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Introduction

This thesis consists of four independent chapters, in which well-known economic
theories are employed to investigate, and better understand, data and facts from the
real world. Although in fairly distant topics, each paper is an example of how econom-
ics, and more precisely microeconomics, offers a rigorous and effective framework to
reason about what happens around us. In this sense, my dissertation fully represents
what I have learnt in these five years.

The first paper addresses the experimental behavior of subjects that interact with
each other, non-cooperatively, in a laboratory setup. The experimental evidence is
found to be at odds with the predictions of classical game-theory, and I explore whether
a model of bounded rationality can instead succeed in explaining the data. The second
paper looks at another type of data, historical rather than experimental. Together
with Bjorn Wallace, we raise doubts, methodological and interpretational, regarding
the validity of a recent finding that documents a sizeable effect of Africa’s past slave
trades on current economic performance.

The last two papers investigate the phenomenon of limited records, understood as
the limited availability of past public data regarding a transacting partner. The former
is a survey, written jointly with Giancarlo Spagnolo, wherein we discuss the literatures
that have independently studied whether limited records may actually prompt benefi-
cial reputation effects. We argue that what is known about this type of informational
arrangement is little and scattered, and that this is problematic given the large number
of real-life situations featuring limited records. These conclusions prepare the ground
for the last paper of this dissertation, which presents a model of limited credit records.
The model aims at providing a framework for evaluating the current privacy provisions
in the credit market which mandate the removal of information about borrowers’ past
performance from public registers after a finite number of years.

1. Cognitive Hierarchies and the centipede game

There is by now ample evidence demonstrating that when individuals are presented
with game theoretic interactions their behavior frequently departs from the equilibrium
predictions, especially during the first rounds of play (see for instance Costa-Gomes,
Crawford, 2006 and references therein). This empirical anomaly motivates the ongoing
search for new, non-equilibrium, models that are capable of explaining the behavioral
patterns observed in laboratory and field experiments. Among the many contributions
in this literature, the Level k (Nagel, 1995; Stahl, Wilson, 1994, 1995) and cognitive
hierarchy models (Camerer et al., 2004) stand out for their success in predicting and
explaining actual behavior in a number of normal-form games by relying only on a
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2 INTRODUCTION

parsimonious set of assumptions. How these models perform when applied to extensive-
form games is, however, still an open question. In the first chapter of my dissertation,
I address this issue by suggesting and testing a possible extension of the cognitive
hierarchy model that is directly applicable to the centipede game (Rosenthal, 1982).

The centipede game is a two-player game of perfect information that represents an
interactive situation where the players play sequentially and non-cooperatively for a
limited number of rounds. The players take turns in deciding whether to terminate
the game or to continue it. Continuing increases the value of the joint payoffs, but
is not individually profitable if the game is terminated in the next round. If so, the
player who passed receives a payoff lower than what he could have secured himself
by terminating at the preceding round. If players seek to maximize their monetary
gains, the centipede game features a unique (subgame perfect) equilibrium, in which
the player who moves first terminates the game. This sharp theoretical prediction is
at odds with the behavior of actual players who typically continue until the central
rounds, and occasionally until the end. Empirically, no, or very few, participants have
been observed to take the pot at the first round (see for instance Fey et al., 1996;
McKelvey, Palfrey, 1992; Nagel, Tang, 1998; Rapoport et al., 2003).

This divergence between the equilibrium predictions and the experimental evidence
appears analogous to that which has been successfully addressed by non-equilibrium
models in normal-form games (Costa-Gomez et al., 2001; Costa-Gomez, Crawford,
2006; Ho et al., 1998; Nagel, 1993, 1995; Stahl, Wilson 1994, 1995). The key novelty of
these models is that players are allowed to have beliefs regarding the behavior of their
opponents that are much simpler than those assumed in traditional game theory.

Building on this approach, and more precisely on the work of Camerer et al.’s (2004),
I present and test an extensive-form version of the normal-form cognitive hierarchy
model. Further, I evaluate empirically the resulting predictions using laboratory data
borrowed from a previously published experiment (McKelvey, Palfrey, 1992). My paper
features two main contributions. First, it extends the experimental literature on the
cognitive hierarchy model, which is here directly applied to the extensive-form centipede
game. Secondly, it demonstrates that in the centipede game the cognitive hierarchy
approach leads to predictions which are not fully backwardly inductive and that can
help to explain some key features of the experimental data.

2. Is there a long-term effect of Africa’s slave trades?

A great number of hypotheses have been put forth in order to explain Africa’s
anomalously poor economic performance (Acemoglu et al., 2001; Easterly, Levine,
1997; Rodney, 1982). One popular theory claims to have traced its roots back to past
slave trades, and in particular, the trans-Atlantic slave trade. A recent proponent of
this theory is Nathan Nunn (2008) who has uncovered evidence in favor of a substan-
tial negative relationship between past slave exports and current economic performance
within Africa. Nunn argues that his evidence, taken together with the historical lit-
erature, suggests that slave trade had an adverse effect on economic development and
that the most likely causal pathway goes via impeded state formation and increased
ethnic fractionalization. However, despite its intuitive appeal and supporting data,
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Bjorn Wallace and I argue that the long run effects of slave trade are not necessarily
as clear-cut as Nunn’s reasoning would lead us to believe. In particular we show that a
too narrow focus on a single year, 2000, as the outcome variable and a single continent,
Africa, as the sample space may be driving his conclusions.

By extending the sample period in Nunn (2008) back to 1960 we demonstrate that
the coefficient for past slave exports is declining over time and that it is not significantly
below zero before the 1970s. While this finding is in line with Nunn’s suggestion that
the economic effects of past slave exports did not necessarily manifest themselves until
after the decolonization of Africa, we also uncover a number of empirical irregularities
in the data. Most notably, the coefficient for past slave exports is often positive instead
of negative for those countries that produced oil at any point in time during the sample
period. Further, our reading of the historical and anthropological literature is quite
different from that of Nunn. In Africa, there is an obvious latitudinal gradient in ethnic
fractionalization which is associated with GDP as well as past slave exports (Alesina
et al., 2003; Easterly, Levine, 1997; Nunn, 2008). Nunn suggests, presumably in light
of this, that the causal mechanism from slave exports to current economic performance
goes via ethnic fractionalization. It is argued that the exogenous demand for slaves led
to a decrease in trust and an increase in conflict, which in turn impeded state formation
and contributed to modern day ethnic fractionalization. That ethnic fractionalization
is associated with poor economic performance is well known, although the actual causes
remain disputed (Easterly, Levine, 1997; Alesina et al., 2003). What is undisputed,
however, is that lower latitudes are strongly associated with higher ethnic and linguistic
diversity, not only in Africa, but also globally (Cashdan, 2001; Collard & Foley, 2002).
This empirical relationship is perhaps little known outside the rather narrow field of
human biogeography, but it mirrors an extensive and earlier literature that documents
a latitudinal gradient in present, and past, species diversity, within as well as across
regions and taxa (Rosenzweig, 1992, 1995).

While these facts do not disprove, or particularly undermine, the negative associa-
tion between past slave trade and current economic performance for Africa as a whole,
they do suggest that if there is a causal relationship, then it is likely to be more com-
plex, and less straightforward, than what is commonly believed. In fact, to complicate
matters further, we demonstrate that there is also a negative relationship between past
slave raids and current economic performance within Italy. On the surface this evidence
is supportive of a negative relationship between past slave trades and GDP per capita,
although such a relationship has admittedly rarely, if ever, been suggested for Italy.
However, like for Africa, going back to 1960, the trend of the coefficient on slave raids
is downward sloping. Thus, due to the absence of decolonization, the Italian evidence
arguably casts doubt on, rather than support, the hypothesis that past slave exports
negatively affected economic development in post-independence Africa.

3. Privacy, reputation and limited records: a survey

Reputation is a potentially valuable asset because it helps individuals to signal
their trustworthiness and their value as a contractual counterpart (Bar-Isaac, Tadelis,
2008). Typically, reputations are accumulated over time, and are backed by relevant
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information on past behavior and performances. For this reason, the process of reputa-
tion formation is likely to benefit from the collection, storage and diffusion of personal
data, and to be at odds with privacy concerns that call for some of these data to re-
main undisclosed. In a neoclassical market, in fact, the participants will themselves
optimally decide which, and how much, information is needed to assess the value of a
transacting partner. Accordingly, a privacy regulation that mandates the removal of
data from the public domain is at best unjustified and, at worst, it opens the door for
"fraud” (from Posner’s blog, 8th May 2005, see also Posner, 1983, Nock, 1993).

However, besides the canonical argument that we are not (always) capable of op-
timal information-processing in the neoclassical sense, there are instances in which
privacy regulations can alleviate market failures that arise even when assuming ratio-
nal agents (Acquisti, 2010; Acquisti, Varian, 2005; Calzolari, Pavan, 2006; Hermalin,
Katz, 2006; Hirshleifer, 1971; Taylor, 2004a, 2004b). Moreover, in many situations,
reputation effects have been demonstrated to disappear over time (Cripps et al., 2004)
when access to information is unrestricted.

Originally, in response to this last concern, limited records were put forward as a
device to help sustain reputation incentives over time (Ekmekei, 2011; Liu, 2010; Liu,
Skrzypacz, 2011). However, limited records can also be seen as an arrangement that
protects privacy, for they are compatible with the principle of data retention. These
two considerations highlight the key appeal of this informational arrangement: it can
simultaneously fulfill privacy needs and increase efficiency via strengthening reputation
concerns. Being also relatively easy to implement, limited records appear to be an ideal
policy for a wide range of real-life situations, where either privacy is socially desirable,
or reputation is needed to curb informational asymmetries.

Motivated by this link between limited records, reputation and privacy, Giancarlo
Spagnolo and I review the theoretical literature up to date, and find that the state of the
art is unsatisfactory. In particular, the relevant game theoretic works do not offer any
indication on how the length of records should vary with the model’s fundamentals,
although limited records have been demonstrated capable of supporting reputation
incentives over time. For what concerns the privacy debate, although privacy per se
is a topic not unknown to the economics literature (Acquisti, 2010, and references
therein), the study of limited records has been left almost neglected.

The lack of a cohesive theoretical foundation guiding the design of limited records
is highlighted by observing how they have been implemented in real-life situations.
Reviewing the evidence, we uncover a tremendous amount of heterogeneity, which we
believe stresses once more that a unified framework of reference is both missing and
needed.

4. Limited credit records and market outcomes

In most modern credit markets, credit registers collect and share data on borrowers’
past behavior with other market participants, in an effort to reduce the well-known
informational asymmetries that characterize lending relationships (Jappelli, Pagano,
2002). These asymmetries take the form of adverse selection (Akerlof, 1970) or moral
hazard. The former arises before the loan is contracted, because lenders can at best only
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partially observe a borrower’s ability and other relevant characteristics. Moral hazard
instead occurs after the loan is contracted and stems from the imperfect observability
of the borrower’s actions. Consequently, reliable information on a borrower’s past
behavior serves both as a screening device for lenders, and as a ”"reputational” collateral
for borrowers (Vogel, Burkett, 1986), which they can use to signal to potential lenders
their private information and intended choices.

Interestingly, from a legal point of view credit data fall under the umbrella of
personal data and are thus subject to the privacy protection provisions that regulate the
extent to which personal information can be handled, shared and stored. In particular,
an important by-product of privacy protection is the principle of data retention, which
prescribes that personal data, as collected by any data user, should be retained for a
limited period of time only, and by any means for no longer than what is necessary for
the intended purpose. Although such a principle may look intuitively appealing, it is
not immediately clear whether it is desirable from a strictly economic standpoint. In
fact, data retention directly mandates the removal from the market of the very data
that have a key role in disciplining the informational asymmetries described above.
Indeed, its application has stirred an intense and so far unresolved debate about the
implications of limited records for privacy, efficiency and reputation (Bottero, Spagnolo,
2011; Sartor, 2006).

The inconclusiveness of the academic and political debate is reflected in the choices
made by policy makers. As of 2007, about 90 percent of the countries in which a
credit register was operating mandated the removal of (at least some) credit data
after a limited period of time (Elul, Gottardi, 2008). Although suggestive of a certain
degree of homogeneity across countries, this is only superficial. In practice, there is no
consensus on how to set the length of credit registers’ records.

This paper intends to develop a formal analysis of the effects of data retention
provisions on borrowers’ behavior and market outcomes. To this end, I study a stylized
model of a credit market for consumers and small businesses where a credit register
decides on the amount of information to be disclosed to the lenders. I directly compare
three informational arrangements, which I call full withholding, full disclosure and
limited records. Under full withholding, privacy is enforced and no information about
the borrowers is disclosed. Under full disclosure, all the relevant information is made
available to the lenders. Finally, with limited records, the credit register implements a
data retention policy.

My analysis demonstrates that it is possible to characterize sufficient conditions
under which each of the three arrangements leads to a lower (ex ante) default rate
than the other two. Interestingly, when the moral hazard in the market is high, lim-
ited records outperform the two other arrangements, supporting the case for privacy
protection legislations. In a situation of high moral hazard, in fact, the two extreme
policies of full disclosure and withholding hamper the performance of low-ability bor-
rowers while not eliciting a sufficiently higher repayment rate from the high-ability
group. Limited records, instead, provide borrowers of all types with the possibility to
alleviate, at least in part, the moral hazard problem by providing them with a credible
device, the records, to build or restore a reputation for being a trustworthy borrower.
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By moderating the moral hazard problem, this last arrangement leads to the lowest
default rate.

Further, it turns out that limited records may also lead to higher aggregate welfare,
albeit under fairly restrictive conditions. More precisely, when moral hazard is high
and borrowers are not too different in their abilities, limited records are more efficient
because the resulting interest rates succeed in increasing borrowers’ aggregate welfare,
while keeping lenders’ welfare constant. Yet, under the model’s assumptions, if these
conditions are not met, it is preferable to disclose all information about the borrowers.

Summing up, the main contribution of this analysis is to show that data-protection
laws endogenously create scope for the borrowers to link their current choices of effort to
better contractual terms in the future, by building a reputation for being of high ability
and thus securing themselves contracts at lower interest rates. Such a possibility elicits
higher effort, which, under the assumption of the model, is beneficial for the overall
economy, by prompting higher repayment rates and lower interest rates.
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PAPER 1

Cognitive Hierarchies and the centipede game

Margherita Bottero

ABSTRACT. Here, I adopt the cognitive hierarchy approach to analyze the centipede
game. To this end, I present and study an extensive-form version of Camerer et al.’s
(2004) original normal-form model. The resulting predictions are evaluated empiri-
cally using laboratory data borrowed from a previously published experiment. The
paper features two main contributions. First, it extends the experimental literature
on the cognitive hierarchy model, which is here directly applied to the extensive-form
centipede game. Secondly, it demonstrates that in the centipede game the cognitive
hierarchy approach leads to predictions which are not fully backwardly inductive and
that can help to explain some key features of the experimental data.

1. Introduction

There is by now ample evidence demonstrating that when individuals are presented
with game theoretic interactions their behavior frequently departs from the equilibrium
predictions, especially during the first rounds of play (see for instance Costa-Gomes
and Crawford, 2006, and references therein). This empirical anomaly motivates the
ongoing search for new, non-equilibrium, models that are capable of explaining the
behavioral patterns observed in laboratory and field experiments. Among the many
contributions in this literature, the Level k (Nagel, 1995; Stahl, Wilson, 1994, 1995)
and cognitive hierarchy models (Camerer et al., 2004) stand out for their success in
predicting and explaining actual behavior in a number of normal-form games by relying
only on a parsimonious set of assumptions!. How these models perform when applied

I would like to thank Tore Ellingsen, Erik Mohlin, Juanna Joensen, Bjorn Wallace, Jorgen
Weibull and participants at the AISC VI meeting in Naples, at the SSE lunch seminar series and at
the 3rd Maastricht Behavioral and Experimental Economics Symposium for their helpful comments
and suggestions. I gratefully acknowledge the Knut and Alice Wallenberg Research Foundation for
financial support.

1 See for instance Costa-Gomes et al. (2009) for applications of the Level k and cognitive hierarchy
models to various normal-form games, based on laboratory data. Crawford and Iriberri (2007a) and

Brocas et al. (2009) study games with private information using the Level k£ model. Ostling et al.
(2009) and Brown et al. (2009) test the Level k& model’s predictions using field data. Ellingsen and

11



12 COGNITIVE HIERARCHIES AND THE CENTIPEDE GAME

to extensive-form games is, however, still an open question. Here, I address this issue
by suggesting and testing a possible extension of the cognitive hierarchy model that is
directly applicable to the centipede game (Rosenthal, 1982).

The centipede game is a two-player game of perfect information that represents an
interactive situation where the players play sequentially and non-cooperatively for a
limited number of rounds. The players take turns in deciding whether to terminate
the game or to continue it. Continuing increases the value of the joint payoffs, the pot,
but is not individually profitable if the game is terminated in the next round. If so,
the player who passed receives a payoff lower than what he could have secured himself
by terminating at the preceding round. If players seek to maximize their monetary
gains, the centipede game features a unique (subgame perfect) equilibrium, in which
the player who moves first terminates the game. This sharp theoretical prediction is
at odds with the behavior of actual players who typically continue until the central
rounds, and occasionally until the end. Empirically, no, or very few, participants have
been observed to take the pot at the first round (see for instance Fey et al., 1996;
McKelvey and Palfrey, 1992; Nagel and Tang, 1998; Rapoport at al., 2003).

This divergence between the equilibrium predictions and the experimental evidence
appears analogous to that which has been successfully addressed by non-equilibrium
models in normal-form games (Costa-Gomez et al., 2001; Costa-Gomez and Crawford,
2006; Ho et al., 1998; Nagel, 1993, 1995; Stahl and Wilson 1994, 1995). The key nov-
elty of these models is that players are allowed to hold beliefs regarding the behavior of
their opponents that are much simpler than those assumed in traditional game theory.
More precisely, the Level & model assumes that players’ behavior can be described by
their (behavioral) type which they draw at the beginning of the game from a hierarchy
of possible types. At the bottom of this hierarchy lies a non-strategic type 0, who
uniformly randomizes among his actions. Next, there is type 1, who believes that the
opponent will act as a type 0, and who plays a best response based on this conjec-
ture. Higher types adjust their beliefs via recursive thought experiments: type 2 best
responds to type 1, type 3 to type 2 etcetera. This assumption is appealing because
it grants rationality to players of all types but type 0, while allowing them to adopt
non-equilibrium behaviors thanks to the simplified belief structure.

Camerer et al.’s (2004) cognitive hierarchy model builds on the Level k approach by
allowing for a slightly more complex belief structure. More precisely, the model allows
a type k player, k > 0, to envision the possibility that his opponent may be of any of
the lower types. Thus, a type k not only best responds to type k — 1, but to a mixture

Ostling, (2006) study several games with pre-play communication, where the communication phase
and the actual play of the game can be thought of as two separate rounds of an extensive-form game.
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of lower-level types. The types’ frequencies may be treated either as a parametrized
distribution, usually Poisson, or as an unconstrained types distribution. This richer set
of assumptions has been successfully employed to explain players’ behavior in a number
of two-person finite dominance-solvable games, such as guessing games (Costa-Gomez
and Crawford, 2006), zero-sum hide-and-seek games (Crawford and Iriberri, 2007b)
and even the normal-form centipede game (Kawagoe and Takizawa, 2010).

In this paper, I present a version of the cognitive hierarchy model that is directly
applicable to the extensive-form six-step centipede protocol that was studied by McK-
elvey and Palfrey (1992). I call this model the EF-CH model, where the acronym stands
for extensive-form cognitive hierarchy. Possibly, the EF-CH model is the most faithful
translation of Camerer’s model to this extensive-form game. The choice to apply the
model to McKelvey and Palfrey’s six-step centipede game is functional? to producing
predictions that are readily testable, thanks to the experimental data collected and
made available by the authors.

The EF-CH model rests on four assumptions. First, players can be of one of three
types, 0, 1 and 2. Second, type 0 players randomize between actions with a constant
probability, while players of type 1 and 2 use backward induction. Third, players of type
1 and 2 think that the opponent is of any of the types below their own, and they share
the same belief on type 0s’ randomization probability. Note that type 1s and type 2s
do not envision the possibility of types equal to, or higher than, their own. The fourth
assumption is methodological, players maximize their monetary payoffs. Together,
these hypotheses allow me to derive the payoff-maximizing behavior, in expectation,
for each type and thus to lay down verifiable predictions on the play of the game and
the frequency of types in the experimental population.

In addition, I also study two extensions of such a model. First, I allow type 1
and type 2 players to have different beliefs on the behavior of type 0s. This special
case, which I call heterogenous EF-CH (HEF-CH), features a more ”sophisticated”
type 2, that not only forms his own belief on the behavior of type Os, but also holds a
(second-order) belief on type 1s’ beliefs on type 0. This novel assumption departs from
the original spirit of the cognitive hierarchy model by undermining its tight recursive
structure, but it allows for a larger degree of flexibility that can better accommodate
a variety of situations. For example, imagine that the players in a population can be
divided into three groups. Players in the first group randomize, while those in the
second group expect, erroneously, to meet altruistic opponents and best respond to
this belief. Players in the third group instead realize that there is the possibility of

2 After having presented the model, I will discuss whether it can be generalized to any two-player,
finite, extensive-form game of perfect information and the challenges that such a task would face.
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meeting players from either of the two previous groups, and correctly anticipate the
mixture of their behaviors and best respond to it. For instance, it is possible to think
of situations involving different sets of social norms that have come to coexist. This
and other similar situations can be captured by the HEF-CH specification. Continuing
with the example, the model would let type 1 players believe that type Os are altruists,
and allow type 2 players to correctly recognize type 1s’ mistake.

The second extension I consider is to allow for Bayesian updating in the players’
decision processes. There is evidence that when playing repeatedly in the same in-
teraction players revise their prior beliefs regarding the opponent’s type using Bayes’
Law, although this topic is still open to debate (Cosmides and Tooby, 1996; Fudenberg
and Levine, 1998, and references therein). Updating is a cognitively advanced task,
which requires the use of costly cognitive resources to improve upon the priors. For
this reason, and to be consistent with the spirit of the cognitive hierarchy model, I
allow only type 2 players to update their belief on the type of the opponent.

