some » between 1 and »,. Thus the gain to deviating is at most

a=8"Y o 8

-3 (vi—wi) 1—5°¢ 5wl

As §-1, the second term in (11) remains finite because (1-5°7")/(1-3)
converges to »+ 1. But, because " converges 1o 1, the third converges to negative
infinity. Thus there exists §; <1 such that for all 8 > §,, player i will not deviate
in phase (B) if the discount factor is 5.

Finally, the argument for why players do not deviate in phase (C) is practically
the same as that for phase (A). QE.D.

(11) o+

4. INCOMPLETE INFORMATION WITH NASH THREATS

Suppose that a game is repeated finitely many times, », that players maximize
the (expected) sum of their one-shot payoffs, and that players can observe all
past one-shot strategies (including mixed strategies). This repeated game can be
embedded in a »-period sequential game of incomplete information. Suppose
that players’ payoffs and, perhaps, even their action spaces A; depend on their
types {although we shall not explicitly consider thig latter type of incomplete
information). With probability, say, 1— e, a given player i is described by g,. We
call a player of this type “'sane” or “rational.” However with probability ¢ his
payoffs and action spaces may be different and might even be period-dependent.
Such a player we call “crazy.” The motivation for suggesting this possibility is
that often one cannot be sure what kind of player one is up against. One might
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be almost sure, but even if ¢ is nearly zero, ¢ne may nevertheless wish to take
into account other possibilities. Indeed, as the following result shows any vector
of payoffs Pareto dominating a Nash equilibrium of the constituent game, g, can
arise approximately’’ as the average payoffs of a perfect equilibrfium of a game
of incomplete information'® that, with high probability is just a finitely repeated
version of g. The result, therefore, is the counterpart for finitely repeated games
of in¢omplete information of Friedman's Theorem C above.

Tueorem 3: Let (e,,..., e,) be a Nash equilibrium of the game, g, and le!
(F1,.- s va)=gler, ..., e,). For any >0 and any (v,,..., v,) € V* such that
¥, = v, for all i, there exists v such that for any v > v there exists a v-period sequential
game where, with probability 1 — &, player i is described in each period by g; and in
which there exists a sequential equilibrium where player i’s average payoff is within
£ of v.

REmaARK: Notice that the theorem asserts the existence of a game as well
as of an equilibrium. This enables us to choose the form of the incomplete
information.

Proor: As above, let ©&,=max,, ., g(a,,...,a,). Alko define u=
min,, . gldi,...,a,). Choose s=(s,...,5,) so that g(s,...,5)=
(v, ., 0a).

We will consider a sequential game where each player i can be of two types:
“sane,” in which case his payoffs are described by g;, and “¢razy,” in which case
he plays s; each period as long as s has always been played previously and
otherwise plays e, Players initially attach probability e to player ’s being crazy
and probability 1 —¢ to i's being sane. We shall see that early enough in the
game, both types of player { play s, if there have been no deviations from s.
Henge, a deviation from s; constitutes an “impossible” event, one for which we
cannot apply Bayes™ rule, and so we must specify players’ beliefs about i in such
an event. We shall suppose that then ail players attach probability one to player
i’s being sane.

Now starting at-any point of this sequential game where there has already been
a deviation from s, it is clear that one sequential equilibrivm of the continuation
game consists of all players playing Nash strategies (the 's) until the end of the
garme. We shall always select this equilibrium.

' The qualification “approximately” is necessary because the game is repeated only finitely more
times.

% Because the game is one of incomplete information, we must use some sort of Bayesian perfect
equilibtium concept. We shall adopt the sequantial aquilibtinvm of Kreps and Wilson [15]. According
to this concept a player has probabilistic beliefs aboug other players™ types that are updaied in
Bayesian fashion according to what other players do. An equilibrium is a configuration of sirategies
as functions of players’ types such that, at avery point of the game, each player's strategy is optimal
for him, given others strategies and his beliel(s about their types (actually the concept is a bit more
refined than this, but, given the simple structure of our games, this description will do).
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Choose p so that

5i—-(1— 9"_1)53:']

(12) y>m‘ax{ 35_1(”{‘?!)

We will show that in a period with » periods remaining in the game, where
v v, a sane player of type ¢ will play s; if there have been no deviations from
s to that point. If that period he plays something other than 5, his maximum
payoft is 7. Subsequently his pavoff is y; every period, since, starting from any
point-after a deviation from s, we always select the “Nash™ sequential equilibrium.
Thus, if he deviates from s, with » pericds remaining, an upper bound to s
payoff for the rest of the game is

(13) B+ (v — 1y

Suppose, on the other hand, he uses the sequential strategy of playing s; each
period until someone deviates from s and thereafter playing e;. In that case, his
payoff is v; each period for the rest of the game if the other players are all crazy.
If at least one of the other players is not crazy, the worst that could happen to
i is that his payoft is v; in the first period and y; in each subsequent period. Now,
assuming that there have been no previous deviations from s, the probability that
all the others are crazy is £"}. Hence, a lower bound to i’s payoff if he uses this
sequential strategy is

{(14) e" oo+ (1 - N o H (2 - D).

From (12), (14) is bigger than {13). Hence all players i will play s; in any
period at least v periods from the end. Thus, for any £ >0, we can choose » big
cnough so that player i’s average payofl of the v-period sequential game is

within & of v, QE.D.

3. THE FOLK THEOREM I[N FINITELY REPEATED GAMES OF
INCOMPLETE INFPORMATION

In this section we strengthen the result of Section 4 by showing roughly that
any individually rational point can be sustained {approximately) as the average
equilibrium payoffs of a finitely repeated game if the number of repetitions is
large enough. This assertion is not quite true for the same reason that the perfect
equilibrium <ounterpart to Theorem A does not hold for three or more players:
a discontinuity in V{8) can occur if the payoff set is degenerate. For this reasen
we confine attention to two-player games.'®

THEOREM 4: For any (v,, m)e V* and any & >0 there exists v such that for
any v> v there exists @ v-period sequential game such that, with probability 1— ¢,

P If we posited full dimension we ¢ould also establish the result for thre¢ or more players; i.¢.,
we could establish the analog of Theorem 3.
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player i is described in each period by g, and there exists a segquential equilibrium
where player i’s average payoff is within £ of v,

The proof we provide in this section assumes the existence of a one-shot Nash
equilibrium that vields both players strictly more than their minimax values. We
have established the theorem In general using a similar but more complex
argument that is presented in our 1985 working paper.

Briefly, the proof goes as follows: we know that with an infinite horizon our
“*mutual minimax” strategies of Theorem 1 will enforce any individually rational
gutcome, The problem with a finite horizon is to aveid the familiar “*backwards
unraveling’’ of these strategies from the end. To do so, we introduce the probability
& that a player is “crazy” and will punish his opponent for deviations that would
otherwise be too near the end to be deterred by credible (i.e., sequentially rational)
threats. More specifically, we partition the game into three “phases.” In the first
phase, Phase I, players follow the strategies of Theorem 1, That is, they play
strategies enforcing the desired outcome unless someone deviates, which triggers
mutual minimaxing for 8 periods, followed by a return to the original path.
Deviations during the punishment period restart the mutval punishment. Phase
ITis a transitional phase. Punishments begun in Phase I are continued, if necessary,
in Phase II, but deviations in Phase II are ignored until Phase III. In Phase 111,
a crazy type plays a Nash equilibrium strategy unless his opponent deviated in
Phase I1, in which case he plays his minimax strategy. Phase 111 is an “endgame”™
in which the crazy types create punishments that do not unravel, and Phase 1I
simply connects this endgame to the strategies of Phase L. The proof shows that
by making the last two phases long enough we indeed have an equilibrium, and,
moreover, that the required lengths are independent of the total length of the
game. Thus if the game lasts long enough, Phase I constitutes most of the game,
and our result follows.”

Proor: Let x, = g;( M, M,). Clearly x; =0. Let (v,, ¥,) be the expected payofls
to a Nash equilibrium (e,, ¢;} of the one-shot game g, and assume y, and y, are
strictly positive.

As before, we suppose that players can use correlated mixed strategies. Let
{8y, %) be correlated strategies yielding payofls (v, v;). Let 8 be an integer such
that

(15 p=max(5/0),

and, as before, let v, =min, ., g{a;, a;). For given £ >0, choose an integer a,
s0 that

(16) BT + o, (1 — e)y; < oy y; + v, + Bx;
and take a = max; o;.

2 We thank a referee for suggesting this simplified form of our earlier proof.
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To describe the equilibrium play and the “crazy™ player types, we partition
the game into three “*phases,” We will number the periods so that the game ends
in period 1. Phase I runs from period » to period a+ 8 + 1, Phase Il from (a +£)
to o +1, and Phase III from o to 1.

We Wlll specify crazy behavior recursively, that is, in each penod we specify
how the crazy player will behave if play to that point has corresponded to the
“crazy’’ play specified for the previous periods, and also how the crazy player
will respond to any deviation from that behavior.

Let us begin with Phase 1. We define the index ¥ (¢) as follows. Set () =+ .
In period 1, v = 1> a + B, the crazy type {of player i) plays s, if ¥{t})—t= 8, and
M, otherwise. We set W (¢)=P(r+1) if there was no deviation from “crazy”
behavior in period 1+1, and ¥(r} =¢ otherwise. Thus the crazy type plays s
until someone deviates. Deviations trigger B periods of minimaxing followed by
a return to s; if there have been no further deviations. Any deviation restarts the
mutual punishment portion of the sequence, which runs for 8 periods after the
deviation.

The crazy type follows the same strategy in Phase II as in Phase I, except that
deviations in this phase do not change the index ¥(f). More specifically, in
Phase II, ¥(t}= P {t+1) regardless of play in period ¢+ 1, and the crazy type
plays s, if ¥{(t)—1= g, and plays M; otherwise, Deviations in Phase 11 influence
behavior in Phase IIT through a second indexr variable, €. This index has four
possible values: & =0 if there have been no deviations from crazy behavior in
Phase II; @ =1 if only player one deviated; ® =2 if only player two deviated;
and @ = b if both players have deviated. The index @ is not changed by deviations
in Phase III. In Phase III the crazy type plays ¢; if @ =0, i, or b, and plays M,
if ®=j. That is, the crazy type of player i punishes his opponent in Phase 111
for having deviated in Phase IT unless player i himself also deviated.

Next we describe the behavior of the “‘sane™ types of each player. For a
sequential equilibrium we must specify both a strategy for each player, mapping
observations into actions, and a system of beliefs, mapping cbservations into
inferences. In Phase I, each sane type’s strategy is the same as the corresponding
crazy strategy. If his opponent deviates from crazy behavior, the sane player's
beliefs are unchanged—he continues to assign the ex ante probabilities of ¢ and
1— &, respectively, to his opponent being crazy ot sane.

In Phase II, if, in state @ =0, a player deviates from crazy behavior, his
opponent attaches probability one to his being crazy. The strategy of the sane
type (of player i) in Phase I if ® =0 or j is to play as a crazy type. We do not
specify sane play if ® =i or b.

In Phase 111, the sane type plays e; if & =0 or j. If player i did not deviate in
Phase 11, then his beliefs are not changed by play in Phase IIL. If player ¢ did
deviate in Phase II, and player j plays M, at the beginning of Phase 111, j is
revealed to be crazy, while if j plays ¢, j is revealed to be sane. We do not specify
sane behavior for Phase II1 if € =i or b except to require that it depend on past
outcomes only through the player's beliefs and @ Thus we choose some equili-
brium for each set of initial beliefs and @. The exact nature of this behavior and
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TABLE [
Beliefs
{probability §
Sate Srraregies atraches o f's
Phase @ w{r) crazy sane being crazy)

I {periods » 10 — 2B+t % 5 £
a+g+1) — <B+i M, M, £
11 {perinds =+ 8 0 =0+ % 5 I3
toa+1}) 0 <f+i M, M, £
i =R+ 5, 5 1
¥ <3+t M; M; 1
i =+ 5 1 7
i <B+t M; ? 9
b =B+ 8 ? ?
b <B4+t M, ? 4
LIl {periods & 0 g X £
ta 1) FJ M, e 1
i [ ? ?
b é ? 7

the behavior in Phase LI if & =i or b is irrelevant for our analysis. We know
there must exist an equilibrium for each such subgame,?' and, by deriving upper
bounds on player i's payoffs there, we will show that these subgames are not
reached on the equilibrium path. Thus, regardless of the form of this “endplay,”
there is a sequential equilibrium of the whole pame in which sane types play
as described in Phase 1. The specified behavior and beliefs are summarized in
Table 1.

Now we must show that the specified strategies form a Nash equilibrium in
each subgame, and that the beliefs in each period are consistent with Bayes rule.
We shall consider whether player one’s specified behavior is optimal given his
beliefs and player two's specified behavior.

We begin in Phase IIL If @ =0 or 2, player one expects his opponent to play
the Nash strategy ¢, for the duration of the game (recall that if @ =2, player one
believes player two is ¢razy), so that the best playetr one can do is to play his
Nash strategy e,.

Now consider some period ¢ in Phase 11, i.e., a + 8 = £ > o. First assume @ =0.
If player one conforms to his specified strategy in Phase L1, his payoff each period
is either v, (if ¥(1})~¢=8) or x, (if ¥{#)—r<B). Thus his lowest possible
expected payoff for the remainder of Phase Il is (1 — a}x,. If he sticks to specified
behavior in Phase I as well, he receives ay,. Thus if player one conforms from
period ¢t in Phase I1 onwards he receives at least

(17} (f—a)x + ay,.

If however player one deviates in Phase 11, his highest payoff in that phase is
(¢t—a)}8,. Then in Phase I1I, player two plays M, if crazy, and e if sane. Thus

™ To esiablish this we can appeal to the existence theorem of Kreps-Wilson [15], since g is a
finite game.

352



ERric MASKIN

an upper bound to player one’s expectation in Phase 11T is (1 — &}ay,, and the
total payoff to deviating in period ¢ of Phase 11 is at most

(18) (t—a)p +{l-2z)ay,.

Since ¢ is in Phase II, { — o =< 8, and the equation defining o, (16), ensures that
deviation is unprofitable.

If @ =2 in Phase I, player one is sure that player two is crazy. Thus if player
one follows his specified strategy, his payoff is again bounded by (17), while if
he deviates in period ¢ his payoff is at most

(a9 (i—a)p+ea-0.

Once more, formula (16) ¢nsurcs that « is large cnough so that deviation is
unprofitable.

Finally consider a period ¢ in Phase 1. From our specification, deviations in
Phase 1 do not change the players’ beliefs or the value of ®. Thus from our
previous analysis, both players will conform in Phases 11 and ITI regardless of
the play in Phase 1, so that any sequence of deviations must end at the start of
Phase IL

First assume that ¥ (1) << B+, so that f is part of a “*punishment sequence.”
If player one conforms in period ¢ and subsequently, his payoff is

(20) (t=¥()+ B, (¥ () —a— Bl +ay,
If player one deviates in period ¢ and thereafter conforms, his maximum payoff

in period t is zero, and he endures the “punishment” of x, for the next B periods,
s0 his payoff is at most

(21} Bxi+{i—B—a—-Dp+ay,
which is less than {20). In particular, player one would never deviate in the last
period of Phase 1, and, by backwards induction, will not wish to deviate in period ¢

Last assume ¥ {1)= B -+, s0 that player iwo plays s, in period 1. If player one
deviates in period t but conforms thereafter, he receives at most

(22) i+ B+ {t-a—pB -1 +ay,.

If player one conforms to his prescribed strategy, he receives
(23) {({—a)o +ay,.

The gain to deviating, the difference between (22) and (23), is thus
(24) 7+ Bx, — (B +1)v..

Since x, is nonpositive, formula (15) defining B ensures that (24) is negative,
50 player one will not deviate. Thus the specified strategies are indeed in equili-
brium. This equilibrium will yield the payofi (v,, v} for vt —a— 8 periods, so
that by taking v sufficiently large we can make each player i’s average payoff
arbitrarily near v;. QED

Notice that in the proof of Theorem 3 we not only chose the form of *‘crazy”
behavior to suit our needs, but also selected particular conjectures for sane players
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when Bayes® rule is inapplicable. We should emphasize that our choice of
conjectures was not arbitrary; the theorem is not true if, for example, a player
believes his opponent to be sane with probability one after a deviation.