The EF-CH model produces a large number of theoretical results, that describe
the behaviors that maximize the players’ expected payoffs for any belief they may
have. Among these optimal behaviors, there is the backward induction prescription
to terminate at the first round, but it is far from being the only one. In particular,
there are other beliefs such that it is payoff maximizing for players of type 1 and 2 to
continue until the last node. Bayesian updating does not have any observable effect on
the predictions of the model, neither by introducing new payoff-maximizing behaviors
nor by eliminating existing ones. However, it alters the set of beliefs for which the
prescribed behaviors are payoff-maximizing. Using the assumptions of the HEF-CH
model, instead, I can characterize new payoff-maximizing behaviors, including type 2
players terminating at the central round. Borrowing data from McKelvey and Palfrey’s
(1992) experiment, I test whether the predictions of the model can actually explain
experimental behavior. The EF-CH model fits the data fairly well, but the heteroge-
nous extension outperforms it in terms of empirical fit. In general, all specifications
fall short of fully fitting the data, by failing to predict enough terminations at the
central nodes of the game. I attribute this shortcoming to the assumption of constant
randomization from part of the type Os, and I will discuss this issue further in section
6.

To my knowledge, this paper is the first that applies and tests the cognitive hierar-
chy framework directly to the extensive-form centipede game. Camerer (2003) mentions
that the Level & model could explain the experimental evidence for this game, but he
does not provide a formal analysis. Ho et al. (2008) study a normal-form centipede
game assuming a cognitive hierarchy structure that allows for learning. Similarly, Nagel
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and Tang (1998) look at a normal-form centipede game to evaluate different learning
models.

Kawagoe and Takizawa (2010) compare the empirical fit of the Level k model and
the Agent quantal response model?, without and with altruistic types (Fey et al., 1996;
McKelvey and Palfrey, 1992, 1998), when applied to the reduced normal-form* of the
centipede game. The results of their analysis show that the Level £ model outperforms
the other two. My work differs from Kawagoe and Takizawa principally in that I study
the cognitive hierarchy, rather than the Level k, model. Further, I look directly at
the extensive-form centipede, and introduce a model that is tailored to translate the
normal-form cognitive hierarchy model into a proper extensive-form model. Although
Kawagoe and Takizawa present evidence that supports the equivalence of studying
the reduced normal-form and the extensive-form of the centipede, I believe that there
are substantial gains from applying non-equilibrium models directly to extensive-form
games. First, this permits us to reason about non-equilibrium assumptions in a dy-
namic framework and about their interaction with mechanisms such as belief updating.
Secondly, this exercise can contribute to the search for a general extensive-form non-
equilibrium model. Besides these and some other minor divergences, however, Kawa-
goe and Takizawa’s and my paper are very close in spirit and they are inspired by the
same question: how would non-equilibrium models fare when applied to extensive-form
games.

Palacios-Huerta and Volij (2009) recently presented interesting experimental results
on the centipede game (for a discussion, see also List et al., 2010). They documented
that chess players rarely fail to terminate at the first round of the game (the subgame
perfect equilibrium) when playing with other chess players, while they typically con-
tinue to later rounds when playing with college students. In line of principle, this result
could be given a cognitive hierarchy interpretation. It is possible that chess players
have beliefs on the behavior of other chess players and college students such that it is
payoff maximizing, in expectation, to terminate as soon as possible with the first group
and to continue for a while with the latter®. Finally, in a recent paper, Gerber and
Wichardt (2010) investigate the efficacy of bonuses and insurances as deferring devices

3 The agent quantal response model assumes that each player treats his future self as an indepen-
dent player with a known probability distribution over actions.

4 To corroborate this assumption, the authors present the result of an experiment showing that
players do not behave differently when the same game is presented to them in extensive or normal
form.

5 Interestingly, also college students are documented to terminate earlier when playing with chess
players rather than with other students.
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for postponing termination of the play of the centipede gameS. In explaining their
experimental results, the authors discuss a model that has a flavor of non-equilibrium
thinking but is neither the Level k£ nor the cognitive hierarchy model.

The remainder of the paper is organized as follows. Section 2 discusses the centipede
game and the relevant literature in ampler detail. Section 3 introduces the assumptions
of the model and section 4 analyzes the results. Section 5 presents the empirical

analysis. Section 6 discusses the results and section 7 concludes.

2. The centipede game

In game theory, the centipede is a finite and sequential game of perfect information
with two player roles, here labelled A and B. Following McKelvey and Palfrey (1992),
I here consider the 6-node version of the centipede game that is displayed in Figure
1. At each node j, the player who has to move can choose either to continue to play
(¢;) or to terminate the game (¢;). Upon the decision to terminate the game at a node
J, the players receive the payoffs appearing at the end of branch ¢;, where the first
amount pertains to player (role) A. At the first node, the total pot sums up to $0.5,
thereafter each time it is passed on its total value is multiplied by two, until it reaches
a total of $32 in the last node.

A ¢ B ¢ A ¢ B ¢ A ¢ B c

25.6,6.4

4 b t 4 t ts
0.4,0.1 0.2,0.8 16,04 0.8,3.2 6.4,1.6 3.2,12.8

Fig. 1. The Centipede game

Since the game is sequential and there is perfect information about the history of
play, a new subgame begins at each node, for a total of six (proper) subgames. Sub-
games are important in the search for the equilibrium because a strategy profile such
that the players do not want to deviate at any subgame is also a subgame perfect strat-
egy profile (Selten, 1965). Following standard practice in game theory, it is assumed
that the players are rational and have von Neumann-Morgenstern utility functions.
Kuhn (1950, 1953) demonstrated that subgame perfect equilibria can be found work-
ing backwardly from the end of the tree, replacing the starting node of each subgame by
the vector of payoffs that corresponds to the optimal choice at the subsequent nodes.

6 The authors are motivated by the fact that, in the standard centipede game, longer interactions
result in increased aggregate welfare for both players.
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Applied to the game in Figure 1, this procedure begins with considering player B’s
choice at node 6, the last subgame of the game. There, player B’s optimal choice is
tg because, being rational, he chooses the action that delivers him the higher payoff.
Then, the players can replace the subgame with the payoff vector corresponding to
the choice tg, obtaining a new, artificial centipede. Applying the same reasoning, it is
possible to establish that player A, being rational, will choose 5 at node 5, and so on.
The collection of these choices, one for each personal decision node of the game tree,
defines the unique” subgame perfect equilibrium of the game, that is, for each player
to terminate as soon as he gets the move.

Despite being straightforward, the backward induction result is uncomfortable, for
it clashes with experimental evidence and arguably with introspection. To improve on
this front, the game theoretic literature has proposed several equilibrium refinements.
In particular, these suggested refinements all deal with the issue of what players should
believe after observing a deviation from the equilibrium strategy. The backward in-
duction procedure, in fact, rests on the assumption that both players know that they
both will keep the pot if given the chance, and that they both know that they both
know this fact, and so on. Modifying this assumption allows us to obtain other equi-
libria (see, for instance, Asheim and Dufwenberg, 2003; Ben-Porath, 1997; Kreps and
Wilson, 1982; Kreps et al., 1982; Reny, 1998; Selten, 1975).

In this paper, I depart from the equilibrium analysis to assume that players are
rational and that they hold mutual and subjective conjectures on the play of the op-
ponent. To describe how these payoff-maximizing players play the game it is sufficient
to know which conjecture they have about the opponent (a conjecture is here the node
where the opponent is believed to terminate). In the next section, I will show that
these simple requirements go a long way in explaining the laboratory evidence on the
centipede.

As mentioned in the Introduction, the reason for focusing on the game in Figure 1
is that it is part of a series® of experiments conducted by McKelvey and Palfrey (1992).
Thanks to the availability of their laboratory data, it is possible to directly test the
model’s predictions. The experiment consists of three? sessions, labeled 5, 6 and 7, two
with twenty participants, and one with eighteen, none of whom had played the game
before. At the beginning of each session, participants were divided into two groups

7 Thanks to the following proposition: every finite, generic, extensive form game of perfect infor-
mation has a unique subgame perfect equilibrium.

8 In the same paper, the authors consider also two four-step games, one with a "high payoff”
treatment.

9 Sessions 1, 2 and 3 involved other treatments. Specifically, these consisted of a shorter (4-step)
centipede game, and a ”high payoff” condition with stakes substantially higher than those considered
here.
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of ten (or nine in the case of session 6) that were randomly allocated to roles A or
B. Each subject was then matched with an individual from the other group to play
the game ten (nine) times. It was made common knowledge at the beginning of each
session that no individual was going to be matched with the same opponent twice. In
this sense, there is no learning, and matching can be treated as random.

The laboratory data that was collected in this experiment uncovered two main
features that characterize the subjects’ behavior. Table 1 shows the frequency f; of
plays terminating at node j. The backward induction outcome, which would require
fi = 1, never occurs in the data. What instead appears is that terminations occur
mostly after the third node, and that they are concentrated around nodes 3, 4 and 5.

Few plays continue without interruption to the end of the centipede.

Table 1: Frequency of Observations at each Terminal Node
Session N Ji I2 J3 Ja I o Vi
5 100 .02 .09 39 28 .20 .01 .01
6 8 .00 .02 .04 46 35 .11 .02
7 100 .00 .07 .14 43 23 .12 .01

Total 5-7 281 .007 .064 .199 .384 .253 .078 .014

It is possible to use the f;s to back out the implied probability p; of terminating at any
given node j, conditional on the event that node j is reached, p; = f;/ (fj + ... + f7).

These are shown in Table 2.

Table 2: Implied Take Probabilities

Session  p1 P2 ps P4 Ps Ds
5 0.02 0.09 0.44 0.56 0.91 0.50
6 0.00 0.02 0.04 0.49 0.72 0.82
7 0.00 0.07 0.15 0.54 0.64 0.92

Total 5-7 0.01 0.06 0.21 0.53 0.73 0.85

For instance, in Session 5, if a play reaches node 5, the ex ante probability that it will
end there is ps = f5/ (fs + fo + f7) = 0.2/ (0.2 4+ 0.01 4 0.01) = 0.91. The backward
induction outcome would imply p; = 1, but this is not documented in the data. The
most evident and consistent empirical pattern is that the probability of taking the pot
increases as the play approaches the last nodes!0.

Summing up, there are two important empirical features that a theory aiming
to explain the centipede game should replicate. The first is that the distribution of
terminations is concentrated around the mean, and the second is that the pattern of
the conditional take probability is increasing in the length of the centipede.

10 In Session 5, the figure at the last move (0.50) is based on two observations only.



3. THE EF-CH MODEL 19

3. The EF-CH model

Consistent with experimental evidence, I assume that players can be of one of three
types, 0, 1 and 2, which are recursively defined as follows. Players of type 0 are at
the bottom of the types’ hierarchy and behave as non-strategic randomizers. At the
beginning of the game, they observe a realization ¢ of the random variable ¢ and
continue at each node with that probability. Let ¢ be distributed with density f over
the support [0,1]. Note that there is no heterogeneity among type Os, in the sense
that they all randomize in the same way. Also note that when ¢ is equal to one half
we have the uniform randomization case. Next in the hierarchy, is type 1. Players of
this type are Savage rational decision-makers that maximize their expected monetary
payoffs through reasoning via backward induction. In doing so, they assume that all
the other players are of type 0, and they assign a point belief A to ¢. The belief \ is the
realization of a random variable \ defined on the same support as ¢, which is observed
by all type 1 players at the beginning of the game. This implies that, as was the case
for type 0Os, all players of type 1 are homogeneous in their beliefs (and hence in their
behavior). The players of type 2 are at the top of the type-hierarchy. They are similar
to type 1s in three respects. First, they are Savage rational maximizers that reason via
backward induction. Secondly, they observe the same realization A and use it as point
belief on g. Thirdly, they do not consider the possibility that other players may be of
the same type as their own. However, differently from type 1s, they can guess correctly
that a fraction sy of the opponents is of type 0 and a fraction s; is of type 1. Since
the two fractions do not sum up to one!l, type 2s normalize the probability of playing

with a type 0 and a type 1 to g = soffsl and to oy =1—09 = soilsl

I will extend this model in two ways. First, I will assume that type 2 players

respectively.

observe A, and thus that they are able to correctly predict the behavior of type 1
players, but assign to ¢ a point belief 1, which is the realization of a random variable
fi different from A'2. I call this case HEF-CH, which stands for heterogenous EF-CH,
because type 1 and type 2 players have heterogeneous beliefs. The second extension
that I consider is to allow for Bayesian updating during the play of the centipede
game. In particular, I study an extension of the model above where I allow type 2
players to engage in Bayesian updating on the prior oy, after having observed the
opponent’s move. Given that type 2s correctly anticipate the node at which type 1
players terminate, they update on oy by making use of the fact that before that node
only players of type 0 drop off the game. Upon observing a continuation decision

11 Following Camerer at al. (2004), type 2 players do not envision the possibility of players of
their own or higher type, and accordingly they normalize the true proportions of type Os and 1s in

the population (that do not sum up to one) by dividing them by their sum.
12 But defined on the same support [0, 1].
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before the type 1s’ expected terminal node, type 2 players re-assess downwardly the
probability of being playing with a type 0. More precisely, after having observed the

first pass from the opponent, a type 2 player can revise his prior to be playing with a
g0pP2
1—00(1=p,)’
revision. Accordingly, the updated probability that the opponent is instead of type 1

Rl _ Rl _
= 1l-o0p =

type 0 player downward to of! = where the superscript R1 stands for first

1—0og
1=00(1-py)°

such a belief can be updated again, this time to of? =

becomes o If the opponent chooses to pass a second time,

Uopg
1-oo(1—p3)"

Given the length of the centipede game in Figure 1, players revise only twice (at
nodes 3 and 5 for player role A and nodes 2 and 4 otherwise!3). However, the updating

n
Rn __ g0pPy

process can be generalized to any number n of revisions: o 3 As expected,

T 1-oo(1—pY
the revised belief goes to 0 as the number of revisions goes to infinity,

lim o™ = oo _ 0
n—co 1—oo(1—pj)
Similarly, o7 goes to 1, lim of" = 1.

Applied to the centipggeoogame, these assumptions will result in a set of outcomes,
where by outcome I mean a collection of terminal nodes and beliefs for type 1s and 2s,
such that, given the beliefs, it is payoff maximizing to stop at the prescribed nodes.
Note that ez ante players’ beliefs can fall anywhere on the support, so that the model
is descriptive of a variety of behaviors. To increase the precision of its predictions, it
is possible to specify more accurate hypotheses on the players’ beliefs. Alternatively,
if one wants, or has to, remain agnostic about the players’ beliefs, an ”empirical ap-
proach” can be adopted. This consists in taking all the outcomes to the data and judge
empirically which one fits the evidence better. In this paper, I will follow the latter
approach. First, however, the next section presents the outcomes of the model.

4. Analyzing the model

In this section, I first study the EF-CH'’s predictions. Then, I consider in turn the
Bayesian case, in which type 2 players undertake Bayesian updating, and the HEF-
CH case, which allows type 2 players to form a belief 1 on ¢ that is different from
A. In general, the assumptions lead to a partition of the belief-space € in a number

of non-overlapping components o such that UQ = Q. Each component o, which I call
o€

outcome, is associated with a set of strategies (1%, 775) for type 1s and (t%,t5;) for type
2s, such that if a player’s belief(s) fall in that outcome it is payoff maximizing for him
to follow r* or t*. For each outcome, or, alternatively, for each belief the players may

have, it is possible to derive the probability ¢,, n = 1,2, ..., 7, that a randomly drawn

13 Revision at node 6 is possible but useless, given that the game terminates there.
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pair of players terminates at node n. The probability g, is a function of the shares of
the players’ types in the population, sg, s1 and ss, and of ¢, the type 0’s randomization
probability, and, as we will see in the next section, it will serve as the basis for the
maximum likelihood analysis.

Let us begin with the EF-CH model, and assume that type 1s and type 2s have
observed a realization A of the belief on g. Consider a type 1 individual in role A that
maximizes the expected payoff E [rr(-)] of his actions. At the last node he compares the
expected value of ¢, Em(cs) = A (¢g) + (1 — A) 7 (¢6), and that of ¢, m(t5), and plays
the action with highest expected value. Then, he takes one step back and proceeds in
the same way at node 3 and 1. Reasoning in a similar fashion for the other player role,
the expected payoff maximizing strategies for a type 1 are,

* C1C3C5 if A > %
(4.1) Fa= { titsts otherwise

7_* _ CQC4t6 if A Z %
B ) tytysts otherwise

By assumption of the FF-CH model, type 2 players assign to ¢ the same A as type 1s,
hence they can anticipate the behavior described in expression 4.1. Assigning belief
oo to the event that the opponent is of type 0, type 2 players reason backwardly to
find their payoff maximizing behavior. After some computations, it turns out that the

payoff maximizing strategies t%, ¢} are,

cicscs if og > é\ and \ > %
(42) tjkA = Clc3t5 lf oy < Aand A 2 7
titsts otherwise
- CQC4t6 if A > %
B 7] totsts otherwise
where A = %. The interpretation of expression 4.2 is intuitive. Type 2s’ strategy

depends both on A, which is the parameter describing the behavior of type Os, and
type 1s, and on the belief oy on the shares of type Os in the population. As long as
the type 0 players are believed to randomize with a probability that is high, A > %,
it is optimal for the type 2s to terminate at the last round. In particular, if type 2s
believe that there are many type Os that continue with a high probability, then it is
payoff-maximizing, in expectation, to choose pass even at node 5. Note however that
the rationality assumption makes sure that, when playing in position B, type 2s always
take at node 6. When A\ < %, instead, both type 1s and type 2s terminate at the first
node.

To sum up, the EF-CH assumptions can give rise to three outcomes, only one of
which prescribes the backward induction behavior. The outcomes can be represented
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on the (A, 0¢) plane, as shown in Figure 2,

Gp 107
097
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077

Outcome i
ty*=c5 t*=t6

06T ry*=c5 rg*=t6
Outcome iii 05+
tA*=t1 tB*=t 04T

037

Outcome ii
I‘A*=t1 I‘B*=t2 tA*=t5 tB*=t6

01T

ry*=c5 rg*=t6
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00 01 02 03 04 05 06 07 08 0.9 i

Fig. 2. Outcomes of the EF-CH model

Outcome i consists of those beliefs such that both types 1 and 2 continue to the
end of the game. The beliefs that form outcome ii, instead, are such that it is payoff-
maximizing for type 2 players to terminate at the last round and for type 1s to continue
to the end of the game. Finally, the beliefs in outcomes iii are such that both types
terminate at the first round. Note that it is possible to read the behavior of type 1
players along oo = 1. Figure 2 also portrays the uniform randomization hypothesis,
A= % In this case, type 1 players play until the last round, while type 2 players may
either continue to the last round or terminate at node 5 depending on their belief oy.
The termination probabilities are reported in Appendix B.

4.1. Introducing Bayesian updating. As mentioned in the Introduction and in
section 3, a natural extension of the EF-CH model is to allow for Bayesian updating.
Here I assume that type 2 players update their prior o on the share of type 0 players in
the population. It turns out that if type 2 players make use of the updated beliefs o,

ol during the play of the game the outcomes of the Bayesian model are behaviorally

1

indistinguishable from the non-Bayesian. To see why, consider first the case A < 7.

Regardless of the belief oy, it is optimal for type 2s to terminate at the first round. In

this case, in fact, type 1s terminate at the first round (see expression 4.1) and type Os

1
7
the type 2s’ payoff maximizing strategies remain the same as in expression 4.2, with

are also believed to terminate with a high probability (A is low). If A > 2, instead,

the difference that the set of beliefs for which they are optimal changes slightly. In

1

w2 Lhe Bayesian outcomes Bi, Bii and Biii

particular, X is replaced by A=

14 1In fact, the assumptions of the model are such that it is "as if” players of type 1 had a belief
oo = 1 regarding the population composition.
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are represented on the (A, 0¢) plane in Figure 3,
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Fig. 3. Outcomes of the Bayesian EF-CH model

Figure 3 highlights two main differences with respect to the non-Bayesian model. First,
for player role A, continuing at the last round is optimal for a smaller set of beliefs.
This happens because when node 5 is reached a player has to believe in a high oy to
continue, since ¢ is profitable only with a type 0 opponent. However, during the play
of the game, o has been steadily revised downwardly. Thus, it is payoff maximizing to
play cs only for high values of the prior o. It is also worth noting that when Bayesian
updating is possible, playing in role B gives a strategic advantage over playing in role
A. Starting to play at node 2 means, in fact, that the player can revise his prior before
having to play the first time, by observing the opponent’s move at node 1. While this
does not affect the outcomes here, it indicates a strategic advantage associated with
playing in position B.

4.2. The HEF-CH case. In the HEF-CH case, I relax the assumption that
type 2s and type 1s hold the same belief on ¢. In particular, I assume that type 2

players assign a belief 1 to ¢ and correctly guess type 1s’ belief A\. Thanks to this last
1
7
continue to the last round, and A < %, when type 1s terminate at the first round instead

(see expression 4.1). If we begin with the case A > %7 which I call HEF-CH™ case,

then type 2s’ payoff maximizing strategies are given by,

assumption, we can consider separately the cases when A\ > =, when type 1 players

cieses if o9 > jiand p > 1

cicsts ifao<ﬂand/zz7oru<%andUOS%
citsts if % < 09 <0.93 and < %

titsts otherwise

(4.3) t =
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cocats if >3 or p < $ with og < 2
Up cotate if 2 < 09 <0.930r < %
totstg  otherwise

where i = 22.4&%. Compared to the EF-CH model, the HEF-CH™ differs in that
there are now beliefs such that it is optimal for type 2 players to terminate at the
central round (outcome I717). Outcome [1] arises because termination at the central
round is payoff maximizing for type 2s when A > %, < % and o is high, but not
very high. However, these conditions cannot be met in the EF-CH model, where by
definition A\ = p. Graphically, the four outcomes of the HEF-CH™ can be represented
as in Figure 4,
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Fig. 4. Outcomes of the HEF-CH™ case

Outcome [ is identical to outcome 7 in the EF-CH model. Outcome /1 is behaviorally
identical to outcome i for type 2 players, but note that it is here optimal for a larger
set of beliefs. For instance, even when type 2s have a low belief on ¢, p < %, they

may continue to the last round provided that they believe that there are many type

1
7
terminate increasingly early, that is, either at the central round, outcome I11, or at

1s in the population. As the share of type 1s decreases, with u < 2, type 2 players
the first round, outcome I'V.