Kreps [12], moreaver, has pointed out that, because of our choice of conjec-
tures, our egquilibrium may not be stable in the sense of Kohlberg-Meitens [11].22
In response, we offer the following modified version of our ¢onstruction. This
version has no zero probability events, so that the issue of the “reasonableness”
of the conjectures and the stability of the equilibrium do not arise. Specifically,
assume that at each period in Phase Il a crazy playet plays as before with
probability (1 —px), while assigning strictly positive probability to every other
pure strategy. If g is sufficiently near zero, the expected payoffs in every subgame
are essentially unchanged, and our strategies are still in equilibrium. Given that
the crazy player “trembles” with positive probability in Phase 11, any deviation
in that phase must reveal that the deviator is crazy, as we specified.

6. UNOBSERVABLE MIXED STRATEGIES

The arguments in Sections 2-5 rely on mixed strategies’ being observable.
Although this assumption is often used, at least implicitly, in the Folk Theorem
literature and can be justified in some circumstances, the more natural hypothesis
is that only the moves that players actuzlly make are observed by their opponents.
In this section we argue that our results continue to hold with uncbservable
mixed strategies.

We suggested earlier that the only significant use that our proofs make of the
assumption that mixed strategics are observable is in supposing that minimax
strategies are observable. The heart of the argument, in Theorem 35, therefore, is
to show that it suffices for other players 10 observe the realization of a punisher’s
random mixed strategy.

Although we rule out observation of private mixed strategics, we continue to
assume, for convenience, that strategies can depend on the outcome of publicly
observed random variables. We also impose the nondegeneracy assumption of
Theorem 2.

THEOREM 35; Theorem 2 continues to hold when we assume that players can
observe only the past actions of other players vather than their mixed strategies.

ProoF: Choose s, (v),...,0v0), (v,...,v.), (M',...,M"), and wi ij=
1,...,» as in the proof of Theorem 2. For each i and j, consider M/, player i's
minimax strategy against j. This strategy is, in general a randomization among
the m{ pure strategies {a{(k)}5l,, where we have chosen the indexation so that,

2 The intwitive basis for Krep's observation is that since the crazy types prefer crazy play, the
sane types are “'more likely” to deviate from it. Of course, in the games as specified this is not strictly
true, but in the “'perturbed™ versions of the pame considered when testing for stability, there would
be some deviations that did not increase the opponents's belief that the deviator is crazy.
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foreach k=1,...,m{—1,

gla{ic), ML) < g(al(k+1), M.).
For cach k, let

pilk) = gilal(k), ML) — g(ai(1), ML)

The repeated game strategies we shall consider closely resemble those in the
proof of Theorem 2. Player i:

(A) plays s; each period as long as s was played the previous period. 1f player
j deviates from {A), then player :

(B) plays M for »; periods.

If player ¢ plays pure strategy a{(k) in periods ¢,,.. ., t, of phase (B), define

=¥ 8% pith).

Thus, ri{k) i_s the expected “‘bonus™ that player i obtains_from playing ai(k)
tather than a{(1) in those periods. Take r{ =3, r{(k). Then, r{ is the total expected
bonus from phase (B). Let

J a"f{l _ 8)
-
1 6;{;
Because (v), ..., v,) is the interior of V* and V* has full dimension, there exists
£ >0 so that, for each j,
(v;.+ By ..oy U;_1+ £, D_;, U}+l+5, R ] v:.+8)

is in ¥*, Since z{ tends to zero as 5 tends to 1, we can choose 3 big enough so
that, for all i and j, z! < /2. Then

(25) (vite—zf,..., 0l te—zi vl 0}y E—Z}y, ..., vt E—Z})

is in V*. If player h deviates from the prescribed behavior in phase (B) the phase
is begun again with j = h. Playecr i cannot detect whether player k has deviated
from M4, but he can observe whether h has deviated from the support of Mj.
Accordingly, if & so deviates, player ¢ begins phase (B) again with j=h Let
T{z)=(Ti(z2), ..., F4(2)) be a vector of strategies that realizes the payofls (23)
(note that T’ (z) depends on the particular realization of pure strategies in phase
(B)). Now suppose that at the conclusion of phase (B), player i:

(C) Plays T/(z) thereafter, and, if player h deviates from (C), then i begins
phase (B) again with j=h.

The sirategies T¢ are chosen so that player i will be indifferent among
all the pure strategies in the support of M. The idea is that any expected advantage
that player i obtains from using a{(k) rather than af({) in phase (B) is subsequently
removed in phase (C). Player { then may as well randomize as prescribed by M,
He will not deviate from the support of M since such a deviation will be detected
and punished. Q.ED.
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We can also show that Theorem 1 continues to hold with unobsarvable mixed
strategies; we omit the details, except to say that our proof relies on “rewarding”
a player who uses a “'costly” element of his minimax set with a (small) probability
that play will switch from mutual minimaxing to a static Nash equilibriom.

University of California, Berkeley
and
Harvard University
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We study a eredit model where, because of adverse selection, unprofitable projects may
nevertheless be Bnanced. Indeed they may continue to be financed even when shown to be low-
quality if sunk costs have already been incurred, We show that credit decentralization offers a way
for creditors to commil »o! to vefivance such projects, thereby discovraging entreprencurs from
undertaking them initially. Thus, decertralization provides financial discipline. Neverthekess, we
argue that it puis too high a premium on short-term returns.

The model scems pertinent to two issucs: “soft budget constraind™ problems in centralized
economies, and differences between “Anglo-Saxon” and “German-Japanese financing practices.

1. INTRODUCTION

We investigate how the degree to which credit markets are centralized affects efficiency
when there is asymmetric information. Specifically, we argue that decentralization of credit
may promote efficient project selection when creditors are not fully informed ex ante about
project quality.

Our starting point is the idea that, although an entrepreneur (project manager) may
have a relatively good idea of her project’s quality from the cutset, creditors acquire this
information only later on, by which time the criteria for profitability may have changed.
Thus, a poor project (one whese completion time is too long to be profitablg ex ante)
may nevertheless be financed, since a creditor cannot distinguish it at the time from a
good (quick) project. Moreover, the project may not be terminated even after the creditor
has discovered its quality, if significant sunk costs have already been incurred. If the threat
of termination deterred entrepreneurs from undertaking poor projects in the first place,
creditors would wish to commit ex ante not to refinance them. But, sunk costs may well
render this threat incredible: ex post, bath creditor and entrepreneur could be better off
carrying on with the project, i.e. refinancing it.

How can decentralization help in such circumstances? We conceive of a decentralized
credit market as one in which ownership of capital is diffuse, so that the capital needed
to refinance a poor project may be available but not in the hands of the initial creditor.
This ¢reditor, we assutne, can monitor the project and thereby enhance its value. However,
monitoring is not observable to subsequent creditors. Consequently, the initial creditor’s
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incentive to monitor is blunted {relative to a centralized market where he owned all the
capital) becanse he cannot fully appropriaie the marginal return from doing so. With
incentives reduced, he will monitor less than under centralization, which in furn reduces
the value of the project and therefore the profitability of refinancing. That is, refinancing
is less likely than in a centralized market; the threat to terminate a project is more credible.’
Entrepreneurs are thereby induced not to undertake poor projects in the first place, and
thiz enhances efficiency.’

Decentralization tends to deter projects that drag on too long, but for similar reasons
may also discourage profitable projects that are slow to pay off. That is, the same features
that strengthen commitments to terminate poor projects foster an over-emphasis on short-
term profit oppoertunities.

To see this, suppose that the stow-and-quick-project model we have sketched is
enriched so that not only poor projects but also highly profitable projects require long-
term financing. Poor (1.e. inept) entrepreneurs are stuck with poor projects, but good (i.e.
capable) entrepreneurs have a choice about whether their project is to be tong-term and
highly profitable or short-term and only moderately profitable. Finally, suppose that the
degree of decentralization in the credit market is determined endogenously. That is, owners
of capital can come together and choose whether to form a few big “banks” or a lot of
small banks.

In such a model multiple equilibria (and, hence coordination probiems) may well arise.
If, in equilibrium, banks are small, even good entreprencurs will have trouble getting
coniinued financing for long-term projects for the reasons mentioned above. Thus they
will choose the short-term option. But given that they do so, it will pay banks to be small
(a single big bank would be overrun with unprofitable long-term projects from poor
entreprencurs). Thus, an equilibrivm with only shott-term projects and small banks exists.