The second case to consider, which I call HEF-CH ~, arises when A < % Here type
1 players terminate at the first round, as described in expression 4.1. Note that this
implies a strategic advantage of being allocated to role B. Type 2 players in that role
will get to know, before taking the first decision, the opponent’s type. If the game is
still ongoing at node 2, then they are for sure!'® playing with type 0. It follows that type
2s’ payoff maximizing strategy for position B, t%; , is the same as 17 (see expression
4.1). However, when playing in role A, a type 2 player has no information on the type

15 Tt is worth highlighting here the role which is played by the assumption that players do not make
errors in implementing their preferred strategy.
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of his opponent. Thus, if he believes p < % it is optimal for him to play t;, because

even if there were only types Os in the population, such a i, would be too low to make
1

7, it turns out that it is payoff maximizing to

it profitable to play cy. If instead p >

play,
« _ [ ccses ifog >
(4.4) ta = { titsts otherwise
th = CQC4t6 if 1% < %
BT\ tytatg otherwise
where i = m. As for the HEF-CH™' model, we can represent graphically

the possible outcomes on the (1, o) plane, holding A > %, as shown in Figure 5,

13 1.0
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Qutcome III- 08T
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ta*=tl tg*=t2 07T
06t ry*=tl rp*=t2
Ty ¥=tl rp*=t2 -
05T
Outcome II" 04T
03
ta*=tl tg*=t6 02l
ry¥=tl rg*=t2 01t

Fig. 5. Outcomes of the HEF-CH™ case

Outcome I~ consists of those beliefs that make it optimal to terminate at the last round.
Outcome I1~ collects those beliefs such that t% = t1t3t5 and t}; = cacqts. Finally, in
outcome [I1~, the payoff-maximizing strategies are t¥, = t1t3t5 and t}; = fatsts. The
termination probabilities can be found in Appendix B.

It is possible to allow for Bayesian updating also in the HEF-CH case. The com-
putation are shown in Appendix A. This extension produces three outcomes, of which
only one, BIII, is behaviorally different from those already studied. According to
BIII, type 1 players continue to the last round (terminal nodes c5 and tg). Type 2
players, instead, terminate at the first node when in position A and at node 6 when in
position B.

5. Taking the model to the data

In this section, I use the data collected by McKelvey and Palfrey (1992) in their
experiment to test the predictions of the FF-CH model and its extensions. The 58
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experimental subjects were first divided into three groups, which were later split in
two halves that were randomly assigned to role A or B. Then, each player in role
A (B) played the game with all the participants in his group that were allocated to
role B (A), generating a total of 281 observations. To address potential concerns with
learning during the ten repetitions, I also separately analyze first response data.

Before taking the theoretical results to the data, there are several considerations
to be made. I estimate the model assuming that type 0 players actually exist in the
population. Unreasonably high estimated shares of type Os could suggest that the
model is not well specified. The probability with which type 0s terminate, ¢, will be
estimated from the data. This will allow me to obtain more information on the way
players randomize in the game. Moreover, there are instances in which the behaviors
prescribed by the different outcomes are indistinguishable. For instance, outcomes i
and Bi prescribe continuation to the end of the game. Outcomes ii and Bii prescribe
that type 2 players terminate at the last round, and that type 1 players continue to the
last round. Outcomes #i7 and 1]~ prescribe that type 1s and 2s terminate at the first
round. The impossibility to distinguish among different outcomes by looking at players’
behavior implies that I cannot always infer the players’ beliefs. The final consideration
is that, given that I did not make any assumption on the players’ beliefs, ex ante
all the outcomes are equally likely. For this reason, here I will try to discriminate
between (distinguishable) outcomes by empirically searching for the one that predicts
and describes the experimental evidence best. To this end, I first employ a maximum
likelihood analysis to find the parameter estimates for each outcome!®. Then, I compare
the different outcomes in two ways. First, I look at the information criteria AIC and
BIC to shed some light on which specification is preferable from an econometric point
of view. Secondly, I use the maximum likelihood estimates to derive each outcomes’
predicted frequencies of termination, and the implied take probabilities, to compare
them with the actual data.

Suppose now that type 1 and type 2 players have observed beliefs A (as well as u in
the HEF-CH case) and o according to the model’s hypotheses and that type 0 players
follow the deterministic behavior described in section 3. T make two further assumptions
that will facilitate the empirical analysis. First, I assume that type 2s’ beliefs on the
population composition are correct in expectation. Secondly, I assume that there is the
same distribution of types for each player role. In other words, regardless of whether
a player is drawn to play in role A or B, he is equally likely to be of a certain type.
Under these assumptions it follows that each repetition of the game can be viewed as

16 In the estimation I will not allow for errors in actions. This is primarily because McKelvey and
Palfrey (1992) do not find any support for errors in action when analyzing the same dataset.
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an experiment with seven mutually exclusive ways to terminate, 1, ..., t7, which have
6

probabilities i, ...,g7 = 1 — >_q;. These are derived for each outcome in the previous
j=1

section. Repeating the experiment n independent times, and assuming that the g;s

remain the same from trial to trial, the probability of observing a random sample

6
t=[T1,...,Ty =n— Y Tj] is distributed according to a multivariate binomial,
j=1

! Et)
(5.1) 76 = ey ( qu>

The density function (5.1) depends on the parameters sg, s1, ¢, which are the population

shares of players of type 0 and of type 1, and the probability ¢ with which type Os
continue at each node. For any outcome, the likelihood function for a sample of N
independent observations is the product of N densities,

N+1

(52) 507517 Hft 50, 51, )

and the log-likelihood A = log [L(so, $1,q)] becomes,
N+1 N+1 N+1 N+1 6
(5.3) A= ZlnA—O—Zt Ing + .. —I—Ztﬁlnq(ﬁ—z (n—Zt ) In <1—qu>
j=1

!
where A := "76
t1l...tg! nfzt]' !
i=1

By substituting the g;s implied by each outcome into expression (5.3), and maximiz-
ing with respect to the parameters, I obtain the maximum likelihood estimates for the
population composition and ¢g. This procedure will produce consistent estimates, since
the model is identified!?, the parameter space (so, $1, ¢) is compact and A is continuous

in (s, s1,¢q) for almost all ¢'8.

5.1. Estimation results for the EF-CH model. Table 3 presents the maxi-
mum likelihood estimates of the shares of type 0s, sq, and type 1s, s1, together with the
estimated continuation probability ¢, for each possible outcome of the FF-CH model.

17 There are no observationally equivalent parameters, provided that we accept the indeterminacy
between behaviorally equivalent outcomes.

18 Since the observations are not i.i.d., the convergence in probability of the average log-likelihood to
the objective function is guaranteed because the sequence of the average log-likelihood is stochastically
equicontinuous.
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Table 3: Maximum Likelihood Estimation

EF-CH model

-Logl,  555.82  620.15 490.06
S0 0.747* 0.361** 0.852**
(0.004) (0.015) (0.014)

$1 - 0.360** -

(0.015)

q 0.936**  0.597* 0.283**
(0.029) (0.022) (0.004)

Obs. 281 281 281

Std. errors in par. ;¥ sign. 5%; ** sign. at 1%

The estimated fraction of type Os in the population is very high in outcomes i / Bi
and 7 / Biii, while it is around thirty per cent in outcome ii / Bii. Note also that
the estimates of ¢ vary substantially across outcomes, but in outcome ii / Bii they
are close to the uniform randomization value. This last result suggest the presence of
the a truly randomizing type 0 in the population.

The results in Table 3 suggest that all the outcomes can be estimated using the
data. However, these estimates are not informative as regards which of the outcomes
is preferable in the sense of being the correct model of behavior and in terms of parsi-
mony of parameters. Regarding the last point, note that outcome i / Bii needs two
parameters to describe the population, sy and s;, while the other two outcomes use
only sg. This follows from the fact that in outcomes ¢ / Bi and iii / Biii, type 1s and
type 2s behave in the same way, and hence they are estimated to be the remaining
1 — sq share of the population. To address the issue of which model is preferable, the
simplest way is to look at the informational criteria, AIC and BIC, computed for each
outcome as shown in Table 4. The information criteria help identifying the correct,
most parsimonious model specification. The two criteria are very similar, with the
difference that the BIC penalizes additional parameters more severely. In general, for
both criteria, the lower the value, the more preferable the model, in term of parsimony
of parameters and explanatory power.

Table 4: Information Criteria for Outcomes’ Comparisons
Outcome Obs. LogL(null) LogL(model) dg. freedom  AIC BIC

i/ Bi 281 . —555.82 2 1115.64 112291
i1 | Bii 281 . —620.15 3 1246.30 1257.22
iti | Biii 281 . —490.06 2 984.13  991.41

For both criteria outcome éii / Biii have the lowest value. However, this result may be
driven by the fact that the log-likelihood function of outcome 4ii / Biii is much simpler
than those for the other outcomes (see Appendix B). Yet, the information criteria allow
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for model comparison only and do not provide any diagnostic on the fit of the model.
To get a rough measure of how well the outcomes fit the data, I use the maximum
likelihood estimates to predict the frequency of termination f; and the implied take
probability p; for each outcome. First, however, I re-run the analysis considering only
first-response data to gather some more information on the reliability of the estimates.

5.1.1. First-response data. The estimates in Table 3 are obtained by using the full
sample of observations. To address possible concerns regarding learning during the
game, | here restrict the analysis to first response data, in order to verify if this leads
to different results. Table 5 shows the maximum likelihood estimates for the EF-CH

model,

Table 5: Maximum Likelihood Estimation
EF-CH model, first response data

i/ Bi ii]Bii i/ Bii

LogL 50.82 5851 56.06
so 0.890 0.317* 0.756*"
(0.128) (0.052) (0.014)
s1 — 7 0.291% -
(0.049)
¢ 0.759" 0.586" 0313
(0.032)  (0.099) (0.005)
Obs. 29 29 29

Std. errors in par. * sign. 5%; ** sign. 1%

The estimates do not change substantially with respect to those in Table 3, suggesting
that the data from the full sample can be treated as independent. For the outcomes
that appear in Table 5, it is possible to compute the AIC and the BIC, as shown in
Table 6

Table 6: Information Criteria for Outcomes’ Comparisons
Outcome Obs. LogL(null) LogL(model) dg. freedom AIC  BIC
i/ Bi 29 . —50.82 2 105.65 108.39
it / Bii 29 . —58.51 3 123.03 127.13
iti / Biit 29 . —56.06 2 116.13 118.87

Now outcome i / Bi scores the lowest on both criteria. Such a change in the ranking
of the three outcomes seems to confirm the suspicion that the low values scored by
outcome iii / Biii were an artifact of its extremely simple log-likelihood function.
5.1.2. Fit. I can obtain the distribution of terminations as predicted by the out-
comes of the EF-CH model by substituting the parameters sg, s; and ¢ into each
outcome’s G, using the estimates in Table 3. The result of this exercise can be found

in Table 7, wherein the actual f;s are reported as well.
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Table 7: Proportion of Observations at each Terminal Node
Empirical and Predicted Distributions

Session N KB i [ fr
100 .02 .09 .39 28 .20 .01 .01
6 8 .00 .02 .04 46 .35 .11 .02
7 100 .00 .07 .14 43 23 .12 .01
Total 5-7 281 .007 .064 .199 .384 .253 .078 .014
Outcome h h fs 5 fe fz
1/ Bi — .045 .043 .040 .039 .036 .253 544
it /| Bi — 144 123 .074 .066 .255 .303 .035
ite / Bisi — 762 .181 .04 .011 .003 .002 .001

It is easy to see that the predicted terminations occur either very early or very
late in the game. Outcome iii / Biii, which is the one with the lowest informational
criteria, predicts an unreasonably high share of terminations at the first node. In
contrast, outcome i / Bi predicts too many terminations at the last two nodes. On
the other hand, outcome #i / Bii seems to fit the empirical termination frequencies
comparatively well.

The results in Table 7 can be plotted using an histogram as shown in Figure 6. The
first four panels present the aggregate empirical distribution of terminations, together
with those for the individual sessions 5, 6 and 7. As can be seen, the laboratory data
show a marked tendency for plays to terminate at nodes 3, 4 and 5. The average
distribution is almost normal around the central round, while the individual sessions
show slightly different patterns. Terminations do, however, very rarely occur before
node 2. The remaining three panels of Figure 6 show the predicted distribution of
terminations according to the outcomes of the EF-CH model. Clearly, the outcomes
differ substantially in their predictions, but none really fits the data. Outcome i / Bi
puts too much weight on late terminations with respect to the sample data. Equally far
from replicating the empirical pattern, outcome i / Biii predicts that the largest share
of terminations takes place at node 1. This leaves outcome i / Bii, which, despite
having the highest information criteria among the three, predicts that terminations
may take place at all nodes, although the largest share of terminations is predicted at
nodes 5 and 6.

To further investigate the predictive power of the EF-CH outcomes, we can use
the data in Table 7 to derive the predicted implied take probabilities. Table 8 presents
these results. As discussed in section 2, this probability, p;, is higher in the later nodes
of the game. Again, outcome ii / Bii is the one that follows the empirical evidence
the closest, which is hardly surprising given that this outcome is the one that better
fits the data in terms of predicted distribution of terminations, f;s.
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Figure 6. Empirical and predicted distributions of terminations'
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19 Note: On the horizontal axis are the seven terminal nodes at which the game can end, where
the seventh node represents the case in which the player in position B passes at the last node. On
the vertical axis is the frequency of terminations at each node.
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In general, the empirical analysis demonstrated that the EF-CH model outperforms
the backward induction prediction, but falls short of replicating the high number of
terminations at the central nodes of the game. Among the possible outcomes, outcome
it / Bii is the one that better fits the data. In other words, we can represent the
experimental evidence fairly well if we assume a population of players composed by the
three types in equal shares, and if we let the type 0 players randomize with a probability
of sixty percent on the choice of continuation, while type 1s and 2s continue to the last
round (with type 2s terminating there).

Table 8: Implied take probabilities
Empirical and Predicted Distributions

Session P1 P2 p3 Pa Ps Pe

5 0.02 0.09 0.44 0.56 0.91 0.50
6 0.00 0.02 0.04 0.49 0.72 0.82
7 0.00 0.07 0.15 0.54 0.64 0.92
Total 5-7 0.01 0.06 0.21 0.53 0.73 0.85

PL P2 D3 Ps Ps Pe
outcome 7 / Bi 0.05 0.32 0.04 0.05 0.04 0.31
outcome i / Bii  0.14 0.14 0.10 0.10 0.43 0.89
outcome i / Biit 0.76 0.76 0.70 0.65 0.50 0.66

If anything, the cognitive hierarchy approach misses a mechanism to generate termi-

nations at the central round.

5.2. Estimation results for the HEF-CH case. In what follows, I present
the estimation results for the HEF-CH outcomes. Note that outcome I and II are
behaviorally indistinguishable from outcome i and outcome i respectively, and that
the same holds true for outcome 171~ and outcome #ii. With regard to the Bayesian
extension of the HEF-CH case (see Appendix A), only outcome BI1] prescribes a new
behavior. To avoid repetitions, I do not present the estimates for the outcomes that are
behaviorally indistinguishable from those already discussed. The maximum likelihood
estimates are shown in Table 9.

Table 9 : Maximum Likelihood Estimation
HEF-CH case

11T IV BIII I 17
Logl. 576.65 650.20 539.81 635.61 654.22
S0 0.181% 0.077** 0.128" 0.447* 0.479**
(0.036) (0.012) (0.007) (0.000) (0.000)
s1 0.569% 0.975% 0.516* 0.004* 0.000
(0.053) (0.000) (0.003) (0.000) (0.000)
q 0.792 0.742* 0.354" 0.370~ 0.343"
(0.016) (0.028) (0.003) (0.001) (0.000)
Obs. 281 281 281 281 281

Std. errors in parentheses;* sign. 5%; ** sign. at 1%
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Recall that in outcomes /71 and I'V type 1 players continue to the last round, while type
2 players terminate at the central and the first nodes, respectively. In outcomes I~ and
11~ type 1 players terminate at the first round, while type 2 players continue to the last
round in outcome /- while in outcome 7~ they terminate at the first node if playing
in position A and at the last one if in position B. This stark contrast in the prescribed
behavior between the two player-roles for type 2 persists in outcome BIII, with the
difference that type 1 players continue to the last round. With respect to the EF-CH
case, it is worth noting that the estimates point towards a more realistic population
composition. On average type 0 players constitute one third of the population. As
for ¢, this varies between thirty and eighty per cent. All the estimates, besides those
for outcome I1-, are significant. Table 10 presents the information criteria for these

outcomes.

Table 10: Information Criteria for Outcomes’ Comparisons
Outcome Obs. LogL(null) LogL(model) dg. freedom — AIC BIC
21

117 281 . —9563 3 1159.30 1170.21
v 281 . —650.29 3 1304.59 1311.87
BIIT 281 . —589.81 3 1185.63 1196.54
I~ 281 . —635.61 2 1275.22  1282.50
11~ 281 . —638.09 2 1314.45 1325.37

Outcomes 11 and IV score the lowest information criteria, noticeably lower than
those computed for outcomes 7 and 7. Before looking at how well these outcomes fit
the experimental evidence, I run the same analysis on first-response data only, in order
to check if the results are consistent with the ones just discussed.

5.2.1. First response data. As for the FF-CH model, it is possible to use first
response data to carry out the maximum likelihood estimation. The results appear in
Table 11.

Table 11: Maximum Likelihood Estimation
HEF-CH case, first response data

1T TV BITT
Logl. 6458 69.60 63.51
S0 0.166" 0.935 0.447
(0.030) (0.028) (0.000)
s1 0.723* 0.098** 0.370**
(0.071) (0.024) (0.000)
q 0.776* 0.769*" 0.169**
(0.043) (0.040) (0.000)
Obs. 29 29 29

Std. errors in par. ;¥ sign. 5%; *¥ sign. at 1%
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The estimates for outcomes /771, IV and BIII do not differ substantially from those
in Table 9 that were obtained by using the full sample. However, the estimation was
impossible to carry out for outcomes I~ and I1~, which may be suggestive of a problem
either with the outcomes or with the data. Neither of these explanations is problematic.
First, the first response sample consists of 29 observations, which is a small sample to
perform maximum likelihood analysis on. Secondly, outcome I~ and /]~ are those
that in the full sample scored the lowest informational criteria, which already then
hinted that they were not performing particularly well in explaining the data. For the
outcomes in Table 11 we can also look at the information criteria.

Table 12: Information Criteria for Outcomes’ Comparisons
Outcome Obs. LogL(null) LogL(model) dg. freedom  AIC BIC
—64.58

117 29 . 3 135.16  139.26
v 29 . —69.60 3 145.21 149.31
BIII 29 . —63.51 2 131.03  133.77

The AIC and the BIC for outcomes /] and BIII maintain the same ranking as
in the full sample, and outcome I'V continues to be the least preferable among the
alternatives. This confirms the results obtained above that point at outcome I1] as
the preferable among the alternative ones.

5.2.2. Fit. Using the estimates in Table 9, I can obtain the predicted distribution
of terminations for each outcome. The results of this exercise are presented in Table
13.

Table 13: Proportion of Observations at each Terminal Node
Predicted Distributions
Outcome  f; f2 E 1 5 Jo fr

117 120 105 303 185 .041 117 129
BIIT 760 .150 .010 .070 .000 .010 .000
A% 234 180 132 102 .077  .106 .169
I~ 280 200 .080 .060 .020 .330 .030
11~ .830 .050 .070 .000 .020 .010 .020

Looking at Table 13 it is easy to see that the problem of the EF-CH model largely
persists. In fact, the outcomes fail to predict the large number of terminations at the
central round. However, the HEF-CH outcomes fare somewhat better that than those
of the EF-CH model. To better understand why, I plot the predicted frequency of
termination in a histogram, as can be seen in Figure 7.

The patter of the distributions in Figure 7 are more diverse than those in Figure
6. In particular, outcome I11, outcome IV and outcome I~ are doing comparatively
well. As before, we can use the predicted frequency of terminations to back out the
predicted implied take probabilities, which are shown in Table 14.
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Table 14: Implied take probabilities
Predicted Distributions
Pr D2 P3 Ps Ps  Dg
outcome 17  0.12 0.12 0.39 0.39 0.14 0.48
outcome BIII 0.76 0.63 0.11 0.88 0.00 1.00
outcome IV 0.83 0.33 0.58 0.00 0.40 0.33
outcome [~ 0.28 0.28 0.15 0.14 0.05 0.92
outcome /- 0.83 0.29 0.58 0.00 0.40 0.33

The figures in Table 14 are closer to the actual values than those in Table 6, for the

EF-CH model. In particular, outcome 117 is the closest to the average empirical data,
besides a noticeable discrepancy at node 5.

Figure 7. Predicted distributions of terminations?®
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20 Note: On the horizontal axis are the seven terminal nodes at which the game can end, where
the seventh node represents the case in which the player in position B passes at the last node. On
the vertical axis is the frequency of terminations at each node.
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Summing up, the empirical analysis of the HEF-CH models suggest that, among the
alternatives, outcome /71 is the outcome that best explains the subjects’ behavior when
playing the game. Outcome 11 describes a situation in which type 1 players continue
to the last round, assigning a high probability to the event that the opponent passes
the pot back (A > %) Type 2 players, instead, assign to such an event a probability s
strictly lower than that of type 1, and believe that the population consists mostly of
type 0 players. Note that, according to the estimates in Table 9, type 2 players have a
correct belief on the population composition, but they are mistaken in assigning a low
continuation probability. Since the actual ¢ is estimated at 0.79, instead, it is type 1
players that have the correct belief on ¢.

6. Discussion

The EF-CH model?! described in section 3 has brought about a variety of find-
ings that deserve discussion. Most importantly, the extensive-form cognitive hierarchy
assumptions prescribe optimal behaviors that differ from the backward induction equi-
librium. In particular, the HEF-CH model is such that it is possible for type 2 players
to terminate at any node of the game. This result can be interpreted as a simple way
out of the backward induction paradox, as defined by the discrepancy between equilib-
rium predictions and laboratory behavior. By relaxing the equilibrium requirements
on the players’ beliefs it is possible to generate payoff maximizing behaviors that are,
in theory, consistent with the experimental data.

However, when brought to the data, the model partially fails the empirical test.
While it succeeds in consistently replicating the pattern of implied take probabilities,
it falls short of predicting the almost normal distribution of the frequency of termina-
tions?2. The experimental evidence seems to suggest that the central round features
some aspects that make it different from the initial and the last one. At least in part,
this is likely to be driven by behavioral factors, such as regret, risk or loss aversions.