But another equilibrium is also possible, one in which all banks are big. With a
profusion of big banks, good entrepreneurs can get long-lerm financing and so choose
highly lucrative projects. The profits from these projects outweigh the losses that banks
incur from poor projects (which because of adverse selection are also financed). Such
a “long-term™ equilibrivm can, in fact, be shown to Pareto-dominate the “shert-term™
equilibrium.

We believe that our framework may be relevant for two widely-discussed issues: the
“soft budget constraint™ problem of centrally-planned economies and the contrast in
financing practices and invesiment horizons between economies of the *“Anglo-Saxon”
and “Japanese-German™ modes.

Kornai (1979, 1980) has emphasized that the absence of bankruptcy threats in socialist
economies resulted in the proliferation of inefficient enterprises. Firms realized that their
Tosses would be covered by the state, and so operated quite independently of profit consid-
erations. The pervasiveness of these soft budget constraints under socialism is widely
acknowledged, and attempts to harden them are central features of several recent proposals
for reform in eastern Europe.

But although the consequences of soft budget constraints have been intensively investi-
gated, the same is not true of their causes. Most explanations have focused on political

1. Lack of commitment in centralized settings has been the focus of the ratchet effect literature. {See, for
example, Freixas er af. (1985), Laffont and Tircle (1988), and Schaffer {1989)). What remains unsettled in this
particular literature, however, is why lack of commitment should pertain particularly te centralization, Qur
paper attempts an answer 1o that question,

2. As in Stiglitz and Weiss (E98 1), creditors face an adverse seleclion preblem. In the Stiglitz-Weiss model,
credit rationing is a way to deal with this problem and improve the mix of projects being finznced. In our setting,
by contrast, it is ihe threat of termination that serves as the device {or sereening out poor projects.
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constraints, such as the need to avoid unemployment or socially costly relocation. While
not denying the importance of such constraints, we wish to suggest that economic Factors
may also be relevant. Specifically, the slow-and-quick-project model outlined above {and
presented in detail in Sections 2 and 3) offers an explanation of soft budget constraints
in which “softness” arises from the profitability of refinancing poor projects. Indeed, in
our framework, softness is the “normal” state of affairs; the pertinent question is how,
i some circumstances (e.g. a decentralized credit market), budgel constraints can be
hardened.?

We can also apply the framework to explain differences between Anglo-Saxon (LS.
and U.K.} and Gernan-Japanese corporate finance. Several economists have noted that
farge German or Japanese firms have been more likely to obtain financing from banks
than their American or British counterparts (which have relied more on equity or bonds
for external finance). Moreover, these banking relationships have typically had a long-
term structure in which banks assumed an active monitoring rofe. (See Acki (1990), Baliga
and Polak {1994), Corbett (1987), Edwards and Fischer (19947 Mayer and Alexander
{1989) and Hoshi, Kashyap and Scharfstein (1988, 1989).} Most impertant from our
standpoint, the Angio-Saxon/German-Japanese fmancial contrast scems to be marked by
differences in project length. Specifically, German and Japanese corporations have seemed
less prone to “short-termism™ (gee for example Corbett (1987) and The Econmnist (1990)).

Although highly stylized, the enriched mode! sketched abave, is consistent with these
differences. The “long-term” equilibrium accords with German-Japanese experience, and
the “short-term” equilibrium with that of the U.S. and UK.

We proceed as follows. In Section 2, we present a very simple (in some respects, over-
simplified) model and show how credit decentralization can improve efficiency. We then
discuss several alternative specifications that lead to the same conclusions. [n particular,
we argoe that the contrast between centralization and decentralization is only heightened
if we suppose, following one tradition, that the central Anancing authority maximizes
social surplus rather than profit.

Section 2 distinpuishes decentralization from centralization rather crudely by identi-
fying the former with two creditors and the latter with one, [n Sections 3 and 4 we turn
to a richer model in which the market structure is determined endogenously. Section 3
establishes that the main qualitative conclusions of Section 2 carry over to a framework
in which market structure is determined endogenously. Finally, Section 4 introduces pro-
fitable long-run projects as an additional option for good entrepreneurs and shows that
there can be two (Pareto-ranked) equilibria marked by different average project lengths.

2. DECENTRALIZATION AS A COMMITMENT DEVICE

a. The Model

There are three periods, one entrepreneur, and either one or two creditors (banks). Con-
tracting between the entrepreneur and a bank occurs in period €, and projecis are carried
out in periods | and 2. If a project remains incomplete at the end of period 1, the
entrepreneur and bank can renegotiate the terms of the contract to their mutual advantape.

3. Qian and Xu {1391} and Qian (1994) have used ihis approach to show how soft budget constrainis
bath interfere with innovation and can contribute to the endemic shortages that plague socialism.

4. Edwards and Fischer {1994) note, howsver, that the reliance on external finance among German banks
has not been so great as commonly supposed.
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The entrepreneur’s project can be either good (g) or poor {p). A good project is
completed after one period; a poor project requires two periods for completion. (We
identify the quality of a project with thai of its entrepreneur; thus, we shall refer to good
and poor entrepreneurs). The project generates an observable (and verifiable) monetary
return only at its completion. Whether pood or poor, it requires one unit of capital per
period (all returns, capital inputs, and payoffs are denominated in money).

The entreprencur has no capital herself and so has to obtain financing from the
bank(s). Banks have capital but cannot initially distinguish between good and poor pro-
jects. Let o be the prior probability that the project is good. All parties are risk neutral,
i.c. they maximize expected profit,

For the time being we will assign no bargaining power to the entrepreneur {we will
relax this assumption in Section 3). Thus, in negotiating financial terms, a bank can make
a take-it-or-leave-it offer to the entrepreneur and thereby extract the entire observable
return. The entreprencur is limited to unobservable privale benefits such as the perquisites
she can command, the etthancement of her human capital and reputation, or what she
can divert from the project into her own pocket.

Let E, be a good entreprenenut’s private benefit. E, is & poor entrepreneur’s benefit
when her project is terminated after the first period, whereas E, is her benefit from a
completed project. We assume thai E, = E,. This inequality makes sense if we imagine that
the entrepreneur can exttact more from a project the longer it continues. [t would also
follow from a more elaborate model in which her reputation is enhanced if the project is
completed. In any case, it must hold in any model in which poor projects are ever refinanced
{provided that the entreprencur always has the option of quitting after the first pf:riod).s
We allow for the possibility that any of E,, E,, and E, may be negative,” which could
occur, for example, if private benefits include the cost of effort that the entrepreneur must
incur to set the project up.

Consider centralization first. In this case, there is a single bank B endowed with two
units of capital. In peried 0, the entrepreneur £ {whose type is private information) tums
up and requests financing (i.. a loan of one unit of capital). B makes a take-it-or-leave-
it contract offer in which the repayment terms depend on the observable return and when
it is realized (hecause £ has no endowment, the repayment cannot exceed the observable
return’ ). Assume that a good project generates observabie return £, 1, which, given its
bargaining power, B can fully extract {provided that £,29; if E,<0, B can extract only
R, + E, because E will require an inducement —E, to undertake the project).

if the project is poor, B obtains nothing unless he agrees to refinancing at the beginning
of periad 2, i.e. agrees to loan another unit of capital® {since the observable return is 2ero
at the end of the first period). Moreover, we assume thal regardless of the first period
agreement, B cannot commit himself not to refinance (or, rather, that any such commit-
ment can be renegotialed). If refinanced, the poor project’s observable return at the end
of the second period is a random variable R,, whose realization is either 0 or R,, where
0< R,. (We could allow R, to be a random vatiable as well, but this would not matter in
view of the parties’ risk neutrality.} One can inlerpret ﬁ,. as the Tiquidation or resale valne
of the completed project. We suppose that, in addition to its role as lender, B serves to

$. And it is precisely the problem ereated by refinancing poor projects that is of interest to us.

6. As we shall see, in fact, the major case of inerest for our purposes is where E, <O and £,>0.

7. This is not necessarily true il the private return is known ta be positive and bounded away from zerp.
But as long as B is uncertain about the value of this private return, he will not be able to extract it fully.

%. Here we are assuming for convenience that E cannot coniribute any of what she may have saved from
the first loan to reduce the size of the second.
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TABLE 1
Papoffs under centralization

Good project Puor project Pour project
{assuming E, >0} without refinancing with refinancing
Entreprencur B, E, E,
Bank R~ -1 -2

monifor the pn'cnject.9 This is modeled by assuming that, through his efforts, B can influence
the distribution of R,."® Assume that B learns E’s type at the beginning of period 1. If E
is poor, B can expend monitoring effort aef0, 1] to raise the expectation of &,. Specifically,
let o be the probability of R,. As a rises, so does the cost of B’s efforts. Let p{a) denote
this cost, with w' >0, y" >0, y{0)=w'(0) =0, and y(1)= oc. These assumplions ensure
an optimal effort level a*e(0, 1) such that R = y’(a*) and, given its bargaining power,
an expected return for B (gross of its capital investment) of I1¥ =&* R, — w{a*).

To summarize, the payoffs (net of the cosl of capital) of the entrepreneur and bank
under centralization are displayed in Table 1.

Under decentralization, the model is much the same as above, but now assume that
there are two banks, By and B, each with only one unit of capital. The entrepreneur
presents hersell to B, in at the beginning of period | {we will postpone the issue of
competition between banks until Section 3). H she turns out lo be good, the analysis is
as above. The same is true if she is poor but not refinanced. If, however, she is to be
refinanced, she must lurn to B, since by then B, has no capitat left."" Suppose that any
monitoring that By has done in period 1 is unobservable to B;.

For the sake of comparability, we assign &; no bargaining power so that, as in the
case of centralization, B; can make take-it-or-leave-it offers. The problem for B, is to
convince B; to loan a second unit of capital in exchange of a share of &,. The higher B,’s
expectation of B,"s monitoring effort in period 1, the smatler this share can be. We claim
that equilibrium monitoring effort is less than a* (the effort level under centralization),
despite the fact that endowing B, with all the bargaining power maximizes his incentive
to monitor, To see this, let & be By's assessment of the expected level of B(’s monitoring
activity. Then, to induce B, to participate, the repayment he receives must be 1/4 if B,=
R,. This means that B, chooses & to maximize

a(R,—1/8)y— y{a),

i.e. to salisfy R,—1/d=y'(a).'”* Now, in equilibrium, & musl be correct, so that if a** is
the equilibrium effort level, o** satisfies B, = y'(@**) + 1/a**."? Clearly, 2** is less than
a* (because B, concedes part of the marginal return from monitoring to 8;). Therefore,
M*=a**R,— w(a**) is less than I}.

9. I the 1990 version of this paper, we assumed that, instead of monitoring, B acquires information about
the project that it can use to affect the distribution of ﬁr‘

10. We could also assume that monitoring affects the realization of R,. Because such monitoring would
play no role in our analysis, however, we do not consider it.

11. Actually, all that is necded For our purposes is that By should not be willing or able to undertake all
the refinancing itself. Indeed, even il B, had mare than | it of capital left, B, would still have to be brought
in if By were sufficiently risk averse. N

12. This first-order condition is valid provided that R,z (/4. Otherwise, the maxitmizing choice of # i3
a=0,

13. 1f there i3 no sclution tg this equation, then 4** =0 (see footnote [2). If there are several solutians,
choose the otie that maximizes a(R,— 1/a) — y(a), in order to ruke out inefliciencies due simply to coordinalion
faiture.
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TABLE 2
Paroffr under decentralization

Good project Poor project Poor project
(il E,> ) with no refinancing with refinancing
E £, E, E,
B R.—1 -1 n»*-2
B, 0 1] 0

Recapping we exhibit the (net} equilibrium payoffs under decentralization in Table 2.

We are interesled in comparing the (perfect Bayesian) equilibria under centralization
and decentralization, and, especially, in investigating how these 1wo alternatives fare in
deterring poor entrepreneurs. For these purposes, it makes sense (o suppose that poor
projects generate negative “social surplus” (11} + £, < 2)," that good projects have positive
sorplus (R;+ E;> 1), and that poor entrepreneurs are deterred only by termination'*
(E.<0<E,). We shall (briefty) consider the other cases after Proposition | and in Section
3. (Not surprisingly, centralization and decentralization perform very gimilarly in most of
those other cases.)

Proposition 1. Assume that E,> 0> E,. Under either centralization or decentralization,
there exists a wnigue eguilibrium. Foy parameter valees such that some financing is undertaken
m equilibrium, a necessary and sufficient condition for project selection to differ in the two
equilibria is TIF > 1> T}*. If this condition holds, enly a good project is finunced under
decentralization (the socially efficient mitcome); both good and poor projects are financed
(and the latter refinanced’ under centrafization."®

Sketch of Proof. W TIF <1, then it is inefficient to refinance a poor project under
centralization (and & fortiori under decentralization). Thus, a poor entrepreneur will not
seck financing (since E, <0}, and so only a good project is financed under both centraliza-
tion and decentralization. If [1}*>> 1, then once even a poor project is started, parties will
end up refinancing it under decentralization (and a fortiorf under centralization). Because
E, >0, we conclude that a poor entreprencur will gain by getting funded and so, under

t4. Even if [} +E, > 2, & poor project may not necessarily be desirable. In view of the unobservability of
the entreprencur's private return, she cannot be made to compensate the centralized creditor for its negative
profit Tiy — 2, Thus the project’s desivability will depend on the crediter’s and entrepreneut’s relative weights in
the social welfare function. However, il T} + E, <2, then 8 slow project is wnambiguously inefficient.

15. Poor entreprencurs might be threatered by legal sanctions (.. the threat of being thrown in jail),
which could have a deterrent efiect. However, if these entre prenturs are neaded for the completion of the project
in the second peniod, such threats may not be very credible.

16. As modelled, negotiation between the entrepreneur and the bank can ocour only after period 1 has
elapsed, i.e., after one unit of capital has already been sunk. Let us consider what would happen if regeneration
were glso parmitted hafore the capital is sunk (but after the initial financing contract has been signed). In that
case, the bank could propose returning the first period’s capital unused in exchange for a fec of E,+ £. A poor
entrepreneur would accept this deal, whereas a good entrepreneut would not (provided that E, + £< E,). More-
over, given our assumplion that TIY + £,—2<0, the bank would be belter of. Te rule out such a peculiar
culcome, we can supposs that, in addition to good and poor prajects, there is a third lype that is so drgadiul
that refinancing is never desirable but for which the entrepreneur’s payoff is positive if fnanced Tor even one
period. Let us suppose that, with high probability, ihe quality of such a project is detected by the bank before
the capital is sunk. Mevertheless il the probabilily is less one, dreadful entrepreneurs will still seck finandng.
Therelore, the bank will thwart it3 detection mechanism and seriously interfere with efficiency if it offers the
above deal.
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both decentralization and centralization, both types of projects will be financed." Finally,
if TI}* < | <F}, refinancing is efficient under centralizalion but not under deceniralization,
Hence, a poor project will be funded in the former case but not the latler, |

Hence, either centralization and decentralization lead 1o the same project selection in
equilibrium,’® or else decentralization is strictly better, i.e. it selects efficiently whereas
centralization is subject to a soft budget constraint.

We have been assuming that £, <0< E,. If E, >0, then termination does not deter a
poor enirepreneur from seeking financing, and both poor and good projects are financed
under either centralization or decentralizalion {although that is not to say that the two
systems are equally efficient; see footnote 17). If £, <0, then only good projects are
financed under either system.

b. AMernative Specifications

We have modeled the initial project selection as a problem of adverse selection and refi-
nancing as one of moral hazard, but these imperfections can readily be switched around.
Specifically, suppose that instead of project length being given exogenously, E can affect
it through (unobservable) effort. Under centralization, B could reward the entrepreneur
for early completion, but such a reward might make financing unattractive from B’s
perspective. The advantage of decentralization would be to induce E to complete early
without having to reward her; the threat of termination would be inducement enough.
Such an alternative model should yisld qualitatively very similar results. Undoubtedly,
both specifications are relevant in reality.