The present model can be improved along a number of dimensions. The most
straightforward possibility is to allow players to be noisy best responders to their
beliefs, and blend into the current model some form of quantal response. McKelvey
and Palfrey (1992, 1998) have applied a static agent quantal response equilibrium model
to precisely the centipede game, with satisfactory results. The explanatory power of
such a model, however, has been demonstrated by the same authors to significantly

21 Tt is worth stressing that a similar model of players’ behavior has been put forward and later
empirically tested by Jehiel (Jehiel, 2005; Huck et al. 2009; Huck and Jehiel; 2004) in his analogy-
based expectation equilibrium concept. The EF-CH model however, differs in that it is inspired by
the cognitive hierarchy model and is only concerned with the centipede game.

22 By assigning a too high probability to the event that the play reaches the final round.
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improve by allowing for altruism. More precisely, the authors put forward a model of
incomplete information in which there is the possibility to be matched with an altruistic
opponent that always chooses to pass. Allowing for both errors in actions and in beliefs,
it can be shown that in equilibrium players adopt mixed strategies that prescribe to
terminate with a probability that increases in the length of the play. Interestingly,
it turns out that, according to the estimates, about five per cent of the experimental
subjects behaved as altruists. Compared to McKelvey and Palfrey’s (1992) model, the
EF-CH has the advantage of not requiring players to be able to derive an equilibrium
in mixed strategies. However, it would certainly be possible to enrich the current model
with both the error structure and the altruism assumption studied therein.

Besides quantal response and behavioral concerns, my work could be improved by
modifying the non-equilibrium assumptions described in section 3. For instance, it
would be possible to increase the number of types in the population. Since higher
types tend typically?3 to terminate earlier, such an assumption could in part improve
the currently poor empirical fit of the EF-CH and HEF-CH models. Alternatively,
the mismatch between the predicted and empirical distributions of terminations could
be addressed by relaxing the assumption of constant randomization from part of type
0 players.

In part, these possibilities have been indirectly investigated by Kawagoe and Tak-
izawa (2010) who compare the explanatory power of the Level & model with that of
quantal response models when explaining a number of centipede protocols. Besides
assuming a Level k belief structure, while I assume that beliefs follow the cognitive
hierarchy assumptions, the authors allow for four instead of three types and assume
that the type 0 players only exist in the mind of the type 1s. The authors find that in
most setups, including the six-step centipede protocol studied here, the Level k model?*
outperforms both the agent quantal response model and the agent quantal response
model with altruistic types. In general, their estimates show a population composed
predominantly of type 1s, roughly seventy per cent. This is fairly close to the estimates
obtained here when looking at outcome I71, where the type 1 players are 57 per cent
of the population, type 0s 18 per cent and type 2s are 25 per cent. Such a similarity is
encouraging, suggesting that the assumption of a hierarchy composed by three types
only is not off the mark, at least in the case of a six-step centipede game. However,

23 Higher types, in fact, have by definition increasingly sophisticated beliefs about the oppo-
nent’s behavior. As these beliefs approach the common knowledge assumption, the resulting payoff-
maximizing behavior tends to the Nash equilibrium, which, in the context of the Centipede game, is
to terminate at the first round.

24 More precisely, they assumed that players can be of four types, 1 < k < 4, and they assume that
type 0 players do not exist in the population, but only in the mind of type 1 players.
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the authors show that for other centipede protocols the fraction of type 2s and 3s may
be sizeable.

Kawagoe and Takizawa’s results suggest that allowing for more types is an impor-
tant extension of this model, which is likely to improve on the empirical fit. In doing
so, however, it is important not to fail the spirit of the original research question,
namely how far would a realistic model of players’ behavior take us into explaining the
experimental data on the centipede game. Admitting type 3 players, in fact, means to
assume that in the experimental population some individuals are prepared to undertake
high cognitive costs to decide how to play. These costs, together with the empirical
finding that players’ behavior in most games can be described assuming types 0, 1 and
2, speak somewhat against allowing for higher types of players.

When compared with other models that address the backward induction paradox,
my approach appears substantially different from those put forward in the behavioral
literature, which typically invokes factors like altruism, fairness or similar concepts.
While the behavioral approach most certainly has some explanatory power for the
experimental results that document late termination in the game, it fails to explain
the mechanism driving the paradox. This is embedded in the payoff structure, that
simultaneously makes it attractive to be at the later nodes in the game, where payoffs
are higher, and unattractive to reach them, since for every two subsequent nodes the
first mover prefers to terminate rather than continue. Altruism, fairness or reciprocity
are channels that may explain the preferences to terminate at later stages of the game,
where both players are better off, rather than terminate at the beginning of it. Yet,
at the last node, reciprocity cannot be enforced, since there are no more moves, and
fairness is impossible, since the division of the pot is bound to be uneven by the
payoff structure. Altruism is also problematic, since a player, to be altruistic, would
have to forego at least half of his payoff at the last node. The behavioral solutions
appear to be corollary to the explanation of the paradox, but fail to directly address
it. On the contrary, the cognitive hierarchy assumptions offer a mechanism that may
reconcile rational play with the continuation patterns found in the data, thus avoiding
the paradox and allowing for behavioral refinements.

Interestingly, the ancillary finding that in this model Bayesian updating is ineffec-
tive may be relevant to the discussion regarding the extent to which Bayesian reasoning
is an appropriate description of human behavior (see, for instance, Cosmides and Tooby,
1996). However, the most likely explanation of such a result is the very simplified model
of type 18’ beliefs about types 0. As it stands now, the constant randomization as-
sumption clashes with the increase in payoffs across nodes. Moreover, it is arguably
restrictive, even granted that keeping simple the beliefs of type 1s’ is in the spirit of the
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model . A model that allows type 1s to undertake some Bayesian updating might very
well fare better than the EF-CH specification: to improve the model in this respect is
surely another important extension.

Finally, I would like to comment on whether the model put forward in this paper
could be generalized to a model applicable to any game in the class of two-player,
extensive-form, finite game of perfect information. To this end, two major challenges
arise. First, in arbitrary extensive-form games it may be difficult to the depart from
the assumption of uniform randomization regarding the behavior of type 0 players. In
the centipede game, the players at each node face only two decisions, and behavioral
considerations provide a fairly solid background to justify randomization different from
the uniform case. However, were the player to face three or more decision nodes, it
is not a priori clear how to depart from the uniform randomization assumption. The
second challenge that a general EF-CH model would have to face is how to address
the possibility of signalling. It is well-known, in fact, that in multistage games players
may adopt certain strategies in order to influence their opponent’s beliefs in the earlier
stage of the game, to build a reputation which can be exploited at later stages (Kreps
et al., 1982). A generalized EF-CH model may find it difficult to account for this pos-
sibility, especially because it could make it difficult to solve recursively for the players’
strategies. Although these issues are not straightforward to address, an extensive-form
cognitive hierarchy model appears highly desirable to improve our understanding of
players’ behavior in this important class of games.

7. Conclusions

In this paper, I have applied the cognitive hierarchy model (Camerer et al., 2004) to
the extensive-form centipede game. I assumed three types of players: a non-strategic
randomizer, type 0, and types 1 and 2, that reason by backward induction according
to their beliefs. These were structured following the conventional cognitive hierarchy
hypotheses according to which a type k player assumes that the opponent belongs to
a mixture of lower-level types, and that type k players, k # 0, assign the same belief
on the behavior of type 0s. Besides this model, which I called EF-CH, I also studied
two extensions. The first allowed type 2s to undertake Bayesian updating on their
prior about the opponent’s type, and the second, which I called HEF-CH, relaxed the
assumption that type 1s and 2s have the same belief on the behavior of type Os.

In both cases, the assumptions resulted in outcomes that improve upon the back-
ward induction result, prescribing, to a different extent, terminations at nodes later
than the first. To discriminate which of the possible specifications explains the data
best, I estimated and compared them using standard maximum likelihood tools. The
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empirical analysis produced several results. First, the outcomes of the FF-CH model
predict terminations either too early or too late in the game to match the data. The best
fit is obtained assuming a population composition where the three types are present
in equal shares, and such that type Os are more likely to continue than to terminate,
while type 1s and 2s continue to the last round. This result can be improved by one
of the HEF-CH outcomes, which assumes a population composed mostly by type 1
players and to a lesser extent by type 0 players that continue with a high probability.
Despite that the fit of this outcome is closer to the data, it still falls short of predict-
ing the large share of terminations that occur during the experiment at nodes 3 and
4. Interestingly, allowing for Bayesian updating does not seem to have any noticeable
effect on the model’s predictions or empirical performance.

To conclude, the extensive-form cognitive hierarchy model has proven to be reason-
ably effective and parsimonious in explaining the backward induction paradox. How-
ever, the empirical analysis suggests that there is more to the plays of the centipede
game than different cognitive levels among the players. Most likely, the experimental
behavior is the result of the combined actions of players of different cognitive types
and the effect of relevant behavioral factors such as altruism and fairness.
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Appendix A: Bayesian updating

Expression A.1 shows the payoff-maximizing strategies for type 2 players in the
Bayesian EF-CH model

cicses if og > é\ and A\ >
(A.1) th=13 ciests ifog < Aand A >
titsts otherwise

= CQC4t6 if A 2 %
B ) tatsts otherwise

===

where \ = 7/\3+)\2+1

We can now look at the effect of allowing for Bayesian updating in the HEF-CH
model. An informal argument may illustrate how Bayesian updating would affect the
outcomes in the game. Consider a player i of type 2 at the beginning of the game.
Suppose his beliefs fall in outcome III, meaning that at the beginning of the game it
is optimal for i to terminate at node 3 (or 4 if he plays in role B). With Bayesian
updating, however, once the play reached the second round, ¢ may decide to continue
further. This happens because i knows that only type Os terminate before the last
round, since by assumption he knows A. Thus, upon receiving the pot back, i revises
downward the probability of being playing with a type 0. In particular, player ¢ may
revise o9 downward enough to decide to continue rather than stop at node 3 (or 4).
Looking at Figure 2, this would correspond to a drop in og from outcome III to outcome
1I.

As before, I will consider separately the two cases A > % and A < %, and start with
the former. The behavior of type 1 players’ remains the same as that described in
expression 4.1, while the payoff maximizing strategies for type 2s do not. The strategy
t* can still be derived by backward induction, now making use at each node of the
updated beliefs

: 1
cieses  if og > T3 =241

(AQ) tj‘; = cicsts if oo < W
titsts if og > 0.93 and o < %

*
tB = 6204176

A type 2 player in role B has only one payoff maximizing strategy, continuing to the
last node: the fact that the opponent passes at node one conveys enough information
to make it optimal for the type 2 players to continue the game to the last node. Figure
A1 illustrates the (t%,t5;) strategies in the (14; 09) plane.



APPENDIX A: BAYESIAN UPDATING 45

Outcome BI is defined by the beliefs that make it payoff maximizing to play t% =
ciescs and t = cacyts. In outcome BII it is ¢ = cicsts t; = cocats and in outcome
BIII t% = tytst5 and t}; = cacats. The termination probabilities are given in Appendix
B.

Outcome BIII ®o 1'0:;__- ! Outcome BI
097 i

ty*=tl tg*=t6 ] ! ty*=c5 tz*=t6

ry¥=c5 rg*=t6 077 — ry*=c5 rg*=t6

.
.
.
.
|
.
.
.
.
!
.
G5 Rt ] ;
|
.
0

Outcome BII
037
*—, *—y E
ry*=c5 rg*=t6 0l
00 +
00 01 02 03 04 05 06 07 08 09 1

Fig. Al. Outcomes of the HEF-CH Bayesian case

This case presents two main differences with respect to the non-Bayesian EF-CH.
First, the behavior % = citsts, t; = catats is no longer payoff maximizing (in ex-
pectation) for any beliefs. In fact, a player starting off with the beliefs that made it
payoff maximizing to stop at node 3 (outcome III), once at node 3 revises oy downward
enough to keep playing at least one more node. Secondly, continuation at node 5 is now
payoff maximizing for a smaller set of beliefs than for the EF-CH case. When node
5 is reached, two opposing considerations come into play. On the one hand, a player
at node 5 has to believe in a high o to choose to continue, because c¢; is profitable
only with a type 0 opponent. On the other hand, the likelihood of being playing with
a type 0 has been revised downwardly, given that the game has not been interrupted.
The beliefs for which it is optimal to play cs, then, shrink with respect to the EF-CH
model.

In case A < %, the Bayesian updating takes place only in the first round and only
for those type 2s that are playing in position B, since those in the other role terminate
at node 1, as shown in expression 4.4. Knowing that all type 1s go out after the first
round, those type 2s that receive the pot at node 2 revise o to of* = 1. This revision
affects type 2s’ behavior differently for different puq. If 1y > %7 then type 2s terminate
at the last round, otherwise they take the pot immediately.
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Appendix B: termination probabilities g,

REMARK 1. Procedure to find the payoff mazimizing strategies in the case p; =
1

P2 =73

Consider a type 1 player in role A. If p; = 1, at the last node E7(c5) = 37 () +
37 (tg) = 14.4 and 7(t5) = 6.4, meaning that his optimal choice is ¢5. Reasoning
backwardly, one step ahead, the expected value of playing ¢z is Ew(c3) = %71’ (cq) +
i (ts) = 7.6, greater than 7 (f3) = 1.6. At the initial node, again it is the case that
En(c;) = im(c2) + 37 (t2) = 4 > 0.4 = 7(t1). Then, type 1’s optimal strategy is
ry = cicscs. When in role B, a type 1 plays ¢ at the last node. At the fourth,
Em(cs) = 37 (cs5) 4 37 (t5) = 7.2 > 3.2 = E(t4). At node two, the value of terminating
is 7 (ta) = 0 8 and that of continuing is E7(cy) = 37 (c3) + 37 (t3) = 3.8. Summing up,
the payoff maximizing strategies for a type 1 type are: ry = cicscs and 1 = cacals.
Reasoning in the same way for a type 2 player, we have that ¢ = c;cst; and t}; = cacats,
which is the best reply to (r%,r5).

Termination probabilities outcomes i / Bi /I / BI
¢ = S0(1 -q)

= 90 (1 —q) + (so — s5)(1 — q)

&= s50°(1—q) + éo—éo) (1—q)

@ = s5q*(1 — q) + s0q — 53¢ — s0q” + s5q°

3 = s0q" (1 — q) + s0q® — s0q® — s53¢° + s3¢°
(76_30q (1*(1)+90q —s5¢° +1— 250+ 55
G = s3¢° + soq® — s3q®

Termination probabilities outcomes ii / Bii / II / BII

a1 = s0(1—1q)

G = so(1 —q) — (1 —q)*sp

3 = sg0° — s3q° + s0q — s0q® — s5q + s5q”

31 = 550° — 550" + 509 — 504 — 53¢ + 5347

05 = s3q" — 5245 + s0¢* — s0q® — s3> + s3> + (1 — so — 51) (504> + 1 — 50)
To = 509" — 554° + 504" — 55¢° + s0514°(1 — q) + 51 — s081

@1 = 50¢° (04" + 1)

Termination probabilities outcomes iii / Biii / III~
@ =1-s0g

32 = 500 — 5 ¢

s = s60*(1 = q)
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a1 = s5q*(1 — q)
3 = 554" (1 —q)
3 = s50°(1 — q)
ar = s3q°

Termination probabilities outcome III

71 = so(1—q)

32 = s5a(1 = q) + (s0 — s3)(1 — q)

B = 83(12(1 @) + (50 — 53)a(1 — q) + (1 — 8o — s1)s0q + (1 — 59 — 51)(1 — 30)
s = sOq (1= q) + s0q® — 53¢ — 5051(12 + 5051q — 5051¢° + 51 — 57 — 5150

G5 = 50(] 41— q) + s150¢° — 51504

ds = soq S(1—q)+ s150¢° + 57

@7 = s5q° + s150¢°

Termination probabilities outcome IV
Gi=350(1—q)+1—1s— 59

fb:So q(1 —q) + s0(1 — 81— 50)q + s051(1 — q) + (1 — 80 — 51)51
3= s30°(1 = q) + sos19(1 = q)

(1—-q)
*(1—q)
31 = s53¢°(1 — q) + sos19(1 — q)
(1—q)
5

B 80(14 1 —q) + sos1¢*(1 — q)
6 Soq 1—q) + s0s1¢> + 57

7r = s3q° + s1804°

Termination probabilities outcome BIII
G = 90(1 —q)+ 51
G = 90 q(1 —q) + sos1q + so(1 — so — s1)(1 — q) + s1(1 — sp — $1)

(
3= Soq 2(1=q) + so(1 = so — s1)q(1 — q)
4 = Soq *(1 = q) + so(1 = s — s1)q(1 — q)
& = Soq H(1 =)+ so(1 = so — 51)*(1 — q)
s = soq P(1—q) + so(1 — so — s1)¢*(1 — q) + so(1 — 59 — 51)¢° + (1 — 59 — 51)?

Tr = s54° + s0(1 — 50 — 51)¢°

Termination probabilities outcome I

q1 = 51+ s0(1 —q)

@2 = 5§ q(1 — q) + s051¢ + so(1 = s — 51)(1 = q) + 51(1 — 50 — 51)
3 = 536> (1 — q) + so(1 — so — s1)q(1 — q)
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Is there a long-term effect of Africa’s slave trades?

Margherita Bottero and Bjorn Wallace

ABSTRACT. Nunn (2008) found a negative relationship between past slave exports
and economic performance within Africa. Here we investigate these findings and the
suggested causal pathway in further detail. Extending the sample period back in time
we reveal that the coefficient on slave exports did not become significantly negative
until 1970, and that it was close to zero in 1960. One potential explanation for this
temporal pattern could be decolonization. But, somewhat puzzlingly, we document
a similar downward slope for the relationship between slave raids contemporaneous
to the African slave trades and economic performance within Italy. In addition, our
reading of the historical and anthropological literature differs from that of Nunn.
For instance, taking a global rather than African perspective we find that the African
slave trades cannot without difficulties explain the patterns of ethnic fractionalization
that we observe today.

1. Introduction

A great number of hypotheses have been put forth in order to explain Africa’s
anomalously poor economic performance (Rodney, 1972; Easterly & Levine, 1997,
Sachs & Warner, 1997; Collier & Gunning, 1999; Acemoglu, Johnson & Robinson
2001; Herndndez-Catd, Schwab, & Lopez-Claros, 2004). One popular theory claims to
have traced its roots back to past slave trades, and in particular, the trans-Atlantic
slave trade. A recent proponent of this theory is Nathan Nunn (2008) who has uncov-
ered evidence in favor of a substantial negative relationship between past slave exports
and current economic performance within Africa. Nunn argues that his evidence taken
together with the historical literature suggests that slave trade had an adverse effect
on economic development and that the most likely causal pathway goes via impeded
state formation and increased ethnic fractionalization. However, despite its intuitive
appeal and supporting data, we argue that the long run effects of slave trade are not
necessarily as clear-cut as Nunn’s reasoning would lead us to believe. In particular we

We would like to thank Robert A. Foley for kind permission to reprint Figure 1 as well as Tore
Ellingsen, Magnus Johannesson, Juanna Joensen, Erik Lindqvist, Tino Sanandaji, Yoichi Sugita and
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We gratefully acknowledge the Knut and Alice Wallenberg Research Foundation for financial support.
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show that a too narrow focus on a single year, 2000, as the outcome variable and a
single continent, Africa, as the sample space may be driving his conclusions.

By extending the sample period in Nunn (2008) back to 1960 we demonstrate that
the coefficient for past slave exports is declining over time and that it is not significantly
below zero before the 1970s. While this finding is in line with Nunn’s suggestion that
the economic effects of past slave exports did not necessarily manifest themselves until
after the decolonization of Africa, we also uncover a number of empirical irregularities
in the data. Most notably, the coefficient for past slave exports is often positive instead
of negative for those countries that produced oil at any point in time during the sample
period. Further, our reading of the historical and anthropological literature is quite
different from that of Nunn. In Africa, there is an obvious latitudinal gradient in ethnic
fractionalization which is associated with GDP as well as past slave exports (Easterly
& Levine, 1997; Alesina et al., 2003; Nunn, 2008). Nunn suggests, presumably in light
of this, that the causal mechanism from slave exports to current economic performance
goes via ethnic fractionalization. It is argued that the exogenous demand for slaves led
to a decrease in trust and an increase in conflict, which in turn impeded state formation
and contributed to modern day ethnic fractionalization. That ethnic fractionalization
is associated with poor economic performance is well known, although the actual causes
remain disputed (Easterly & Levine, 1997; Alesina et al., 2003). What is undisputed,
however, is that lower latitudes are strongly associated with higher ethnic and linguistic
diversity, not only in Africa, but also globally (Cashdan, 2001; Collard & Foley, 2002).
This empirical relationship is perhaps little known outside the rather narrow field of
human biogeography, but it mirrors an extensive and earlier literature that documents
a latitudinal gradient in present, and past, species diversity, within, as well as across,
regions and taxa (Pianka, 1966; MacArthur, 1972; Rosenzweig, 1992, 1995).

While these facts do not disprove, or particularly undermine, the negative asso-
ciation between past slave trade and current economic performance for Africa as a
whole, they do suggest that if there is a causal relationship, then it is likely to be more
complex, and less straightforward, than what is commonly believed. In fact, to compli-
cate matters further, we demonstrate that there is also a negative relationship between
past slave raids and current economic performance within Italy.! On the surface this
evidence is supportive of a negative relationship between past slave trades and GDP
per capita, although such a relationship has admittedly rarely, if ever, been suggested
for Ttaly. However, like for Africa, going back to 1960, the trend of the coefficient on
slave raids is downward sloping. Thus, due to the absence of decolonization, the Italian

L As measured by regional per capita GDP in 2000.
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evidence arguably casts doubt on, rather than support, the hypothesis that past slave
exports negatively affected economic development in post-independence Africa.

The remainder of the paper is organized as follows. Section 2 investigates the long
run economic consequences of slave trade in more detail. Section 3 reviews the anthro-
pological and historical literature, while section 4 describes the data and the empirical
strategy. The empirical results are presented in section 5 and we conclude with a

discussion of our findings in section 6.

2. The economic consequences of slave trade

The first and most immediate effect of Africans selling other Africans to non-
Africans in return for various commodities and precious metals is obviously an increase
of capital and a decrease of labor in Africa. Further, in the presence of decreasing mar-
ginal products of capital, land and labor, the marginal and average product of labor
for the remaining African population that was not exported as slaves should have in-
creased, ceteris paribus. That a large scale catastrophe, like the slave trades were for
large parts of Africa, can cause an increase in average and marginal productivity may
perhaps seem counter-intuitive, or even perverse, to some, but such outcomes are well
documented (Lee, 1973; Findlay & Lundahl, 2002, 2006; Clark, 2005; Pamuk, 2007).
In this respect, the economic consequences of the slave trades are clearly analogous to
the those of the Black Death in medieval Europe?, but with the added twist of an in-
flux of capital. However, in contrast to the Black Death the slave trades did not target
individuals in an approximately random fashion. Rather, the demand for slaves was
concentrated to young and healthy males, in the trans-Atlantic slave trade, or females,
in the trans-Saharan slave trade (Phillips, 1985).3 Thus, since young adult males were
arguably the most productive group in pre-industrial societies (Kaplan et al., 2000),
selection may potentially have offset other immediate effects of slave exports on GDP
per capita, leaving the overall effect unresolved in the absence of more detailed data.

The exact nature and mechanisms behind medium and long run effects of slavery
on economic performance are in many ways even less clear than those for short run
effects. This pertains in particular to the type of effects that we study here, that is,
effects that are observed several decades, or centuries, after the actual trades themselves
stopped. Not only does the testing of long run effects involve a Kierkegaardian leap of
faith in terms of a large set of untestable exogeneity, homogeneity and ceteris paribus

2 Similar outcomes have been observed also for the Justinian plague in 6 century Egypt and to
a lesser extent for the Antonine plague in 2"¢ century Egypt (see for instance Findlay & Lundahl,
2006; Scheidel 2010a).

3 Interestingly this suggests that short, and long, term effects of the slave trades may have been
heterogenous across Africa. Nunn (2008) implicitly assumes homogenous effects.
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assumptions, it also relies on the existence of causal and permanent effects on factors
that determine not only aggregate, but also per capita production. These are stringent
requirements, in particular the latter one, which asks that any such effects hold also
after accounting for population dynamics. Importantly, the method employed by Nunn
(2008), regressing current GDP on past slave exports, imply that hundreds of years
of history is treated as a black box, an approach that Austin (2008) has critically
dubbed ”compression of history”, and that is particularly sensitive to a number of key
assumptions. For instance, in his regressions Nunn (2008) control for colonizer fixed
effects, but these are only partially complete and do not cover neither the prolonged
Bantu colonization of Eastern and Southern Africa that continued well into the 19"
century nor any of its contemporary Arabic incursions into sub-Saharan politics (Gray,
1975; Flint, 1977). Nonetheless, it is not difficult to construct an argument for why
an observed association between past slave trade and current economic performance
could be causal. As we have seen, the exogenous demand for slaves was targeted to
the two groups, young and healthy men and women, that were key to both production
and reproduction in pre-industrial societies. The exogenous demand for slaves may
also have channelled effort and resources away from productive to destructive and
rent-seeking activities such as arms races and slave raiding.

According to Nunn (2008) this is approximately what happened. The African slave
trades led to a demographic collapse, the corruption of existing legal systems, increased
conflict, an environment of mistrust and smaller and less well functioning states. Slaves
were often acquired through raiding, or alternatively sometimes via the legal system.
The latter method arguably undermined the rule of law, while slave raiding contributed
to create an environment of mistrust and violence. These developments were further
fuelled by the influx of European weapons which helped to create an arms race ac-
companied by a vicious circle of violence that is often referred to as the guns for slave
cycle.* Compared to other, earlier, episodes of slave trading the African slave trades
were unique both in their scale and in how they turned individuals of the same, or sim-
ilar, ethnicities against each other. The foreign demand for slaves spurred neighboring
individuals, groups and villages to raid each other. This in turn lead to the breakdown
of existing states and impeded the formation of larger and more well functioning states.
Nunn’s suggested causal mechanism thus go from past slave trades to current economic

4 There were arguably precursors. In the trans-Saharan slave trade there was a substantial horses
for slaves trade predating the guns for slave trade that is typically associated with the trans-Atlantic
slave trade. These horses were often used for military purposes as well as for slave raids and this trade
is in many respects analogous to the guns for slave trade. See for instance Phillips (1985) and Fisher
(2001).
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performance via these phenomena, ethnic fractionalization, weak government, corrup-
tion and low levels of trust, which have all been found to associated negatively with
per capita GDP and growth.

To test if past slave trades did in fact have a negative effect on current GDP Nunn
runs the following regression,

(2.1) Iny; = By + B In(exports; /area,) + Cjd + X'y + ¢;

where In y; is the natural logarithm of real per capita GDP in country ¢ in year 2000.
In(exports;/area;) is the natural logarithm of the total number of slaves exported from
country i between 1400 and 1900, normalized by land area. C and X are vectors that
control respectively for colonizers prior to independence and a set of geographic and
climatic variables. The baseline sample consists of all African countries, but a number
of these are dropped in robustness checks which also normalize exports by historical
population rather than area, along with varying the exact number and composition of
the controls. In addition to the standard OLS the author also runs an IV regression
where approximate distances from a country to the location of demand for slaves are
used as instruments in order to demonstrate causality and overcome measurement error.

The evidence that emerges from this exercise is very much supportive of there being
a negative effect of past slave trades on current GDP per capita as the coefficient on
exports is typically negative and significant for both the OLS and IV regressions. If
correct, the negative effect is not only statistically significant, but also economically
so. In Table I we report the average GDP per capita across continents in 2000 along
with the counterfactual for Africa in the absence of slave exports. Of course, such
an exercise is sensitive to a number of assumptions, but as long as it is taken with
a pinch of salt it may nonetheless be instructive. As can be seen, according to the
OLS estimate for the specification (5) that was used as an example by Nunn (2008)
average African GDP per capita would be approximately 50% higher in the absence of
slave trade. While this is indeed economically significant it still does not go very far
in explaining Africa’s comparative economic underdevelopement. In this example, if
there were no slave trades Africa’s GDP per capita would increase from 38% to 56% of
that of the second poorest continent (Asia) and from 5% to 8% of the richest (North
America). The calculations thus support the findings from the sub-Saharan countries
that were reported in Birchenall (2009a). That is, the OLS estimates reported in Nunn
(2008) indicate that past slave exports can explain different economic outcomes within
Africa, but only very little of the difference between Africa and the other continents.
The IV estimates do however tell a somewhat different story. Using the counterfactual
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for the corresponding IV specification we find that in the absence of slave trade African
GDP would have been 3.75 times higher than what it is now.> Thus, average African
GDP per capita would have been 43% higher than the Asian and almost at par with
the Latin American.

Table I. Average GDP across regions in 20009

Region GDP pc in 2000 Ratio Ratio (OLS) Ratio (IV)
North America 27873 0.05 0.08 0.19
Oceania 20819 0.07 0.10 0.26
Europe 12620 0.11 0.17 0.43
Latin America 5889 0.25 0.36 0.92
Asia 3791 0.38 0.56 1.43
Africa 1447 1 1.47 3.75
Africa, counterfactual (OLS) 2128 0.68 1 2.55
Africa, counterfactual (IV) 5427 0.27 0.391 1

If we choose to accept the evidence that Nunn (2008) presents, it still raises a num-
ber of questions. Slavery is an ancient institution that until recently was widespread
across the globe (Phillips, 1985). Today, Africa is by far the poorest continent. Why
then, did slavery cause poverty in Africa, but not elsewhere? Though perhaps not
central to detecting a negative association between past slave trades within Africa and
current economic performance, it is an important motivating question. Many countries
that historically faced extensive slave taking, raiding and trading are today much richer
than any African country. Thus, there does not seem to exist a deterministic relation-
ship between slave trade and economic performance. By claiming that the African
slave trades were unique Nunn (2008) at least partially circumvents this critique.

5 When interpreting these estimates it is important to keep in mind that in addition to the standard
caveats the coefficient on slave exports for the IV regression used in calculating the counterfactual is
significant at the 10%, but not at the 5%, level. In addition, of the four instruments the three for the
Islamic slave trades are insignificant while that for the trans-Atlantic is significant at the 10% level.
The IV estimate that the calculations are based on is the only one in the paper, (3), which uses both
the (almost) full set of controls and the whole sample.

6 Note: GDP pc in 2000 is the population weighted continental real GDP per capita in 2000
based on Maddison (2010). Ratio is the African GDP per capita in 2000 divided by that of the other
continents. Ratio (OLS) is ditto for the counterfactual OLS estimates. Ratio (IV) is ditto for the
counterfactual IV estimates. Armenia was counted as belonging to Europe along with those countries
that have a majority of the population that is of European descent.
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3. The historical and anthropological evidence

The conclusion that past slave trades had a negative effect on modern-day per capita
GDP hinges critically on a number of factors. Crucially, Nunn (2008) argues that the
African slave trades were unique” for three reasons i) their volume ii) how they turned
individuals of same of similar ethnicities against each other and iii) how they corrupted
existing legal structures. These features of the African slave trades were also those that
supposedly led to ethnic fractionalization, and in turn lower GDP per capita. Hence,
given this mechanism, the uniqueness of the African slave trades and their causal link
to ethnic fractionalization becomes central to assessing the validity of the claim that
the African slave trades led to depressed economic performance. In what follows we
will scrutinize these three aspects of the slave trades in detail, collapsing the latter two
into one, and thereafter we proceed to take a closer look at how ethnicity was imputed
and the validity of the instruments. Doing this, we find that the African slave trades
were neither unique in scale nor scope. In addition, we raise a number of concerns as
regards the causal relationship between slave trades and ethnic fractionalization.

But, before proceeding we would like to comment on a couple of important issues
that require less detailed attention. The first concerns slavery as an institution, while
the second concerns the definition of Africa. Both of these issues relate to selection,
but they are also of a more general interest for evaluating the long run effects of slave
trade. In particular, if there were some African societies that had slavery prior to the
slave trades, and if there were those that did not, then this could be a potential source
of selection into the slave trades. Reviewing the literature Nunn (2008) finds, although
not explicitly stating so, that at the onset of the trans-Atlantic slave trade there was no
indigenous slavery in sub-Saharan Africa and that slavery only existed in those African
societies that were part of the older Islamic slave trades. However, this conclusion
stands in stark contrast to the opinions of a number of authorities such as Phillips
(1985), Thornton (1998), Lovejoy (2000), Fage & Tordoff (2002) and Austin (2008).
Most notably, Austin (2008) addresses Nunn’s reading of the literature directly:

”Finally (and contrary to Nunn, 2008: 139), there is no dispute in the
specialist Africanist literature today that ‘domestic’ slavery, while not
universal, pre-dated the Atlantic slave trade, and not only in areas
involved in the Islamic slave trades. The debate is between those who
argue that slavery was widespread in Africa and slave trading routine
(Thornton, 1998: 73-97), and those who think that they were as yet

common only within a few societies, and thus became widespread

7 Interestingly, he makes this claim without any reference to slave trades outside Africa.
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only as a joint product of the Atlantic slave trade (Lovejoy, 2000)”
(p. 1006).

Another, and perhaps more important, concern is the definition of the sample as well
as of Africa. First, it is important to remember that Africa is a culturally, economically
and genetically diverse continent, and hence not necessarily a natural unit for studying
the effects of slave trades (Gray, 1975; Flint, 1977; Oliver, 1978; Cavalli-Sforza, Menozzi
& Piazza, 1994; Anon., 2008). North Africa belongs, both culturally and genetically,
to the Mediterranean and middle Eastern sphere and is in many respects different from
sub-Saharan Africa. Similarly, the island nations in the sample have little in common
with mainland Africa. At the onset of the trans-Atlantic slave trade four of these were
uninhabited and two were inhabited by a mix of Polynesian, Arab and Bantu people
that were primarily of non-sub-Saharan African extraction. In addition, at the time
parts of southern Africa was sparsely populated by archaic hunter-gatherers (Oliver,
1978; Lee, 1979; Klein, 2009). Thus, the sample used in the main analysis contains
not only exporters and non-exporters of slaves, but also importers as well as countries
that were uninhabited. Although, these problems are partially overcome in sensitivity
analyses, the issue whether the modern geographic definition of Africa is a natural
unit of analysis for studying the economic consequences of slave trades remain. As we
shall see these concerns will also be important for evaluating the effect of slavery on
ethnic fractionalization as well as for the relationship between selection into slavery

and development.

3.1. Volume. Like all slave trades, the African slave trades were unique. While
it is possible that the absolute volume of these trades were greater than those of
other slave trades, this is not necessarily true. More importantly, the African slave
trades were most likely not unmatched in scale. Rather, what makes the African
slave trades unique in terms of volume is the comparatively detailed source material.
Although there are many gaps, and some debate, we can with reasonable confidence
estimate the extent of the trans-Atlantic slave trade. The Voyages: The Trans-Atlantic
Slave Trade Database which maps the vast majority of the trans-Atlantic slave voyages
estimates that this trade alone shipped some 12.5 million slaves from Africa. That is,
approximately 34,000 slaves per year during more than 350 years. Although the trades
were a persistent feature from the second half of the 15" century and onwards they were
in fact highly skewed towards the period 1750-1850 which saw some 60% of aggregate
exports. Thus, at its zenith an average of approximately 75,000 slaves were shipped
yearly across the Atlantic, with an estimated peak of 117,644 in 1829. This is no doubt
a lot of people, and it has been suggested that the probability of being captured as a
slave during a lifetime in coastal West and Middle Africa could at times have been as
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high as 9.3% (Whatley & Gillezeau, 2009). But, does millions and millions of people
make it unique? While there is little actual data for other episodes of slave trading
the evidence suggests that this is not the case. Staying in Africa, the trans-Saharan
slave trade was also substantial. In his paper Nunn (2008) uses estimates from Austen
(1979) who calculated that approximately 7.5 million slaves were exported across the
Sahara.® The trans-Saharan slave trade was however much more prolonged and less
intense than the trans-Atlantic, and it lasted approximately from 650 to 1900 with a
peak average of 14,000 slaves a year for the period 1800-1880. While these numbers
are both much smaller and less precise than those for the trans-Atlantic trade they
illustrate that although the latter is the most studied and well known slave trade,
there are many other trades of note.

Perhaps most importantly, late republican and early imperial Rome is often consid-
ered to have been the foremost so called slave society in history, arguably surpassing
even the New World in the colonial era (Phillips, 1985; Bradley, 1994; Scheidel, 2010b).
While there is plenty of evidence as to the nature, and approximate extent, of slavery
in Rome, little is known about actual trades and the true number of slaves that were
involved. Nonetheless, off the cuffs estimates suggest that in total some 100-200 million
people would have been held in slavery by the ancient Romans, and that at its height
several millions of slaves lived within the boundaries of the Roman empire (Scheidel,
2010b). All of these slaves had to come from somewhere, and even if we allow for
organic growth, and the fact that there were a number of slave reservoirs, it is likely
that some areas must have supplied Rome with slaves at the same rate as Africa did for
the New World, at least if we adjust for population. For example, Gaul remained an
important source of Roman slaves for centuries. It has been suggested that this trade
dates back at least to the 6" century BC and that it peaked in the late republic and
early empire (Bradley, 1994; Nash Briggs, 2003). Estimates on the extent of this trade
are hard to come by, but an often quoted number based on written and archaeologi-
cal sources puts it at 15,000 per year in peacetime (Tchernia, 1983). Uncertain as it
may be, this estimate is still barely half of that for the trans-Atlantic slave trade, and
substantially smaller than those for the peak years. However, Caesar himself is said
to have taken some 1 million slaves in the Gallic wars, and although these numbers
are notoriously unreliable and exaggerated it is not unlikely that the number of slaves
taken from Gaul at the height of the Caesar’s wars may well have equalled that for
Africa in 1829 (see discussions in Tchernia, 1983; Bradley 1994; Scheidel, 2007, 2010b).
Importantly, if we adjust for population a different picture emerges. Table II reports
the estimated number of slaves taken during the Atlantic, Saharan and Gallic slave

8 This estimate is highly uncertain (Austen, 1979; Austin, 2008).
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trades along with the yearly fraction of the estimated population for the Atlantic and
Gallic slave trades as well as their ratios.

Table II. Average slave exports, and exports as a fraction of population?

Atlantic Saharan Gaul (I) Gaul (II) Gaul (III) Gaul (IV)

Yearly average 34211 5960 15000 15000 15000 15000
Ratio 1 5.74 2.28 2.28 2.28 2.28
Fraction 0.0005 — 0.0019 0.0014 0.0008 0.0004
Ratio 1 - 0.27 0.37 0.60 1.34

Of course, all estimates except those for the number of slaves shipped across the
Atlantic are highly uncertain. A fact that is particularly emphasized by the use of
no less than four different population estimates ranging from below 8 million to 40
million for Gaul during the high empire. Interestingly, using the population data from
Maddison (2010) the estimated yearly exports as a fraction of the population for the
trans-Atlantic slave trade is 0.27-0.37 of that from Gaul. Thus, while we have little
actual data, the evidence that is available strongly suggests that the African slave
trades were not unique in scale.

Likewise, the discussion on the demographic impacts of the slave trades is somewhat
lopsided and builds exclusively on Manning’s (1990) work which relies crucially on
rather obscure assumptions. Unlike Manning many authors, including Malthus (1817)
and Fage & Tordoff (2002), do not believe that the long run demographic impact
of the Atlantic slave trades were substantial. In fact, this is the prediction from a
parsimonious application of Malthusian theory in contrast to Manning’s (1990) ”[some]
thirty pages of source code, written in the Pascal language” (p. 179). If the carrying
capacity of land did not change due to the slave trades, then the population should,
ceteris paribus, have recovered, but the continuous outflow of men and, in particular,
women in reproductive age could at least in principle have caused a delay. It is of course
also possible that the slave trades did in fact lead to a more permanent downward shift

9 Note: Atlantic refers to the average number of slaves exported from Africa in the trans-Atlantic
slave trade, as estimated in the Voyages: The Trans-Atlantic Slave Trade Database. Fraction of
population was calculated using linear extrapolation from aggregate 25-year export data and linear
extrapolation of population data from Maddison (2010). Gaul (I) uses a low estimate of 8 million for
the population in Gaul during the high empire based on the population data for Europe in Maddison
(2010). Gaul (II) uses a high estimate of 11 million based on the same data in Maddison (2010). Gaul
(III) uses the lower bound of 15 million for the population of Gaul during the high empire in Ferdiére
(1988). Gaul (VI) uses the upper bound of 40 million in Ferdiere (1988).
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in population, but the less sophisticated and complex the economic system, the less
likely this is to have happened. Either way, that the slave trade led to a demographic
collapse is neither a fact nor the default hypothesis. Rather, it is a position held by
some scholars.

3.2. The slave trades and ethnic fractionalization. Today, Africa arguably
has a higher ethnic diversity than any other continent (Easterly & Levine, 1997; Fearon,
2003). While diversity is often seen as a blessing, there is also a well established neg-
ative association between ethnic fractionalization and economic performance. One
explanation for Africa’s, and sub-Saharan in particular, ethnic fractionalization could
be the slave trades. According to Nunn (2008) the African slave trades were not only
unique in their scale, but also ”because, unlike previous slave trades, individuals of the
same or similar ethnicities enslaved each other” (p. 142) a fact which in turn led to
" particularly detrimental consequences, including social and ethnic fragmentation, po-
litical instability and a weakening of states, and the corruption of judicial institutions”
and, in the extension, impaired economic performance. The idea that evil begets evil
is intuitively appealing, and has received substantial support as regards the African
slave trades. Several historians and economists argue that the exogenous demand for
slaves led to conflicts, destabilized existing states, impeded state building and terri-
torial expansion (Rodney, 1972; Lovejoy, 2000; Whatley, 2008; Whatley & Gillezeau,
2009; Nunn & Wantchekon, 2010). However, the introduction of economic incentives
to military might and increased fire power does not necessarily lead to smaller states
and ethnic groups in the long run. In fact, many of the larger and most famed pre-
colonial Africa states such as the Asante, Benin, Bornu, Dahomey, Ghana, Kanem,
Kano, Kongo, Mali, Songhay and Wolof were intimately linked to slave holding, raid-
ing and trading (Thornton, 1982, 1998; Phillips, 1985; Meillassoux, 1991; Lovejoy,
2000; Fisher, 2001; McIntosh, 2001; McCaskie, 2002), and they most likely, at least in
part, owe their modern day reputation to slaving activities. Just like for the ad hoc evi-
dence, there are theoretical predictions that go in both directions, and many specialists
are much less assertive than Nunn when it comes to drawing conclusions on the effects
of the slave trades on the size of past and present states and ethnic fractionalization
(Phillips, 1985; Thornton, 1998; Austin, 2008). In fact, there are even those who in
contrast to Nunn (2008) favor an interpretation where the slave trades may have con-
tributed, although not necessarily uniformly, to the centralization and strengthening
of states (for instance, Fage, 1969; Klein, 1992). Thus, the question of whether slavery
caused ethnic fractionalization ultimately becomes an empirical question. Here we do
not try to prove or disprove causality, but rather we ask i) if the African slave trades
really were the only slave trades that turned individuals of same and similar ethnicities
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against each other and ii) whether if looking at the anthropological and biogeographical
evidence from a global perspective there are alternative, and more likely, explanations
for the pattern of ethnic fractionalization that we observe in Africa today.

3.2.1. Were the African slave trades unique in enslaving individuals of same or
similar ethnicities? To prove the uniqueness of the African slave trades with respect
to how they influenced social, ethnic and political institutions and interactions, Nunn
(2008; Nunn & Wantchekon, 2009) provides the reader with a wealth of historical
evidence. For those readers, like us, who are not Africanists the information is mostly
new, somewhat overwhelming and rather convincing, which makes it all the more easy
to loose sight of the fact that existence is a necessary, but not sufficient, condition for
uniqueness. The fact that the African slave trades led to the corruption of judicial
systems and the enslavement of individuals of same and similar ethnicities does not
make them unique. It only makes them unique if similar effects did not occur elsewhere.
In fact, returning to Europe and the ancient Roman empire there is strong evidence
in favor of the African slave trades not being unique in how they enslaved individuals
of same and similar ethnicities. Roman laws made provisions for the enslavement of
Romans, primarily via the right to enslave foundlings, although such behavior was
typically not encouraged (Phillips, 1985; Bradley, 1994; Scheidel, 2007). Rather, like
most states the government tried to counteract the enslavement of their own citizens,
but debt and penal slavery meant both scope and incentives for trying to abuse the
legal system, and kidnappings, as well as rare captures in civil wars, occurred from
time to time. With respect to non-citizens the Romans were less scrupulous. Given
the scale of the Gallic slave trade and raiding it is hardly surprising to find that not only
Romans, but also those of Gallic ethnicity were involved. A well know anecdote from
Diodorus (1939) describes how "many of the Italian traders...believe that the love of
wine of these Gauls is their own godsend...for in exchange for a jar of wine they receive
a slave, getting a servant in return for the drink” (p. 167). Of course, we do not know
where these slaves came from, but they were most likely of Gallic or German origin,
a hypothesis that receives strong support both from geography and the prevalence of
slaves from these areas in Rome. In fact, it has been suggested that some Gallic tribes
and elites were involved in raiding slaves from their neighbors already during the early
iron age, slaves that were subsequently sold to the Etruscans (Nash Briggs, 2003).