By the same token, B,’s informational disadvantage has been formally expressed as
a problem of moral hazard but could alierratively be derived from adverse selection and
collusion between E and B,. Let us, for example, drop B,'s effort from the model (so that
R’s distribution becomes exogenous) but also abandon the assumption that B’s realiza-
tion is verifiable. Interpret B,’s informational advantage as the ability to prove to a court
that R,= R,, if that equality holds, As in models of hierarchies (Tirole {1986), Kofman
and Lawarrée (1993)), collusion between two parties whe share some information may
prevent a third party withoul access to that information from sharing the benefits. Here
it would be in 8's and E’s foint interest to agree to conceal the evidence that R,=R,
(putting aside the unresolved theoretical issue of how such an agreement would be enfor-
ced) in order to prevent B, from extracting some of the return. Hence decentralization, by
giving rise to colfusion, reduces the incentive to refinance poor projects, as in subsection a.

In our model, it is the non-transferability of information that makes multi-creditor
financial arrangements problematic. Bui there is a related (yet informal)'® idea from the
finance literature that would serve our purposes just as well: the principle that renegotiation

17. This relies on our assumption that some financing is undertaken in equilibriom. If this assumption is
violated, then it is possible that no projects are financed under either system, ot even that both are financed
under centralization and neither under decentralization. The latter possibility is an artefact, however, of the
crude way we have modelled decentralization. If 1he markel structure is determined endogenoushy (as in the
tmodel of Section 3), this particular discrepancy between centralization and decentralization disappears.

IB. But not necessarily the same depree of efficiency. If ITF* > 1, hoth centralization and decentralization
select the same projects, but the Former is mare effictent, since Ti > TI¥* . However, this discrepancy derives
from our ever-simplified model of decentralization (see Tootnote 16}, In the more satisfactory model of Seclion
3, centralization and decentralization are equally efficient in the case where they make the same project selection.

19. See Bolion and Scharfstein (1994) and Hart and Moore ([995) for two tecent contributions that build
upos thiz insight.
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becomes more difficult to coordinate the more parties ate involved. From this standpoint,
having two creditors reduces the chances of refinancing because gelting them to agree to
it is harder.

We have endowed the creditors in both the centralized and decentralized models with
the same objective: expected profit maximization. But ever since Lange and Lerner it has
been common practice to have the centre in planned economy models maximize expected
social surplus. To do so here would, in fact, only apgravate Lhe inefficiency of centralization.
To see this, recall that ceniralization’s shortcoming is that it promotes “too much™ refi-
nancing. Now if, at the beginning of period 2, the creditor takes into account total social
surplus rather than just its own profit (see footnote 14, however, for why social surplus
{s not unambiguously the best measure of efficiency in this model), the criterion for refi-
nancing would become E,+TI1}>1, ie. it wonld be more relaxed than before and so
refinancing would occur even more readily,

3. EQUILIBRIUM IN A DECENTRALIZED CREDIT MARKET

The contracting model] of the previous section is rather *microeconomic™ in nature, involv-
ing a single entreprencur and at most two creditors. For the case of centralization, assuming
only a single creditor seems quite reasonable; in many centralized economies, the state
has been the only significant fender. However, to equate decentralization with the existence
of two banks is fairly heroic (or foolhardy). Moreover, our model leaves out two ingredi-
ents that are important features of decentralized credit markets, namely, competition
among creditors and the endogenous determination of the market structure.

Thus in this section, we enrich the previous model of decentralization by assuming
that there is an indefinitely large population of (identical) investors, each endowed with
a small amount of capital. Thus, as in (he introduction, a decentralized market is one with
diffise ownership, in the sense that there are many small investors. Investors, however, are
aflowed to join forces at the beginning of period 1, to form banks. Each bank has capital
equal to the sum of its investors’ endowments and should be viewed as a cooperative, i.e.
as managed jointly with all members having access to the information acquired when
monitoring a project. (Actually, given our risk-neutrality assumption, we could alterna-
tively assume that joining forces entails setting up a lottery that pives each participant a
chance 1o receive aff the capital). But the transfer of information across banks is assumed
ta be impossible.

We assume that there is a population # of entrepreneurs, each drawn independently
from a distribution in which there is a probability & of being good. Although r should
be thought of as large, the indefinite supply of capital (which we may suppose takes the
form of a liguid asset with interest rate normalized to zero)} ensures that every project can
in principle be financed. Operationally, this will have the effect of driving creditors’ profits
to zero through competition (i.e. the entrepreneur will now retain some of the observable
return herself ).

As for centralization, we modify the model of subsection 24 only by adopting the
above assumption of # entrepreneurs and by supposing that the single creditor has enough
capital to accommodate them zll, The earlier analysis of equilibrium in the centralized
case clearly carries over completely.

As modelled, centralization differs from decentralization in two respects: ownership
of capital and transferability of information. 1t is this combination of attributes that
generates our results, Of course, we are idealizing the quality of the flow of information
within a centralized hierarchy, and our perspective is quite “un-Hayekian™ in that respect.
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Still this flow, however imperfect, is likely to be better than the transferability of informa-
tion between separate (and competing} hierarchies (2.g. rival banks).

The timing of our modified decentralization model is as follows, At the beginning of
period I, investors can join forces to form banks (in equilibrium, not all investors need
do s0). An investor can contribute his capital to a bank of any “size” he chooses (because
all creditors are identical and there are indefinitely many of them, he will be able to find
sufficiently many other like-minded investors in equilibrium to actvally Form the bank).
At the same time, each bank/creditor offers a set of contracts {a contract is the same as
in Section 2). Entrepreneurs then choose among contracts. If more than one entreprensur
chooses the same contraci, then there has to be rationing {see below). If aftet period 1
some projects are not yet complete, existing or new creditors can offer refinancing contracts,
The affected entrepreneurs then choose among these contraets (again, possibly with some
rationing).

Because everyone is risk neutral, there is no advantage to diversification per se, and
so in equilibrium the largest creditor that need form is one with two units of capital, We
shall tefer to creditors with one and two units of capital® as small and large creditors,
respectively,

Notice that what we are referring to as a bank's “size” is more accurately thought
of as the bank's Jiguiditp—how much of its assets are available to be loaned out—which
may bear little relation to its literal size, i.e. foral assets. Thus, the terms “‘small” and
“large” creditor might more properly be relabelled “itliquid” and “liquid” creditor. (From
this perspective, soft budget constraints arise in a centralized economy because the centre
is too liquid, e.g. it can print money to refinance projects.)

A small creditor must invest all its capital in a single project if it is te do any financing
in period 1. In this case the refinancing problem is the same as in subsection 2a.

A big creditor has two choices: it can fund a single project and keep its second unit
of capital liquid, or it can finance two projects, thus sinking all its capital. Such a creditor
is, respectively, denoted diversified or undiversified (the usage here is not quite standard
because, as noted, ordinary diversification plays no role). A poor entrepreneur financed
by a diversified creditor knows that its chance of being refinanced is the same as in the
centralized model of subsection 2a. When the creditor 15 undiversified, however, refinancing
possibilities depend on its mix of projects. Indeed, a poor entrepreneur financed by such
a creditor is in the same situation, if the creditor’s other project is also slow, as though
financed by a small creditor. In this sense, lack of diversification is a substitute for being
small. However, it is not a perfect snbstitute because the poor entrepreneur can obtain re-
financing if the other project is good. (The creditor can use the return on the good project
either to refinance the poor one directly or—if this return is realized too late—as collateral
against a loan from another bank.}

As we have mentioned, entreprenevrs have to be rationed if more than one chooses
the same financing contract. By a rationing scheme we mean a rule that, for any set of
contracts that conld be offered, specifies, for each contract in the set and each entrepreneur,
the probability that the contract is assigned this entrepreneur. For out putposes, many
different schemes would do. For concreteness, we concentrate on the following simple
scheme:;

20. Motice that it is of no value and possibly actually harmful to have strictly between one and two uniis
of capital. To prevent refinancing from occurring, il is better to have one unit. And if refinancing does occur, it
is better to have two.
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The Rationing Scheme ' All entrepreneurs of a given type are first allocated uniformly
over the set of their favourite contracts (this reflects the attempt by an entreprensur to
choose the best contracl for herself); if theve are fewer entrepreneurs of a given type than
favourite contracts, the entrepreneurs are allocated at random to these contracts. If only
one entreprencur is allocated to a given contract, she is assigned to that contract with
probability ene. If more than one is allocated, each has an equal chance of being assigned.
At the end ol this round, the procedure is repeated with all entrepreneurs and contracts
not yet assigned., The process continues iteratively until either the supply of unassigned
entrepreneurs or that of desirable contracts (those that are preferred to no contract at all)
is exhaosted.

Instead of modelling entrepreneurs’ behavicur explicitly, we shall subsume it within
the rationing scheme {which is applied both after the period 1 and period 2 contracts are
offered). We can thus define equilibrium in lerms of creditors’ behaviour alone.®

Equilibrim.  An equilibrium is a configuration of creditors, each creditor’s set of
period | coniracts (possibly empty), and each creditor’s refinancing sirategy (the period
2 contracts it offers as a function of what happened it1 the first period} such that, given
the rationing schema,

(i} each creditor earns non-negative expected profit on each of its contracts (whather
first or second period) given other creditors’ contracts and their refinancing
strategies;

(i) there is no other set of contracts that a creditor could offer and no other refinanc-
ing strategy thal, given others’ behaviour, would earn higher expected profit;

(iii} there is no group of inactive investors (i.e. investors who de nol already form a
bank) who could come together to become & creditor with a set of contracts and
a refinancing strategy that, given the behaviour of the already existing creditors,
makes strictly positive expected profit.

We will focus on pure-strategy equilibria (where, moreover, all creditors of a given
size offer the same contracts).

As in Section 2, we are interested in comparing equilibsia under centralization and
decentralization. Once again, the interesting case {i.e. the case where there is a significant
difference) is E,>0> E,, and so we shall stick to this assumption. We shall also continue
to assume that E,+ R.> 1 (good projects are efficient), and, that E,+T1¥ <2, i.e. poor
projects are inefficient (but see the discussion of equilibrium efficiency after Proposition
3, where this is relaxed).

When IT}>1>T11¥*, we have seen thal the centralized outcome entails inefficient
project selection: both good and poor projects are financed. According to the simple model
of Seclion 2, decentralization hardens the budget constraint and induces an efficient out-
come in which only good projects are funded. We now observe that the same conclusion

21. We ignore the issue of strategic behaviour on the part of entrepreneurs, i.e. the possibility that an
entreprencur will choose a kess favoured contract because she has a better chance of being assigned it. However,
with enough uncertainty about who the other entrepreneurs aee, ctc., such behaviour would not be optimal in
any case.

22. Actually, it is itvestors, rather than creditors, who are the basic decision-making unils. We find it too
cumbersome, however, (0 define cguilibrium in terms of investor behaviour. Whichever way one does it, the
“natural” notion of equilibriom is aot entirely clear, This is because if an investor conternplates joining a bank
of a given size he must compare Lhe corresponding payoff with what he would gel if he joined some other bank.
But what s he to suppese happens to the first bank if he does not join it? (The answer may weli be selevant to
his payoff) That it finds a replacement for him? That it does not form at ali? Implicitly, our definition of
equilibrium adopts the former hypothesis.
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obtains for our moere elaborate model (Proposition 2 shows that an equilibrium with this
hardening feature exists, and Proposition 3 demonstrates that it is essentially unique).
Basically, this iz becaunse creditors would like to avoid financing poor projects. Hence,
whether or not there is competition among them, they will extract all the observable
surplus from such projects. And so, even in this more glaborate model, the conditien
N> 1=>113% continues to imply that refinancing will occur with big creditors but not
small,

Proposition 2. Suppese IT} > 1> TIF*. There exisis an equilibritan in which each of
r+1 or more small {one-unit) creditors offers a first-period contract that just breaks even
on good entrepreneurs. No big creditors (two or more units) offer firsi-period contracts.

Proof.  Each of these small creditors earns zero profit because it breaks even on good
entrepreneurs and does not atiract peor entrepreneurs (since they cannot be refinanced).
Moteover, none of these creditors could make positive profit by devialing because any
contract that earned positive profit on good entrepreneurs would not (in view of the
rationing scheme) be allocated any of them since there are enough other small creditors
(that ig, at least n) offering more favourable terts to accommodate all good entreprencurs.
Finally, no new creditor can enter and make positive profil: it cannot make money on
goed entrepreneurs for the reason just given, and if it attracted poor entrepreneurs (which
would require that it consist of two or more units since I} > 1>T1}*), it would lose
money on them since [T} <2. |

Propusition 3. [If T} >t >TIF*, then the only equilibrium is that described in
Proposition 2.7

Proof. We first show that therz cannot be an equilibrium in which a big creditor
offers any first-period contracts. If there were such contracts in equitibrium, then there
would be one to which a poor entreprenent is assipned with positive probability. (A poor
enlrepreneur can earn a positive return only from big creditors, contracts because, since
F>1>17*, only these are refinanced. Indeed, if such a contract is refinanced, the
entrepreneur’s return is certainly positive. This will be the case when the big credilor is
diversified, but also when undiversified provided that the other project financed is good.
Thus, it cannol be the case that every big creditor contract is assigned only good entre-
preneurs.) Of the contracts that are assigned poor entrepreneurs with positive probability,
let ¢° be the one that gives poor entreprencurs the best terms. Contract ¢® earns a negative
return on poot entrepreneurs (since I} < 2), and s0, in order to earn a non-negative return
over all, it must earn a strictly positive return on good entrepreneurs and be assigned
them with positive probability. Suppose that a group of investors who are inactive in
equilibrium come together as a small creditor and offer a contract ¢® with slightly more
favourable terms for good entrepreneurs than ¢ {i.e. the contract ¢ slightly “undercuts”
¢"). This contract ¢ must be assigned good entreprenzurs. But because it is not refinanced
(since TT}* < 1) it will not be assigned poor entreprencurs. Therefore, it makes positive
profit overall, a contradiction. We conclude that big creditors cannot offer first-period
contracts in equilibrium,

23. Actually, Propositian 2 describes a smdleiplicity of equilibria in which the number of active creditors
can vary as long as it ¢xceeds #+ 1. However, this sori of non-uniqueness is clearly not essential.

367



CREDIT AND EFFICIENCY IN CENTRALIZED AND DESCENTRALIZED ECONOMIES

We next observe that the only contract that is accepted with positive probability in
equilibrium is the break-even contract for good entreprencurs. A contract that offered
more favourable terms to good entrepreneurs would lose money, and a less favourable
contract would make positive profit and so induce entry and slight undercutting as above.

Finally, there must be at least #+ 1 small creditors offering the break-even contract
in equilibrium. Otherwise, a small creditor could enter and offer a contract that, if assigned
10 a good entrepreneur, would make a profit (and also would be preferred by the entrepre-
neur 1o no contract at all). Because there are fewer than n other small creditors, there would
be a positive probability that not all good entrepreneurs could find financing slsewhete and
therefore would be assigned this contract. |

The praef of Proposition 3 is somewhat involved, but the idea that underlies it is
very simple: 1f T1} > 1>112*, then small creditors have the advaniage over their big
counterparts of not attracting poor entrepreneunrs. Thus they are more efficient and so, in
equilibrium with free entry, drive the big creditors out of the market,

We have been considering the case in which E,+ [T} <2, If instead this inequality
goes the other way (but all other inequalities remain the same, in particufar I} < 2), then,
according to the criterion of social surplus, slow projects are efficient (see footnote 14,
however, for why social surplus may not be the right criterion). Nonetheless, Propositions
2 and 3 continue Lo hold. That is, only good projects are financed under decentralization.
This follows because creditors ignore the entrepreneurs’ private benefits in deciding
whether or not te fund a project, and suggesis that there may be an excessive tandency
in decentralized credit markets to focus on short-term (i.e. one-period) projects (because
banks are too illiquid to make efficient loans). For a less ambiguous illustration of this
tendency (one thal does nol rely on this questionable measure of efficiency), see the nexi
section.

In the case T1? > 1> TT1}*, the market outcome reproduces the features of the decentral-
ized model of subsection 2a. When M}* > |, matiers are more complicated because both
types of entreprencurs will be financed regardless of the size of creditors. A potential
problem of non-existence of equilibrium may arise if a creditor is able to affect its mix
of entrepreneurs {the relative probabilities of good and poor entrepreneurs choosing its
contracts) sharply by slightly changing the terms it offers. Such a problem is similar to
those arising in insurance models 4 la Rothschild-Stiglitz (1976) and Wilson (1977). To
avoid all this, we introduce the following mild assumplion:

Assuniption A.  Slow entrepreneurs have an {arbitrarily) small probability of com-
pleting their projects in one period.