Like Gaul, Germania was a Roman slave reservoir (Phillips, 1985; Bradley, 1994;
Scheidel, 2007), and again like for Gaul not much is known about German slave taking
and trading, but we can at least glean some information from Tactitus (1948) who in
describing the gambling habits of Germans notes the following:
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"The loser goes into slavery without complaint; younger or stronger
he may be, but he suffers himself to be bound. Such is their perverse
persistence, or, to use their own word, their honour. Slaves of this
sort are sold and passed on, so that the winner may be clear of the
shame that even he feels in his victory” (p. 121).

While we most certainly cannot trust every detail of what Diodorus and Tacitus
tell us, their writings do illustrate that the enslavement, and subsequent trade, of
compatriots most likely happened not only in Africa during the trans-Atlantic slave
trade, but also in Europe in Roman days. Similarly, warring Gallic and German tribes
were probably involved in both the capture and trading of their enemies as slaves,
enemies that most likely were of neighboring and similar ethnicities (Rives, 1999; Nash
Briggs, 2003; Scheidel, 2007; Smith, 2009). Interestingly, and in contrast to what we
would expect in the presence of negative long term effects of slave exports, only a few
hundred years after these slave trades had subsided somewhat Rome itself was overrun
by people from Gaul and Germania, and today, the region that was formerly known as
Gaul is one of the very richest in the world.

In fact, Europe faced several additional and more recent episodes of slave raiding
and trading. Perhaps most notably, from the Muslim invasion of the Iberian penin-
sula and onwards Spain suffered a great number of wars, skirmishes and slave raids
(Phillips, 1985). Christians enslaved neighboring Muslims, and vice versa. These ”in-
ternal” struggles ended with the end of the Reconquista in 1492, but the Muslim slave
raids did not. Pirating activities and coastal raids in the Mediterranean using North
Africa as base continued well into the 19" century and plagued in particular Spain
and Italy. Although these raids are relatively unknown, it has been estimated that
as many as 1,250,000 Europeans were captured as slaves by Saracen pirates between
1530 and 1780 (Davis, 2003). Importantly, while the Saracen captains were Muslim,
many were Christian renegades who occasionally even returned to haunt their own
home regions. Thus, the experiences of Roman Europe, and early modern Mediter-
ranean stand in sharp contrast to Nunn’s (2008) claim that the African slave trades
were unique ”because, unlike previous slave trades, individuals of the same or similar
ethnicities enslaved each other” (p. 142).

3.2.2. Ethnic fractionalization. Despite its importance in Nunn’s argument little
effort is made to disentangle the empirical relationship between past slave trades and
ethnic fractionalization, and we have to make do with a sketchy story and a significant
correlation. We agree with Nunn that such a correlation exists, however we believe
that it is to a large extent spurious. The reason for this is that it is easy to demon-
strate that there is not only a significant correlation between past slave exports and
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ethnic fractionalization, but also one between past slave exports and latitude, as well
as one between latitude and ethnic fractionalization. Based on biogeographical and
anthropological evidence we believe that the latter association is of first order and that
it temporally precedes the one between slave trades and ethnic fractionalization. If we
zoom out of Africa and instead study the world as a whole, we quickly discover that
the pattern between ethnic fractionalization and latitude that Nunn observes for Africa
holds also globally, despite there being no other continents that were substantial early
modern net exporters of slaves. This relationship is illustrated in Figure 1 and has
been demonstrated by Nettle (1999), Cashdan (2001) and Collard and Foley (2002)
who show that absolute latitude explains a large fraction of diversity for a number of
ethnic and linguistic measures both within and between continents. Interestingly, the
pattern is very similar for present and past species diversity, for which the latitudinal
gradient has been well know since at least the turn of the last century (Pianka, 1966;
MacArthur, 1972; Rosenzweig, 1992, 1995).

Figure 1. Distribution of human cultures by longitude and latitude!©
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Two potentially important explanations for why human ethnic and linguistic diver-
sity is correlated with latitude, without having to resort to more fundamental explana-
tions of species diversity itself, are carrying capacity and species diversity (Cashdan,
2001; Foley & Collard, 2002; Moore et al., 2002). Carrying capacity of land for a
given technological level is correlated with population density in a Malthusian world
and higher population density should reasonably, ceteris paribus, lead to higher ethnic

10 Note: From Collard and Foley (2002). Reprinted with kind permission of Professor Robert A.
Foley. Each dot represents a culture in the Atlas of World Cultures.
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diversity. Similarly, in a Malthusian world carrying capacity is presumably correlated
with latitude. High species diversity on the other hand can also be expected to be
associated with higher ethnic and linguistic diversity as it increases the number of
ecological niches and may consequently contribute both to increased specialization and
hamper expansion. Thus, it is hardly surprising that measures of productivity, climatic
variability, species and habitat diversity have been found to correlate with linguistic
and ethnic diversity on a global as well as African scale.

While it is true that the latitudinal gradient in ethnic fractionalization is global,
there are also indications that the relationship is stronger in Africa than elsewhere
(Foley & Collard, 2002). Again, the exact reason for this is unclear, and it is in-
deed possible that there is a second order effect that goes from slave trades to ethnic
fractionalization. However, this is not necessarily the most parsimonious explana-
tion. Africa is also the continent that has been inhabited the longest by anatomically
modern humans (Klein, 2009). Hence, there are reasons to believe that ethnic differen-
tiation amongst hunter-gatherers may have been higher in Africa than in more recently
colonized continents (Ahlerup & Olsson, 2007). Also genetic diversity is substantially
higher in Africa than elsewhere and most scholars agree that this is primarily due to the
deeper evolutionary history of our species on this continent (Cavalli-Sforza, Menozzi
& Piazza, 1994). It is natural to assume that higher genetic diversity, all else equal,
contributed to higher ethnic diversity. In addition, the Neolithic revolution begun later
in sub-Saharan Africa than elsewhere, and the spread of agriculture is likely to have
contributed to decreased ethnic fractionalization (Ammerman & Cavalli-Sforza, 1971;
Smith, 1995; Zohary & Hopf, 2000; Diamond, 2002; Ahlerup & Olsson, 2007). In fact,
this relationship potentially holds also within Africa, where the comparatively recent
Bantu expansion went from west to east and from centre to south, a pattern that
mimics that of the spatial distribution of ethnic fractionalization. We consider most
of these explanations, again predating the slave trades, more parsimonious and most
likely more important in explaining diverging African ethnic diversity than the slave
trades themselves. Independently of whether one agrees with us or not, it is safe to
say that there are many competing explanations for why there is a correlation between
slave exports and latitude. We also note that the causality could in fact not only be
spurious, but also reversed. If ethnic fractionalization was higher in tropical Western
and Middle Africa, then it is not unlikely that these areas selected into the slave trades,
at least in theory.
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The idea that the pattern of ethnic fractionalization and comparatively low eco-
nomic development that we see in Africa today can be explained by events and environ-
mental factors that pre-date the slave trades have received support in a number of re-
cent papers that are methodologically related to Nunn (2008), but that go further back
in time. For instance, Garner (2006) found that African population densities in 1500
are correlated with current economic performance. Similarly, using large and medium
sized cities as proxy for development Birchenall (2009a) argues that already pre-modern
Africa was lagging behind. In addition, Birchenall documents that pathogenic stress is
associated with current economic performance. A finding that is replicated by Bhat-
tacharyya (2008) who augments the approaches of Acemoglu, Johnson and Robinson
(2001) and Nunn (2008) with a measure of malaria risk, and finds that this particu-
lar environmental factor seems to be more important for determining current economic
outcome than either colonial institutions or the slave trades. Although we can of course
not be sure, it is not unreasonable to assume that the ecological determinants of disease
environments in Africa today at least in part overlap with the ecological determinants
of disease environments prior to the slave trades. A strong indication that this was
indeed the case is given by Cashdan (2001) who found that disease environment is
related to ethnic diversity.

Studying even more fundamental parameters, Olsson and Hibbs (2005), Michalopou-
los (2009), Motamed, Florax and Masters (2009), Beck and Sieber (2010) and Fenske
(2010) find that standard biogeographic variables are associated with pre-colonial in-
stitutions and current economic performance, presumably via their effects on the tran-
sition to agricultural production, agricultural practices, urbanization and state de-
velopment. These findings have received additional support from Putterman (2008)
who demonstrates a more direct relationship between the onset of agriculture and cur-
rent economic performance. In a similar vein, Ahlerup and Olsson (2007), Birchenall
(2009b) and Ashraf and Galor (2009) argue that age of human settlement, age of state
experience, and distance from the putative home of anatomically modern humans in-
fluence ethnic diversity as well as economic performance. More specifically, Ashraf
and Galor (2009) find a hump-shaped relationship between genetic diversity and eco-
nomic performance while Spolaore and Wacziarg (2009) find that genetic distance from
the world’s technological frontier is associated with GDP per capita. Taken together,
these papers suggests that the patterns of ethnic diversity and economic performance
observed by Nunn (2008) need not be driven by the slave trades, rather they could with
ease be attributed to other, more fundamental, factors that pre-date the slave trades.

3.3. Did really the most advanced African societies select into the slave
trades? According to Nunn (2008) ”evidence show that it was actually the most
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developed areas of Africa that tended to select into the slave trades” (p. 140). A finding
that the author himself refers to as a ”seemingly paradoxical relationship” and that may
indeed sound a bit puzzling. But, is it true? Nunn builds his argument on demographic
and ethnographic evidence.!! It is true that most demographic evidence suggests that
West and Middle Africa was more densely populated than Southern Africa. In addition,
it is arguably not difficult to show that there were many kingdoms in Middle Africa that
were more administratively and technologically advanced than what it is often assumed.
This does, however, not amount to proving that these were the most developed African
societies. True, large parts of Southern Africa was still inhabited by archaic hunter-
gatherer populations that were not particularly technologically advanced (Oliver, 1978;
Lee, 1979; Klein, 2009). Even so, there are three important problems with Nunn’s
(2008) reasoning. The first refers to selection. The ethnographic accounts that he uses
to demonstrate the political and technological sophistication of Middle African societies
are missing for large parts of Africa, including most parts of Middle Africa (Gray, 1975;
Flint, 1977; Oliver, 1978; Thornton, 1998; Austin, 2008). The actual available historical
evidence outside a few kingdoms that were in comparatively frequent contact with
Europeans and Arabs is typically scant. Hence, what is at most demonstrated is that
some societies were at least as, or more, developed that the reader would have expected,
not that they were more developed than other contemporary African societies.

Secondly, since net primary productivity has a latitudinal gradient, a high popu-
lation density does not imply a high level of development in and of itself (Cramer et
al., 1999; Galor & Weil, 2000; Austin, 2008; Birchenall, 2009b). Rather, they typi-
cally reflect extrapolations based on the carrying capacity of the land and 20*" century
population densities (see for instance Austin, 2008; Hopkins, 2009).1? That being said,
Middle Africa was probably substantially more developed than most parts of Southern
Africa (Gray, 1975; Flint, 1977; Oliver, 1978; Lee, 1979). There are many strong indi-
cations that such was the case. It is however not necessarily true that Middle Africa
was more developed than Eastern Africa. For instance, the Arabic influence was com-
paratively strong in the east, and there were complex city structures such as the famed
great Zimbabwe.

11 Interestingly, a recent paper by Fenske (2010) has demonstrated that for Africa the existence of
slavery is associated with agricultural suitability. This finding presumably introduces a link between
technological development and slavery, but not necessarily with slave exports. Another indication in
this direction is given by Bezemer, Bolt and Lensik (2009) who find that not only export slavery, but
also the existence of indigenous slavery is negatively associated with current GDP per capita.

12 Addressing Nunn’s (2008) use of historical populations Austin (2008, p. 1002) writes ” Projecting
back from already very dubious figures for ca. 1900 or ca. 1920, there is simply no epistemological
basis for Nunn’s use of the word ‘data’— literally, ‘things that are given’ or granted—to refer to the

guesses that have been made about the population of future African countries in 1400 (Nunn, 2008:
158).”
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Thirdly, and perhaps most importantly, there seems to be somewhat of a confusion
as regards the definition of Africa in the paper. The statement that tropical Africa was
the most developed part of sub-Saharan Africa is rather uncontroversial and it may
be possible to stretch it as far as to claim that the west was more developed than the
east, but that is far from given. However, by claiming that the most advanced African
societies selected into the slave trades Nunn (2008) goes one step further. In effect,
by doing so he indirectly claims that sub-Saharan Africa was more developed than
North Africa. In contrast, laymen and professional historians alike would probably
disagree and instead conclude that North Africa was substantially more developed
than sub-Saharan Africa at the onset of the slave trades. The eastern part of North
Africa neighbors, and is sometimes included in, the fertile crescent where the Neolithic
revolution begun. Consequently, it was home to one of the first civilizations known to
man, ancient Egypt (Gray, 1975; Flint, 1977; Oliver, 1978). In addition, large parts
of North Africa were integrated parts of the Hellenic and Roman empires, and at the
onset of the trans-Atlantic slave trade most of North Africa was an integral part of the
Muslim and Mediterranean world. In fact, the only way that the areas that make up
the North African countries of today may have selected into the slave trades were as
slave importers. Thus, we have to conclude that in his empirical strategy Nunn treats
the whole of Africa as Africa, but that elsewhere in the paper he seemingly refers
only to sub-Saharan Africa. This is somewhat problematic, and once again highlights
the issue of whether Africa as a geographical entity is the appropriate sample/unit of
analysis.

3.4. The imputation of ethnicity!®. The key variable in Nunn’s (2008) analy-
sis is total slave exports per country. While the number of slaves shipped from each
country during the trans-Atlantic slave trade can quite easily be calculated with rea-
sonable confidence the actually number of slaves exported is much more difficult to
approximate since trade with the Europeans primarily took place at trading posts
along the west coast of Africa. Similarly, both the actual number of slaves exported in
the Islamic slave trades and their origins are highly uncertain. This makes the novel
and unusually careful estimates of slave exports that Nunn provides one of the main
contributions of his paper. To impute the number of slaves exported from each coun-
try Nunn extracted the ethnicities of tens of thousands of slaves from administrative
records. These ethnicities were then mapped and aggregated onto the modern day

13 Throughout this section the calculations are based on the estimates in Voyages: The Trans-
Atlantic Slave Trade Database. This database covers the period 1514-1866. Nunn (2008) uses data
from Elbl (1997) for earlier trades, we do not. However, only one of the 54 samples used by Nunn to
impute ethnicity belongs to this earlier period.
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countries of Africa so that they could be used to calculate the ratios of slaves exported
from each coastal country relative to the land locked countries further inland. While
we are sympathetic towards the methodology and the attempt, we still believe that
there are some problems that may seriously bias the analysis. First, ethnicities are not
always stable and there were substantial migrations in early modern African history. In
fact, as pointed out by Austin (2008) the idea that you can easily map past ethnicities
to modern day countries in Africa goes counter to much of the work that has been
done in ethnography. But, even if mapping is in theory possible at least one problem
remains. The sample of administrative records that Nunn (2008) uses is not likely to
be representative of past slave trades as it is presumably based on what records are
readily available today rather than a random sample of all slaves that were exported
in the African slave trades.

Indeed, a quick look at Table III and how ethnicities were imputed reveals that
there is reason for concern. For the trans-Atlantic slave trade 54 different samples were
used, however, two single points in time and space, Trinidad 1813 and Sierra Leone
1848, represent almost a third (30.9%) of the total sample. In fact, the 50 year period
1801-1850 is overrepresented by a factor of almost two in Nunn’s sample, while the
50 year period 1701-1750 is barely represented at all despite its share of aggregate
exports being approximately 20%. Further, if we would instead look at single years
within each time period the bias would become even more apparent. Some of this
temporal bias is however mitigated by the fact that many of the slaves were presumably
shipped to the New World years prior to them being recorded in the censuses, notarial
and other administrative records that were used for imputation. Unfortunately, it
is not possible to disentangle when the slaves in Nunn’s sample arrived to the New
World. Equally, and perhaps more, damaging is the spatial bias of the sample. For
instance, more than 15% of Nunn sample is made up by slaves registered in Trinidad
in 1813. It has been estimated that some 44,000 slaves disembarked in Trinidad and
Tobago between 1600 and 1826, representing 4 per mill of the aggregate estimated
trans-Atlantic slave trade. That is, slaves that were shipped to Trinidad are arguably
more than 37 times overrepresented in the sample that was used to impute ethnicity.
Similarly, observations in Sierra Leone in 1848 make up more than 15% of the sample
although slaves disembarked in Africa only made up less than 1.5% of total exports,
and likewise, early colonial Peru'* is overrepresented by a factor of about seven and
Haiti by a factor greater than two. In contrast, Brazil, which was by far the leading
slave importer with more than 45% of total disembarkations, is underrepresented by a

14 Although Nunn’s sample(s) for Peru start in 1548 and end in 1702 the careful reader may
nonetheless want to disregard this estimate with reference to the previous footnote.
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factor greater than three and Jamaica with about 9.5% is not represented at all. Thus,
Trinidad, Sierra Leone, early colonial Peru and Haiti, which make up almost 60%
of Nunn’s sample, only represent approximately 10.5% of the aggregate trade while
Jamaica and Brazil, which imported well over half of the total number of exported
slaves, only make up some 13% of Nunn’s sample. For the Islamic slave trade, the
bias is likely to be worse. The ethnicities of slaves shipped across the Indian ocean is
imputed by using six samples and for those shipped across the Sahara and the Red sea
there are two samples. While for two of these trades the samples at least contain several
thousand individuals, for the latter they only contains 67 slaves of 32 ethnicities.

Table III. Examples of bias in data used in the imputation of ethnicity!®

1701-50 1801-50 T&T  Jam Bra 4 Nunn 2 Voyages

Nunn 0.0063 0.5610 0.1545 0.000 0.1287 0.5978 0.1287
Voyages 0.2045 0.2913 0.0041 0.0953 0.4545 0.1052 0.5498
Ratio 0.03 1.93 37.59 - 0.28 5.68 0.23

3.5. The instruments. To deal with measurement error and to establish causality
Nunn (2008) develops four instruments, one for each slave trade. The method of
instrumental variables provides a general solution to the problem of an endogenous
explanatory variable. However, the resulting estimates will be identified only if two
conditions are satisfied. First, the instrument must be uncorrelated with the error
term, and secondly the instrument has to be partially correlated with the instrumented
variable once the other controls have been netted out. While the second condition is
testable, the first has to be maintained. In this section we put forward reasons to
believe that both requirements are only weakly satisfied, and in particular that (i) the
instrument may be correlated with the error term, and (ii) the instrument may be too
weakly correlated with the instrumented variable. These concerns, if founded, would
mean that the IV estimates could be biased and inconsistent (Stock & Yogo, 2010;
Wooldridge, 2002).

The chosen instruments are more or less identical in construction, and they are all
derived from proxies for the distance needed to transport slaves from their country of

15 Note: Nunn is the fraction of slaves in Nunn’s (2008) sample that was recorded during the
specified time period/location. Voyages is ditto for slaves shipped/disembarked in Voyages: The
Trans-Atlantic Slave Trade Database. Ratio is Nunn divided by Voyages. T&T is Trinidad and
Tobago. Jam is Jamaica. Bra is Brazil. 4 Nunn is T&T, Sierra Leone, Haiti & early colonial Peru. 2
Voyages is Bra & Jam.
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origin to the location of demand. While geographic instruments are popular, they are
also often problematic. Here, we in particular worry that the location of demand and
supply for slaves could have common and unobserved determinants that are correlated
with underlying geographic variables, which in turn are correlated with the instruments.
An indication that this could indeed be a concern is given by the fact that once the
climatic and geographic controls are included in the first stage regression for the full
sample none of the instruments are significant at the 5% level and the F-statistic
drops below 2.16 As the trans-Atlantic slave trade was the most important African
slave trade, and given that it was the only one for which the instrument was significant
at the 10% level for all specifications, we will focus our attention to this instrument.

First of all, the location of demand for slaves in the New World was non-random and
primarily driven by the suitability of land for cash crops, and in particular sugar (Fogel,
1989; Engerman & Sokoloff, 2002). Sugar is a crop that requires high temperatures,
sunshine, moisture, limited draught and that is most commonly grown in the tropics
(Bakker, 1999), a fact which introduces a geographic component into the location of
demand for slaves. Given the taxing nature of manual labor in sugar production it
would hardly be surprising if plantation owners demanded slaves that were suitable
and well adopted for hard physical labor in high temperatures and humidity as well as
for life in tropical disease environments. Elsewhere in his paper, Nunn (2008) argues
that the ethnicity of a slave was an important and reliable label that had real economic
meaning, and this is a reasoning that is in part borne out by the legal preoccupation
with slave ethnicities in Rome (Bradley, 1994). While these labels may not always have
been accurate, we tend to agree with Nunn (2008), but we suspect that one of the
reasons for their importance was that slaves from different areas of Africa may have
been differently suited for work in sugar plantations.

Presumably, slaves that were suitable for working the cane fields were to be found
in areas with similar climates to those where sugar was grown. If true, this introduces a
common geographic component into the location of demand and supply for slaves that
could potentially be correlated with the instrument. In fact, two out of Nunn’s three
measures of climate are negatively correlated with the instrument and positively cor-
related with slave exports. Moreover, when these are introduced into the first stage of
the IV regression along with the other controls the instrument becomes, as mentioned
above, insignificant at the 5% level. Likewise, although malaria was most likely intro-
duced to the New World either by Europeans or their African slaves, it soon became

16 More specifically, the F-statistic is 1.73 and the p-values for the instruments range from 0.093
(trans-Atlantic slave trade) to 0.507 (Red Sea). In contrast, without controls all instruments but
the one for the Red Sea slave trade (p = 0.998) are individually significant at the 1% level, and the
F-statistic is 15.4. For further details, see page 162 in Nunn (2008).
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indigenous and a major source of sickness (Packard, 2007). Thus, it is hardly surprising
to find that a measure of the fraction of the population in African countries that live
in areas of high intensity malaria transmission (Rowe et al., 2006) is highly negatively
correlated with the instrument, and positively correlated with slave exports. Indeed, if
we add a sugar production dummy based on production data from FAOSTAT to the
first stage regression the instrument becomes insignificant also at the 10% level for the
full sample with geographic controls. Further, adding the malaria index results in none
of the coefficients being close to significance.'” In fact, like for Nunn’s (2008) reduced
sample, the instrument for the Red-Sea trade, becomes positive. While this last result
is particularly intriguing, it must be said that it comes at the cost of reducing the

sample from 52 to 44 countries.

4. The data and the empirical methodology

Before proceeding with the analysis we present the data we use in greater detail.
Throughout, while we share some of the misgivings about the demographic and ethnic
variables that Austin (2008) voiced, we will take Nunn’s (2008) data as given.

4.1. Data.

4.1.1. Africa. In this paper we extend the analysis of Nunn (2008) back in time.
In order to do so we take the data made available by the author on his webpage!® as
given and augment it with the variables that change over time, using the same sources
as Nunn.' Data on per capita GDP for the years 1960 to 2006 was obtained from
the most recent update by Maddison (2010). Similarly, like Nunn, we use data on
oil, diamond and gold production from the British Geological Survey’s World Mineral
Statistics/Production.?® In contrast to Nunn who uses 31-year averages we use annual
production in our analysis. Since the production figures overlap between editions we
always use the most recent available estimate. In a few instance when there were obvi-
ous typos with too many, or too few, zeros these were cross-checked with other editions
of the said publication, or with data from the U.S. Energy Information Administration,

17 If we add the sugar dummy to the fist-stage the p-values range from 0.146 (Atlantic) to 0.818
(Saharan), while they range from 0.349 (Atlantic) to 0.645 (Red Sea) if we add the malaria measure.
Finally, if we add both the sugar dummy and the malaria measure the p-values range from 0.318
(Saharan) to 0.729 (Red Sea), with that for the trans-Atlantic distance instrument being 0.491.

18 http://www.economics.harvard.edu/faculty /nunn

19 Note that we follow Nunn (2005; 2008) in treating Ethiopia and Eritrea as one country.

20 The name World Mineral Statistics was used in publications printed between 1978 and 2004.
From 2005 and onwards the publication is named World Mineral Production. Prior to 1978 the
publication was known as Statistical Summary of the Mineral Industry - World Production, Exports
and Imports. All of these publications are available on the web from the British Geological Survey’s

World mineral statistics archive. The data on oil and gold from the 1960s were converted from long
tons to tonnes, and ounces to kilos, respectively.



4. THE DATA AND THE EMPIRICAL METHODOLOGY 71

and corrected. Unfortunately there is no separate data on gold production in Burundi
and Rwanda for the years 1960-1962, only information on joint production. To over-
come this problem we impute the production for these years using country specific
aggregate gold production 1963-2006 as weights.?!

4.1.2. Italy. Our analysis for Italy tries to mimic that for Africa. Data on slave
raiding for the years 1530-1780 was collected from Davis (2003).22 While data on
regional per capita GDP in 2000 were obtained from Istat (2011), and data on regional
areas from Nationalencyklopedin. Coastal length was obtained from APAT — Servizio
Difesa delle Coste, and climatic data from the CRU CL 2.0 dataset (New et al. 2002).23
Note that this data provides average humidity rather than average maximum afternoon
humidity. Historical regional GDP was taken from Paci and Saba (1997). All GDP data
was converted to 1990 International Geary-Khamis dollars using Maddison (2010) in
order to make estimates more readily comparable to those for Africa. Finally, centroids
for the regions were obtained from the NGA GEOnet Names Server.

4.2. Empirical methodology. In our empirical analysis we have gone to great
lengths to be as faithful as possible to the spirit of Nunn (2008). For Africa, we simply
extend his econometric analysis from the single year 2000 to every year in the period
1960 to 2006. This is a natural extension, and our motivation for doing so is that we
want to be able to assess the stability over time for the relationship between slave trades
and economic performance. Following Nunn, we study six different specifications of
Equation (1). Of these, specifications (3) and (6) are evaluated for a reduced sample of
42, rather than 52, countries. The countries dropped in these two specifications are the
North African countries Morocco, Algeria, Tunisia, Libya, Egypt and the island nations
Seychelles, Mauritius, Comoros, Sao Tomé and Principe, and Cape Verde. Table IV
summarizes the differences between the six specifications. Note that in contrast to
Nunn we focus exclusively on the OLS regressions, leaving the more contentious IV

regressions aside.

21 The results are not sensitive to this choice, since joint production was negligible 1960-1962.

22 We only include observations for which an actual number or estimate was given. If an observation
included locations in more than one region, the aggregate number was divided equally among the
locations before mapping these into their respective regions.

23 The dataset provides estimates 10 minute latitudes and longitudes. Our measures are calculated
as the weighted, by distance, value using the values for the nearest coordinates to the center of each
region.
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Table IV: Summary of the controls in specification (1)-(6), Africa

Specification Controls

(1) colonizer fixed effects

distance from the equator, longitude, minimum
monthly rainfall, average maximum humidity,

(2) controls in (1) + average minimum temperature, and proximity
to the ocean measured by the natural log of
coastline divided by land area

(3) controls in (2) — island and North African countries
. Islam indicator, French legal origin, island and
(4) controls in (2) + North Africa fixed effects

natural log of the annual average per capita
(5) controls in (4) + production between 1970 and 2000 of gold,
oil, and diamonds

(6) controls in (5) — island and North African countries

To study the effects on past slave raids on economic performance within Italy, we
replicate the above analysis for Italian regions. Whenever possible, we use the same
controls as for Africa, and if unavailable, we use the closest possible substitute. While
the economic, geographic and climatic data do not present any additional problems
to those described in 4.1.2, the colonizer fixed effects pose a more difficult challenge.
Africa has experienced extensive colonization, and accordingly, Nunn includes colonizer
fixed effects to ”control for the other significant event in Africa’s past, colonial rule”
(p. 154). The history of Italy is rich in similar type events?, making it difficult to
define what regions were ’colonized’, and by whom. In fact, several regions have been
subjected to a series of ’colonizers’. Moreover, we are dealing with a relatively small
sample of no more than 20 regions, which precludes the possibility of having a large set
of fixed effects dummies. Therefore, we include only a dummy indicating if a particular
region was under the dominion of the House of Savoy prior to unification. The reason
for this is that Italy was united under the auspices of Savoy, and hence theirs is the
political entity that stands out most significantly in modern Italian history.

24 For instance, the Spanish ruled the Kingdom of the two Sicilies for a prolonged period of time
and the Pope controlled large fractions of central Italy. In fact, Trentino-Alto Adige and Trieste were
not integrated into Italy until the end of the Great War.
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Table V. Summary of the controls in specification (1), (2) and (4), Italy

Specification Controls

(1) Savoy fixed effects

distance from the equator, longitude, minimum
monthly rainfall, average humidity, average

(2) controls in (1) + minimum temperature, and proximity to the
ocean measured by the natural log of coastline
divided by land area

(4) & (5)  controls in (2) + island and south of Italy fixed effects

Besides the colonizer dummies, the indicators for North Africa, French legal origin
and Islam do not have direct counterparts for Italy. Nunn justifies the use of these
three variables with them being of interest as ”additional control variables to account
for potential differences between islands or North African countries and the rest of
Africa. Two core differences between North Africa and the rest of Africa is that North
African countries are predominantly Islamic and that they all have legal systems based
on French civil law” (p. 156). In other words, the three dummies primarily serve
the purpose of capturing what unobservables make North Africa different, and in the
extension, more prosperous than the rest of the continent. For Italy, the concern is quite
the opposite. Rather than worrying about unobservables explaining the comparative
prosperity of the north, there are reasons to be concerned about the anomalously poor
performance of the south. For this reason, we add a dummy variable for the south
of Ttaly in our regressions. Finally, we should mention that we do not include the
mineral controls in the Italian analysis. Mineral production is a very small part of
most modern western economies, and in Italy the quantities produced are negligible.
With these changes in mind, we run specification (1), (2) and (4), with controls as
summarized in Table V.

In what follows, we focus on specifications (1) and (5). Note that for Italy specifi-
cation (5) does not account for mineral production, which would render it equivalent
to specification (4). To avoid unnecessary confusion, when talking about Italy we
will refer to specification (4) as specification (5). The primary reason for doing so is
comparison, as specification (5) seems to be the one preferred by Nunn.
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5. Empirical results

Tables VI and VII present the results for specifications (1) and (5). Each of the
two tables contain four columns. The first two presents the estimates for Africa, using
GDP per capita in 1960 and 2000 as dependent variables.25 The remaining two columns
present the estimates from the same regressions for Italy.

Table VI. Relationship between slave exports and income

Dependent variable is log real GDP | Iny
Specification (1)
Africa 1960 Africa 2000 Nunn 2000 Italy 1960 Italy 2000

In(exports/area)  —0.028 -0.110"  —-0.112"  —0.042  —0.050**
(0.021) (0.024) (0.024) (0.021) (0.014)
Colonizer/Savoy Yes Yes Yes Yes Yes
Constant 7.557** 7.924** 7.930% 8.498** 9.759**
(0.552) (0.629) (0.634) (0.081) (0.053)
R-squared 0.20 0.51 0.51 0.35 0.46
Observations 52 52 52 20 20

Std. errors in parentheses;* sign. 5%; ** sign. at 1%.

Several interesting results can be gleaned from the tables. First, using yearly data
on mineral production, rather than 31 year averages, our estimates are very close to
those in Nunn (2008). Second, for 2000 there is not only a negative relationship between
slave exports and per capita GDP for Africa, but also one for Italy. However, this
relationship is insignificant in specification (5), that is, after introducing climatic and
geographic controls.?6 Finally, the relationship between slave exports and per capita
GDP is not stable over time. For specification (1) the coefficient on slave exports is
insignificant for both Africa and Italy in 1960. In fact, for Africa, the coefficient is not
significant in any of the six specifications, and for Italy it is positive in specification
(5).

To a certain extent our findings are not surprising. The declining coefficient on
slave exports for Africa was pre-viewed by the ad-hoc analysis in Nunn who split the

25 The tables in the empirical section present the exact estimates only for 1960 and 2000. We run
yearly (1960-2006) regression for all six specifications for Africa. Likewise, for Italy we run specification
(1), (2) and (4) for 1960, 1975 and 2000. All betas are reported graphically in the paper, but exact
estimates outside 1960 and 2000 are omitted. These are however available from the authors upon
request.

26 The p-value for the coefficient on slave raids is 0.105. Note however that for Italy there are only
20 regions. Interestingly, all coefficients in specification (5) have the same sign as for Africa.
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African sample into countries ’high’ and ’low’ slave exporters and found a negative

relationship between economic growth and past slave exports.2”

Table VII: Relationship between slave exports, income and oil in year 2000

dependent variable is log real GDP | Iny
Specification (5)
Africa 1960 Africa 2000 Nunn 2000 Italy 1960 Italy 2000

In(exports/area) —0.025 —0.097  —0.103** 0.025 —0.014
(0.028) (0.033) (0.034) (0.014) (0.008)

Abs latitude 0.023 0.025 0.023 —0.010 0.015
(0.014) 0.017)  (0.017)  (0.042)  (0.023)

Longitude 0.007 —0.004 —0.004  —=0.099* —0.053*
(0.004) (0.005) (0.005) (0.037) (0.020)

Min avg rainfall —0.004 —0.002 —0.001 0.001 —0.001
(0.005) (0.006)  (0.006)  (0.003)  (0.001)

Avg max hum. 0.006 0.016 0.015 —0.005 0.003
(0.009)  (0.011)  (0.011)  (0.022)  (0.012)

Avg min temp. 0.036 —0.005 —0.015 —0.023 —0.012
(0.022)  (0.026)  (0.026)  (0.021)  (0.011)

In(coastline/area) 0.076* 0.076 0.082* 0.000 0.006
(0.034) (0.039) (0.040) (0.008) (0.004)

Island indicator —0.298 —0.138 —0.150 —0.253  —0.061
(0.431) (0.498) (0.516) (0.173) (0.095)

Percent Islamic —0.003 —0.007* —0.006* - -
(0.003) (0.003)  (0.003)

French Legal Origin ~ —0.278 0.609 0.643 - -
(0.404)  (0.464)  (0.470)

In(oil) 0.080* 0.069** 0.078* - -
(0.035) (0.024) (0.027)

In(gold) 0.028 0.012 0.011 - -
(0.022) (0.018) (0.017)

In(diamonds) —0.001 —0.037 —0.039 — —
(0.025) (0.029) (0.043)

North Africa/South ~ —0.015 -0.096 —0.304 —0.289  —0.213"
(0.434) (0.488)  (0.517)  (0.149)  (0.082)

Colonizer/Savoy Yes Yes Yes Yes Yes

Constant 7.294** 5.308** 6.067  10.780"*  9.840**
(1.082)  (1.222)  (1.204)  (2.598)  (1.429)

R-squared 0.65 0.78 0.77 0.94 0.96

Observations 52 52 52 20 20

Std. errors in parentheses;* sign. 5%; ** sign. at 1%.

What is perhaps more surprising is that there is also a negative relationship between
slave raiding and economic performance for Italy, and that time trend on the coefficient

27 In his working paper Nunn (2005) also run simple growth regressions. The results from these
are suggestive of a negative relationship between growth and slave exports for the years 1960-2000.
He does however not study if the relationship holds also in 1960. Further, in the growth regressions
oil and mineral production is ignored.
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for Italy is similar to that of Africa. To our knowledge the literature does not offer
any obvious explanation to why this should be so. In order to investigate the time
trends in further detail we plotted the yearly African slave export betas for the years
1960-2006 (Figures 2, 3, 4 & 5) along with those for Italy and the years 1960, 1975 and
2000 (Figures 6 & 7). The declining coefficients on slave exports for both Africa and
Ttaly can be seen clearly in figures 2, 4 and 6, which confirm the conclusions drawn on
the basis of tables VI and VII.

Figure 2. Development of betas, 1960-2006, Africa specification (1)
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In addition, Figures 2 and 4 report the time trend for the African slave export coef-
ficients when the sample is split into those countries who produced oil at any point
during the sample period, and those who did not. While these patterns are fairly
regular for specification (1) they look highly irregular for specification (5).

Figure 3. Development of betas with confidence intervals, 1960-2006, Africa (1)
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For those countries that produced oil, the coefficient makes several jumps of sub-
stantial magnitudes, and contrary to the hypothesis, it is positive for approximately
half of the years. While the interpretation of this result is not straightforward, it may
be indicative of there being some kind of interaction between oil production, GDP per
capita and slave trades that we cannot disentangle, and that could potentially affect
the analysis. This intuition receives support from the additional specifications that are
reported in the Appendix. For specification (2) and (4) the beta for the oil producing
countries is always significant, while for specification (3) the beta for the oil producing

countries is instead always negative, and sometimes substantially so.

Figure 4. Development of betas, 1960-2006, Africa specification (5)
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Figure 5. Development of betas with confidence intervals, 1960-2006, Africa (5)
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Finally, in Figures 3, 5 and 7 we report the confidence intervals for each yearly beta.
As can be seen, neither in specification (1), nor (5), is the beta significantly negative
before the 1970s.

Figure 6. Development of betas, 1960-2006, Italy specification (1) & (5)
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Figure 7. Development of betas with confidence intervals, 1960-2006,
Italy specification (1) & (5)
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6. Discussion and conclusions

The African slave trades have come to epitomize human tragedy on a grand scale.
Millions and millions of people were uprooted, kidnapped, and sold off as slaves to
far distant countries. Millions more died in the process. But, did the horrors of the
slave trades also contribute to the relative poverty of modern day Africa? In a recent
paper Nunn (2008) argues that they did. Here we have argued that although this
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is an appealing theory, the slave trades may not have been that influential. Taking
Nunn’s methodology at face value a researcher studying Africa in the early 2000s
would have had to conclude that past slave trades did have a negative effect on GDP
per capita. In fact, as we show, there is even some indicative evidence that this could
be true not only for Africa, but also for Italy. The Italian evidence does, however,
not necessarily support Nunn’s conclusions, rather it highlights an important concern
with his paper. Slavery was until recently widespread across the globe, and today
many formerly slave exporting regions are comparatively rich. Thus, there does not
seem to exist a deterministic long run relationship between slave exports and economic
performance. We believe that any paper which argues that slave trade had negative
long run effects on economic performance needs to address these facts, and look beyond
Africa. In his paper, Nunn circumvents the problem by claiming that the African
slave trades were unique in scale and scope. Curiously, he establishes the purported
uniqueness without a single reference to any other slave trade. In contrast, we study
other slave trades, and find that the African slave trades were, at least after adjusting
for population, neither unique in scale nor scope.

Further, and in contrast to Nunn, we do not believe that the African slave trades
were particularly prominent in causing the latitudinal pattern of ethnic fractionalization
that we observe today. Rather, the positive correlation between absolute latitude and
ethnic fractionalization in Africa belongs to a global relationship between ethnic, as well
as species, diversity and latitude. Since this pattern arguably predates the slave trades,
and since ethnic fractionalization is highly, and significantly, correlated with both past
slave exports and current GDP per capita this is a potential source of a spurious
correlation between the two. Following a similar line of reasoning, we also argue that
correlations with climate, disease environments and suitability of land for sugar cane
production are potential threats to the validity of the instruments. There is some
suggestive evidence to this extent, and when proxies for these variables are included
as controls, the instruments become insignificant. In addition, we raise a number of
issues concerning potential biases in the imputation of ethnicities, the definition of the
sample and selection into the slave trades.

Finally, going back both in time, and to Nunn’s methodology, we demonstrate that
a researcher studying the African slave trades in the early 1960s would, in contrast to
Nunn, have had a difficult time to conclude that past slave trades had a negative impact
on GDP per capita. More specifically, we find that the coefficient on slave exports is
both small and insignificant in 1960, and that it remains so throughout the 1960s. The
trend is however declining and by 1970 the coefficient is typically significant at the 5%
level. To a certain extent this result was anticipated by Nunn, who suggested that
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the negative effects of the slave trades may have become more pronounced in post-
independence Africa. Thus, although our findings raise some doubts concerning the
nature and stability of the negative relationship between slave exports and economic
performance, they do in part support the hypothesis that they had a negative impact
on state development and economic growth after decolonization. However, returning to
Ttaly, we find a weak relationship between slave exports and regional GDP per capita
in 1960.

In other words, despite the fact that no decolonization occurred in Italy the coeffi-
cient on slave exports shows a similar downward sloping trend, over time, to that for
Africa. With this, and the other concerns that we have raised, in mind we conclude
that the evidence in favor of the hypothesis that the African slave trades had an adverse

effect on modern day economic development is weak.
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Appendix A

In the Appendix, we report the estimates for all four remaining specifications equa-
tion (1).
Specification (2)

Table VIII: Relationship between slave exports and income
dependent variable is log real GDP | Iny
Specification (2)
Africa 1960 Africa 2000 Italy 1960 Italy 2000

In(exports/area) —0.007 —0.075 0.026 —0.015
(0.025) (0.029) (0.017) (0.010)
Abs latitude 0.019 0.017 0.065 0.053*
(0.014) (0.016) (0.034) (0.020)
Longitude 0.008 —0.000 —0.095*  —0.064**
(0.005) (0.005) (0.033) (0.019)
Min avg rainfall —0.004 —0.001 0.001 —0.002
(0.006) (0.007) (0.003) (0.002)
Avg max humidity 0.007 0.009 0.012 0.015
(0.010) (0.012) (0.025) (0.014)
Avg min temperature 0.025 —0.017 —0.001 0.000
(0.024) (0.028) (0.023) (0.013)
In(coastline/area) 0.055 0.086* —0.005 0.004
(0.033) (0.038) (0.009) (0.005)
Colonizer FE/Savoy Yes Yes Yes Yes
Constant 6.224** 6.685** 6.067 7.463**
(1.013)  (1.182)  (2.158)  (1.224)
R-squared 0.39 0.61 0.90 0.93
Observations 52 52 20 20

Std. errors in parentheses;* sign. 5%; ** sign. at 1%
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APPENDIX A

Table IX: Relationship between slave exports and income

dependent variable is log real GDP | Iny

Specification (4)
Africa 1960

Africa 2000

In(exports/area)

Abs latitude
Longitude

Min avg rainfall

Avg max humidity
Avg min temperature
In(coastline/area)

Colonizer FE
Constant

R-squared
Observations

—0.054
(0.035)
0.010
(0.019)
0.004
(0.006)
0.005
(0.008)
—0.000
(0.012)
0.029
(0.027)
0.087*
(0.040)
Yes
7.554**
(0.750)
0.42
42

Std. errors in parentheses;* sign. 5%; ** sign. at 1%.

—0.104**
(0.036)
—0.005
(0.020)
—0.008
(0.006)

0.008
(0.008)
0.008
(0.012)
—0.038
(0.028)
0.089*
(0.041)
Yes
7.802**
(0.769)
0.64
42
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Specification (4)

Table X: Relationship between slave exports, income and oil in year 2000

dependent variable is log real GDP | Iny

Specification (4)

Africa 1960 Africa 2000
In(exports/area) —0.023 —0.080*
(0.030) (0.035)
Abs latitude 0.022 0.020
(0.015) (0.017)
Longitude 0.008 —0.004
(0.005) (0.006)
Min avg rainfall —0.006 —0.000
(0.006) (0.007)
Avg max humidity 0.004 0.009
(0.010) (0.011)
Avg min temperature 0.045 —0.004
(0.024) (0.027)
In(coastline/area) 0.086* 0.093*
(0.037) (0.042)
Island indicator —0.546 —0.299
(0.461) (0.525)
Percent Islamic —0.006* —0.008"*
(0.002) (0.003)
French Legal Origin —0.291 0.692
(0.438) (0.499)
North Africa indicator 0.530 0.449
(0.421) (0.480)
Colonizer FE Yes Yes
Constant 6.728* 6.313*
(1.113) (1.267)
R-squared 0.53 0.71
Observations 52 52

Std. errors in parentheses;* sign. 5%; ** sign. at 1%.
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Specification (6)

Table XI: Relationship between slave exports, income and oil in year 2000

dependent variable is log real GDP | Iny

Specification (6)

Africa 1960 Africa 2000
In(exports/area) —0.029 —0.125*
(0.027) (0.032)
Abs latitude 0.018 0.007
(0.015) (0.016)
Longitude 0.006 —0.010
(0.005) (0.005)
Min avg rainfall 0.007 —0.005
(0.007) (0.008)
Avg max humidity —0.001 0.016
(0.009) (0.010)
Avg min temperature 0.023 —0.029
(0.022) (0.024)
In(coastline/area) 0.077* 0.084*
(0.032) (0.035)
Percent Islamic 0.002 —0.005
(0.003) (0.003)
French Legal Origin —1.146 —0.531
(0.634) (0.728)
In(oil) 0.093* 0.073*
(0.036) (0.021)
In(gold) 0.048* 0.025
(0.020) (0.017)
In(diamonds) 0.005 —0.052
(0.023) (0.027)
Colonizer FE Yes Yes
Constant 8.138** 7.328**
(0.588) (1.256)
R-squared 0.74 0.81
Observations 42 42

Std. errors in parentheses;* sign. 5%; ** sign. at 1%.
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Appendix B

Here follows the development of betas over 1960-2000 for all omitted specifications,

with and without the confidence intervals.
Specification (2)

Development of betas 1960-2006, Africa and Italy
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Specification (6)

Development of betas 1960-2006, Africa
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Reputation, privacy and limited records: a survey

Margherita Bottero and Giancarlo Spagnolo

ABSTRACT. We investigate the relationship between reputation, privacy and limited
records. Limited records have been demonstrated capable of supporting efficient rep-
utation incentives in a large class of games, where these would otherwise dissipate
with time. Further, limited records are compatible with privacy concerns. In partic-
ular, they conform to the principle of data retention, which mandates the removal of
personal data from public registers after a finite number of years. It is the opportu-
nity of coupling efficient reputation incentives and privacy needs that makes limited
records attractive, and motivates our survey. We find that little is known about the
design and implementation of limited records, and that what is know is scattered.
Given the links between this informational arrangement and valuable goals such as
efficiency and privacy, the state of the art appears to us highly unsatisfactory. We
conclude that a general model of limited records is greatly needed.