This assumption limits the effect that improving the terms offered o good entrepre-
neurs has on a creditor’s mix of entrepreneunts. any improvement will be attractive to poot
as well as to good entrepreneurs. Assumption A enables us to derive the following result:

Propasition 4. Let T1}* = |, Under Assumption A, there is a unique equilibrivin (where
wniqueness is qualified the sane way as in Proposition 3) in which (i} only big creditors are
aciive in the market, and (i) at leasi n+ | of them offer contracis that break even on average
across good and poor projects and that extract the entire observable return from poor projects.

Proof. We will show that the behaviour described constitutes an equilibrium,
Uniqueness can be established as in the proof of Proposition 3, Clearly, it is not optimal
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to leave any observable return to poor entrepreneurs: a creditor would only improve its
mix of entrepreneurs by lowering the return offered to poor ones. Under Assumption A,
however, a creditor cannot improve its mix by offering betier terms to pood entreprenenrs,
since such improvement would attract all the poor entrepreneurs as well. Therefore, if at
Jeast # other big creditors offer break-even contracts as described in the proposition, a big
creditor can do no better than to follow suit.

As for small creditors, they cannot avoid attracting poor as well as good enlrepreneurs
since TI3*>1. However, they ate less efficient in monitoring poor projects than are big
creditors, Thus if the latter creditors break even, the former lose money. ||

Thus, in this model, a decentralized market leads to efficient creditor liquidity. When
neither large nor small creditors can commit not to refinance poor entreprencurs, large
creditors are more efficient because they have the incentive to provide betler monitoring.
Therefore, they drive small creditors out of the market.

4. DECENTRALIZATION AND SHORT-TERMISM

We now introduce a third project: a two-petiod but very profitable undertaking
denoted by the subscript ©. This project requires one unit of capital per period and
generates a return R, > 2 after two periods. For simplicity, we suppose that B, is determin-
istic and does not require monitoring. A good entrepreneur can choose belween a good
or very profitable project {poor entrepreneurs are stuck with poor projects), bul her choice
is unobservable.” Moreover, poor and very profilable projects are indistinguishable to
creditors at the end of period 1.** A good entreprencur’s private benefit from a very
profilable project is E, {if the project is terminated after one petiod) or £, {if the project
is completed). We adopt the natural assamption that £, £,.

The timing is much the same as that of Section 3. But we now must insert the choice
between good and very profitable contracts, which we assume is made at the same time
as creditors offer contracts. A creditor’s monitoring intensity depends on its beliefs in
period | about project quality. Specifically, a large creditor will expend effort 2*(a'} such
that (1 -a’)!?,,=ur'(a*(a’}) if it believes that &' is the probability, the project is very
profilable and 1 — @' is the probability it is poor. Note that if ¢'=0, the model reduces to
that of Section 3. Hence a™(0)=a*, and the financial return (gross of capital) is I}
Similarly, for a small creditor, we define 2** ('), and obtain g**(0)=a**, which generates
gross financial return T1**, Refinancing decisions clearly also depend on . Pessimistic
beliefs (i.e. low values of o) lead to shorr-termism—ie. the choice of good over very
profitable projects—because good entrepreneurs forecast that long-term projects will not
b refinanced.:

Proposition 5, [f [I3* <1 there exists an equilibrium in which only small creditors are
active and only good projects are chosen.®

24, We thank Jan Jewitl for suggesting that we replace our earlier adverse selection treatment of very
profitablke long-run projects with the current morai hazard formulation.

25, To simplify analysis, however, we suppose that these projects ere distinguishable at the end of period 2.

26. As the model stands, this result depends lo some extent on the timing, If good enireprencurs choose
projects before creditors move, nothing iz changed since the entrepreneurs’ decisiong are unobservable anyway.
But if the creditors move first, then a group of investors mighl form a bank so big that good enlreprencurs are
encoutaged 1o choose very profitable projects, Still, the bank may have to be very big indeed—big enough to
accommodate a large fraction of all entrepreneyrs—otherwise, a good entrepreneur may face too high a rick of
not being assigned to one of this bank’s contracis if she chooses the very good project. Thus, if there are
reasonable limits on creditor size/liquidity, our results shoubd not be very sensitive to timing after all.
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Proof. Suppose thal #+ | or more small creditors are aclive (and no other creditors
are) and offer the contract that breaks even on good projecis. Suppose, furthermore, that
creditors believe that, if a project has to be refinanced, then with high probability it is
poor. Under these circumstances, all good entrepreneurs will choose good projects, since
II}* <1 and the creditors’ pessimistic beliefs together imply that two-period projects will
not be refinanced. Hence the creditors’ beliefs are justified. Now, a small creditor clearly
cannol do betler than break even. Suppose then that a big creditor enters. It will attract
aif the poor entrepreneurs and cnly its share of good projects. But since the former ate
unprofitable (T} < 2), the creditor will lose money on average. ||

The equilibrium of Proposition $ can be highly inefficient. As in Seclion 2, let « be
the fraction of entrepreneurs who are good. Notlice that the Proposition 5 equilibrium
exists no matter how close & is to 1. However if R, is big, then, for ¢ near I, it is clearly
better from a social standpoint to put up with poor projects for the sake of the vary good
ones. Indeed, for big enough R,, there exists another and more efficient equilibrium,
provided that = is sufficiently near 1, I E,=E,, the precise condition we require for
existence of this other equilibrium is

aR,+ (1 —am)a* ()R~ y(a*(a)y-2>a(R,— 1). (*)
Condition (+) implies that if all good entrepreneurs choose very profitable projects, big

creditors can offer them betler lerms than on good projects, while still breaking even. In
such a case, credilors’ optimistic expectations ate self-fulfilling.

Propositlon 6.  Suppose that TIiJ* <1, E,=E,, and (») is satisfied. Then there exisis
an equilibrium in which only big creditors form and all good entrepreneurs select very profit-
able projects.

Proof. Suppose that there are at least #+ 1 big creditors and each offers the contract
& which pives the entrepreneur nothing (except her private return) if the project turns out
to be poor, T, if the project is very profitable, and T, if the project is good where

#(R,— T,)+ (1 —a)a* ()R, — wla*(2)) —2=0 (1)
and
R—1-T,=0. (2)

From (1), ¢ just breaks even if creditors’ beliefs that all good entrepreneurs choose very
profitable projects are correct. Now, good entrepreneurs will choose these projects pro-
vided that

E AT, > E+T,. (3)
From {1) and (2) and because E,=E,, (3) can be rewritten as
aR, (1 —ag)J—-2>a(R,— 1),

which is just {+). Hence, good entrepreneurs will select very profitable projects as claimed.
The arguments that no big creditor can do better by deviating and that any creditor can
profit from entering are the same as in the proof of Proposition 4. ||

Propositions 5 and 6 imply that the same economy may end up in two quite different
equilibria. In the equilibrium of Proposition 3, creditors are small and projects are short-
term. In that of Proposition 6, creditors are big and projecis are long-term. Note that,
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even ignoring entrepreneurs’ private benefits, () implies that the latter equilibtium is more
efficient. Including the private benefits only aggravates the discrepancy (it would entail
adding (1 —e)E, to the left-hand side of (x)). Indeed, the equilibrium of Proposition 6
Pareto-dominates that of Proposition 5.

To conclude, lel us note that Propositions 5 and 6 have some connection with those
of von Thadden (1925). Von Thadden argues that a cornmitment not to refinance projecis
may be an optimal screening device for creditors facing an adverse selection problem, even
though il can induce short-termism on the part of good enirepreneurs. Although the set
of technological opportunities available to entrepreneurs and the initial asymmetry of
infermation in his paper are similar to those in our medel, von Thadden takes a different
perspective, since he does not explicitly address ex post incentives to refinance or the role
of creditor liquidity. Rather, he concentrates on a one-creditor problem. In his medel,
bank finance can reduce short-termism thanks te economies of scale (4 la Diamond
(1984)), which make direct inspection of project types profilable.
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