1. Privacy, limited records and reputation

Reputation is a potentially valuable asset because it helps individuals to signal
their trustworthiness and their value as a contractual counterpart (Bar-Isaac, Tadelis,
2008). Typically, reputations are accumulated over time, and are backed by relevant
information on past behavior and performance. For this reason, the process of reputa-
tion formation is likely to benefit from the collection, storage and diffusion of personal
data, and to be at odds with privacy concerns that call for some of these data to re-
main undisclosed. In a neoclassical market, in fact, the participants will themselves
optimally decide which, and how much, information is needed to assess the value of a
transacting partner. Accordingly, a privacy regulation that mandates the removal of
data from the public domain is at best unjustified and, at worst, it opens the door for
"fraud!” (see also Posner, 1983; Nock, 1993).

We would like to thank Alessandro Acquisti, Maricke Bos, Kasper Roszbach, Andy Skrzypacz,
Bjorn Wallace and Jorgen Weibull for helpful comments and suggestions, as well as Marco Genovese
for his assistance with data collection. Margherita Bottero gratefully acknowledges the Knut and Alice
Wallenberg Research Foundation for financial support.

1 From Posner’s blog, 8th May 2005. http://www.becker-posner-blog.com/2005/05 /index.html
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However, besides the canonical argument that we are not (always) capable of opti-
mal information-processing in the neoclassic sense, there are instances in which privacy
regulations can alleviate market failures that arise even when assuming rational agents
(Acquisti, 2010; Acquisti, Varian, 2005; Calzolari, Pavan, 2006; Hermalin, Katz, 2006;
Hirshleifer, 1971; Taylor, 2004a, 2004b). Moreover, in many situations, reputation ef-
fects have been demonstrated to disappear over time (Cripps et al., 2004) when access
to information is unrestricted.

Originally, in response to this last concern, limited records were put forward as
a device to help sustain reputation incentives over time (Ekmekei, 2011; Liu, 2010;
Liu, Skrzypacz, 2011). However, limited records can also be seen as enforcing privacy
concerns, for they are compatible with the principle of data retention®. These two
considerations highlight the key appeal of this informational arrangement: it can si-
multaneously fulfill privacy needs and increase efficiency via strengthening reputation
concerns. Being also relatively easy to implement, limited records appear to be an ideal
policy for a wide range of real-life situations, where either privacy is socially desirable,
or reputation is needed to curb informational asymmetries.

Motivated by this link between limited records, reputation and privacy, we review
in depth the theoretical literature up to date, and find that the state of the art is unsat-
isfactory. In particular, the relevant game theoretic works do not offer any indication
on how the length of records should vary with the model’s fundamentals?®, although
limited records have been demonstrated capable of supporting reputation incentives
over time. For what concerns the privacy debate, although privacy per se is a topic
not unknown to the economics literature (Acquisti, 2010, and references therein), the
study of limited records has been left almost neglected.

The lack of a cohesive theoretical foundation guiding the design of limited records
is highlighted by observing how they have been implemented in real-life situations.
Reviewing the evidence, we uncover a tremendous amount of heterogeneity, which we
believe stresses once more that a framework of reference is both missing and needed.

Privacy legislations are possibly the most obvious case of limited records in every-
day life. Albeit very pervasive, however, these laws are often formulated in strikingly
vague terms. For instance, consider the EU Directive on Data Protection (95/46/EC)
which mandates that ” [M]ember States shall provide that personal data must be |...]
adequate, relevant and not excessive in relation to the purposes for which they are
collected and/or further processed”. This excerpt illustrates the problems connected
to the implementation of limited records. First, personal data is a surprisingly wide

2 Which mandates the removal of information collected prior a certain date.
3 Such as the relative gravity of moral hazard, adverse selection or the players’ patience.
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umbrella that encompasses personal information, such as sex, race, religious affiliation,
but that also includes information on past credit remarks, arrears, bankruptcy as well
as criminal convictions. Besides this, the translation of the concept ”adequate, rel-
evant and not excessive” into a well-defined retention window has turned out to be
challenging. In the case of the credit market, this has resulted in a puzzle that is so
emblematic that we will discuss it in an independent section (section 2). As regards
the data on criminal convictions, the data-protection principle contemplates their re-
moval with a practice often referred to as expungement?. It turns out that in the UK,
less serious offences are expungeable after a retention period ranging from three to
ten years®. In the United States, retention periods vary across states. In Washington
state, convictions for misdemeanors are expungeable after three years but DUI (driving
under the influence) convictions must remain on the records for at least seven years.
In New Jersey, the retention period is ten years for indictable convictions, five years
for disorderly offenses and two years for breaking municipal ordinances. Interestingly,
in most countries child offenders are typically granted a blank slate upon reaching the
age of maturity.

Data removal is also mandated by other types legislations besides privacy laws,
usually in an effort to providing ”fresh starts”. A relevant example is that of breaches
of the driving code. The common driver-licence point systems that punish infractions
of the driving code work by removing points for each past infringement, eventually up
to suspending the licence when all points are lost. While these systems are widespread,
the time-span that they use to calculate a driver’s current score varies wildly across
countries’. In Australia the system considers infractions realized in the last three
years for new licence holders, but it only takes the last years into consideration when
it comes experienced drivers. Similarly, in Italy the system begins with considering
the infringements in the last three years, but as the driver becomes experienced the
memory is shortened to two years. In other countries, instead, there is no such discount
for experience. In the UK, for example, data are retained up to eleven years, in the
state of New York for one and a half year, in Colorado for three years and in California
for ten years.

Surprisingly, there are also situations for which a limited records arrangement ap-
pears to have been chosen ”endogenously” by the market, without being mandated
by law. One such case is the bonus-malus systems based on records of past claims in

4 According to the Black’s Law dictionary (1999), the expungement process is a "process by which
record of criminal conviction is destroyed or sealed from the state or Federal repository.” (p. p. 582).

5 For instance, the former applies to an order of detention in a detention centre while the latter a
sentence of imprisonment or youth custody for between 6 and 30 months.

6 The information we present has been collected from the homepages of national authorities. The
“memory” is the minimum number of years of past information necessary to calculate the score.
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automobile third-party insurance. In most countries automobile insurance providers
implement bonus-malus systems that link the insurance premium to the number and
severity of the insured’s claims or accidents during the past years. Though very similar
in aim and scope, these systems differ considerably across countries in terms of the rat-
ing scale and the scoring rules which determine the ranking of gains and losses. More
interestingly, they differ in how many years of information on claims, or accidents, they
use to calculate the scores. In 1995 the minimum data retention period required to
be inputted in these scoring systems was ten years in Norway, six in Sweden, four in
Belgium, three in France, two in Germany and one in many other countries (Lemaire,
1995).

Another situation in which limited records have been chosen by the market design-
ers, without legal intervention, is the case of rating systems in electronic marketplaces.
For instance, eBay enforced for five years, from 2003 to 2008, a reputation mechanism
which compounded into a seller’s public score the whole history of his ratings. In 2008,
however, this mechanism was modified to include only the ratings received in the last
twelve months.

From the examples above, it transpires that although limited records is perceived
to be an attractive informational arrangement, little is known about how to implement
it, with the result that existing practices look inspired by common sense. Given that
a general theory of limited records is needed, it seems to us that it would have to
account for, and build on, the existing results, and to this end we review the current
state of the art. The survey is organized as follows. First, we describe the case of
privacy legislations in the credit market, and argue that it demonstrates in a very
transparent way why we need to know more about the relationship between privacy,
limited records and reputation. In section 3, we address the theoretical backbone of
this survey. In the first part of the section, we will give a more precise meaning to the
notion of reputation effects and show why they often are found to disappear over time.
Then, we will survey three models that suggest limited records as a potential remedy
to this impermanence. Section 4 will look at the applied works that study the effects
of limited records on credit market outcomes. In section 5, we will consider the case of
electronic marketplaces, and section 6 concludes.

2. The puzzle of privacy laws in the credit market

Privacy protection entails benefits and costs. Benefits appear both in non-economic
and economic terms. The former accrue because the endorsement of such a policy
fosters individual autonomy, dignity and freedom. Yet, further beneficial effects can

arise in terms of genuine economic outcomes, by providing economic actors with a
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new, clean reputation and, hopefully, with the incentive to maintain it clean by taking
efficient actions. Erasing data from the public domain, however, prevents the market
from settling on the complete-information equilibrium, so that data retention may
result in distorted equilibrium prices and quantities.

The tension between the costs and benefits of privacy is particularly critical for
credit markets, which are well-known to suffer from severe adverse selection and moral
hazard. In this context, data on borrowers’ past behavior, such as total loan exposure,
number of credit lines, defaults and filed bankruptcies, are particularly needed to screen
out of the market intrinsically bad borrowers. Thus, their removal from public records
after a finite number of years, in accordance with data removal, is not straightforward
to justify.

Restating the trade-off between costs and benefits of data retention with reference
to the credit market, removing past credit data provides a fresh start to those borrowers
and entrepreneurs that were hit by bad luck (Armour, Cumming, 2005). Yet, if the
information deleted is a signal of borrower’s intrinsic characteristics, such as low skills
or fraudulent behavior, limited records effectively impede lenders from screening out of
the market those participants that are not credit-worthy. Thus, rather than providing
welfare-improving ”fresh starts”, the legislation can end up clogging the access to, and
the functioning of, the credit market as a whole.

In principle, it would seem natural to expect legislators to account for, or at least
anticipate, this trade-off. If this is really the case, we should be able to detect a pattern
in how data retention has been implemented across the world, and to observe similar
retention periods in credit markets characterized by similar features. The evidence,
however, shows that there is no such consensus. Figure 1 plots a few retention periods
as mandated in different countries, for bankruptcy data regarding the market for credit
to household and small entrepreneurs”. Although as of 2007, up to 90 percent of the
countries wherein a credit register was operating (113 in total) mandated the removal
of past credit data after a limited period of time (Elul, Gottardi, 2008), we can see
from Figure 1 that there is a large degree of heterogeneity in the length of the data

7 For a description of credit registers in Europe see the Report of Expert Group on Credit Histories
(2009). For an accurate comparison between the United Stated and Europe, see Jentzsch (2001). For
more information about South America see Galindo and Miller (2001).
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retention window, even for the narrow class of bankruptcy data.

Figure 1. Retention periods for bankruptcy data
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The retention periods range from three years (Germany, Italy, Sweden) up to fourteen
and fifteen years (Canada and Greece respectively). Even within continental Europe,
we can observe removal after three years in Germany and after seven in neighboring
Austria.

Moreover, national laws may mandate different retention periods depending on the
type of data (fraudulent bankruptcies, credit remarks, etcetera) or on the type of person
filing them (entrepreneurs may be treated differently from households). Figure 2 shows
the different retentions periods for two types of negative information, bankruptcy and
other adverse information (such as credit remarks, arrears, etcetera).

This puzzling diversity has recently become particularly problematic because of
the sharp increase in cross-border data sharing, so that many organizations have high-
lighted ”their concerns about the current patchwork of different data retention periods
and expressed their wish for a pan-European data retention period, in order to boost
legal security”8. However, before addressing the issue of the homogenization of reten-
tion periods, it is worth discussing whether these provisions have ever been found to

have a positive effect on credit markets’ outcomes.

8  Summary of replies to the public consultation about the future legal framework for
protecting personal data, 2009. See also the Communication COM (2010) 609 Final, 2010
http://ec.curopa.eu/justice/news/consulting_public/0006/com_2010_609_en.pdf.
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Figure 2. Retention bankruptcy and negative data
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Elul and Gottardi (2008) look at the empirical relationship between credit provision,
as measured by the average ratio of private credit to GDP, at the country level, and
current privacy legislations for a sample of more than a hundred countries. This exercise
shows that private credit to GDP is almost four times higher in countries where defaults
are erased after a finite number of years, than in countries where credit records are not
kept (because there is no credit register). More importantly, in countries that mandate
data removal, private credit to GDP is more than twice as high than in countries where
such data are never erased. Although it is not possible to argue for causality, these
findings suggest that whatever the relation between volume of lending and length of
retention period may be, it is most likely not linear.

These findings reinforce our intuition that limited records should not only be con-
sidered as a way to implement privacy, but also as a way to restore genuinely beneficial
reputation concerns. From this perspective, being able to rely on a sound theory is of
great importance to design laws and rules in an optimal way.

3. Limited records and reputation

In game theory, reputation effects arise in repeated games with incomplete infor-
mation. We restrict our discussion to the class of two-player games, where a long-lived
informed player repeatedly plays against a sequence of short-lived uninformed oppo-
nents, who play the game once and then leave. In such games, incomplete information
is typically modelled by allowing for the possibility that the player with private in-
formation is either of the normal type or of one of finitely many commitment types.
The normal type is the familiar payoff-maximizer that chooses his strategy in order to
maximize the average discounted payoffs of the repeated stage-game. A commitment
type, instead, plays a pre-specified strategy regardless of it being an equilibrium or
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not. If the probability of meeting a commitment type is small enough, the incomplete-
information game can be thought of as a small perturbation of the complete-information
game, which the uninformed player expects to be played with a high probability (for a
discussion, see Mailath, Samuleson, 2006).

When the short-lived players can observe the whole history of game, and thus the
actions taken by the long-lived opponent, it can be demonstrated that a (sufficiently
patient) normal player can build a reputation for being of his preferred commitment
type, by taking repeatedly the commitment action. Eventually, the long-lived player’s
reputation®, given by the opponent’s belief on him being of the commitment type,
becomes so strong that the opponent begins to best-reply to the commitment strategy.
This is a key finding, which demonstrates how allowing for a small amount of incomplete
information allows for the past play of the game to affect the expectations regarding
its future play.

Clearly, reputation is desirable for the player who is investing in it, as a way to
secure himself payoffs better than those he could achieve with complete information.
However, reputation can also benefit the short-lived players. This occurs when, in order
to signal that he is of a certain commitment type, the normal player takes actions that
benefit the aggregate welfare, and that would not be an equilibrium action otherwise.
In particular, reputation effects are to be welcomed in repeated games where the only
equilibrium in the complete-information game is Pareto-dominated by other strategies,
which are however not individually rational in the stage game. Allowing for incomplete
information, reputation effects arise endogenously, and induce the normal player to take
actions different from the Pareto-dominated equilibrium strategy in anticipation of the
gains that will accrue to him from being treated as if being of the commitment type.
Reputation effects, then, allow for a play of the game that delivers Pareto-improved
payoffs, that could not be reached in the static framework.

With perfect monitoring (and incomplete information), the payoff that can be
achieved by the long-lived player can be made arbitrarily close to the maximum equilib-
rium payoff he can obtain with complete information. Importantly, in repeated games
of complete information, desirable payoffs are usually achieved in equilibria that involve
actions which are not Nash equilibria of the stage game. Such equilibria are sustained
by attaching a negative continuation payoff to deviating players, that is, by prescribing
that a deviation "triggers” a punishment phase. Sometimes players complying to the
equilibrium strategy are said to maintain a reputation for doing so, and a player’s rep-
utation is lost upon entering the punishment phase. This interpretation of reputation,

9 We can say that reputation takes up a signalling role by allowing players to signal that they
are, or are not, of a certain type by playing repeatedly certain actions.
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however, is substantially different from that in the incomplete information approach.
In particular, the latter introduces a meaningful connection between the past and the
future play of the game, while with complete information there is no reason to expect
the continuation of the game to be different from the original game, after any possible
history.

With imperfect monitoring, instead, the ”adverse selection” approach to reputation
has even starker implications. In particular, it has been found that the long-lived player
can secure himself payoffs larger than the maximum that could be achieved without
incomplete information. Importantly, it is the case that in building his reputation,
the player usually mimics a commitment type that does not suffer from moral hazard,
thus taking actions that lead to a Pareto-improvement with respect to the complete
information case.

In this survey we will be concerned with the mainstream notion of reputation, which
requires incomplete information. In particular, we are interested in those situations in
which the players’ own desire to build a good reputation leads to an increase in aggre-
gate welfare. Unfortunately, when the uninformed players can observe and recall the
whole play of the game (a case which we call complete records) reputation is fragile.
Absent imperfect monitoring, a single action that is not compatible with the commit-
ment strategy is enough for the uninformed player to discover the opponent’s true type.
With imperfect monitoring, the informed player himself finds it increasingly tempting
to deviate from the commitment strategy, expecting the uninformed player to attribute
such deviations to noise. Indeed, imperfect monitoring preserves the player’s reputa-
tion for a while, but eventually the player’s true type will be learnt, and reputation
will cease to play a role (Cripps et al., 2004; see also (.jzdogan7 2010).

The impermanence of desirable reputation effects has prompted the literature to
focus on their rescue, looking for a way to maintain over time strong incentives to build
and not to deplete a good reputation. Intuitively, reputation concerns could be kept
in check by preventing the informed player from accumulating a too good reputation
as well as by granting him the possibility to rebuild a lost reputation. Since a player’s
reputation corresponds to the belief that the short-lived player has in him being of
the commitment type, the intuition above can be restated by saying that to sustain
reputation effects over time we need to ” continuously replenish” the uncertainty about
players’ type (Cripps et al., 2004).

In this sense, censoring the short-lived players’ access to the information regarding
their opponent’s past behavior is a viable solution. Limited records appear capable of
preventing the informed player from building a too solid reputation, which, as argued
above, would provide him with a credible commitment device to keep investing in his
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reputation. Moreover, actions not compatible with the commitment strategy would
be forgotten with the passage of time, allowing the long-run player to rebuild a lost
reputation.

For these reasons, and for their evident simplicity, limited records appear to us an
ideal device to ”continuously replenish” the uncertainty regarding the type of the long-
lived player, sustaining over time plays of the game that are preferable from a Pareto
point of view. The remainder of this section reviews in the detail the game-theoretic
works that investigate whether limited records can effectively succeed in doing so.

3.1. Three models of limited records and incomplete information. To fix
ideas, it is useful to lay down some more precise assumptions regarding the interaction
under study. Following the literature (Mailath, Samuleson, 2006), we assume a two-
player, simultaneous-move, infinitely repeated game of perfect information, played by
a long-lived player (a ”seller”) and a sequence of short-lived opponents (the ”buyers”).
The latter enter the game, play it once, and then leave. The seller decides whether or
not to exert effort in the production of a good, and each buyer decides whether to buy
it or not!0. Alternatively, we can say that the buyer decides on how much to trust the
seller, while the seller decides on how much to exploit the buyer’s trust.

Payoffs are such that although both the seller and the buyer would benefit from
taking the cooperative actions (high effort/do not exploit and buy/trust), these are
not an equilibrium of the static game. The only equilibrium of the one-shot, complete
information game is for the seller to exert no effort (or to exploit the buyer’s trust) and
for the buyer not to buy (not to trust). To allow for incomplete information, we perturb
this game by introducing the possibility that, besides being of the normal (rational)
type, the seller can be of a commitment type. This type always plays the cooperative
action!! (high effort/not exploiting) with a probability greater than zero.

These assumptions describe a repeated game of incomplete information of the kind
discussed above, so that, if we allow the short-lived players to observe all the past
actions of the seller (a case that we call complete records), as well as those of the
previous buyers, we can expect reputation effects to arise. A sufficiently patient seller,
in fact, can be demonstrated to optimally choose to mimic the commitment type, so
that buyers eventually begin to best respond to the commitment strategy by buying
the good/trusting the seller.

10 The action space need not necessarily to be finite, in which case we would think of a seller that
decides how much effort to exert and the buyer how much of the good to buy.

11 The upcoming results would also hold if there were more than one commitment type. Also,
note that the commitment type need not to play the action to which the rational player would like to
commit, if he could so (the so-called Stackelberg action, see Mailath, Samuleson, 2006), but this type
is only assumed to play the cooperative action with a positive probability at all stages of the game.
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Liu and Skrzypacz (2011) study the effects of substituting, in the setup just de-
scribed, the assumption of complete records with that of (exogenously) limited records.
In doing so, they are motivated by the observation that limited records is an informa-
tional arrangement much more widespread in real-life than complete records. In an
effort to capture the features of actual interactions, each short-lived buyers is assumed
to observe, upon entering the game, the K most recent actions taken by the seller, and
to not be able to observe the actions taken by previous buyers™. Further, the seller’s
payoff is assumed to be submodular in the buyers’ likelihood to best reply to the com-
mitment action (by buying/trusting), implying that the seller’s temptation to deviate
from mimicking the commitment type’s strategy increases in the likelihood that the
buyer will trust the seller.

When these two assumptions, limited records and submodularity, hold, it is possi-
ble to demonstrate that any of the perfect Bayesian equilibria (hereafter, PBE) of the
game displays stochastic cycles of reputation building and exploitation. More precisely,
when the records show any positive number k& < K of low-effort /exploitation choices
(deviations), the seller mixes between exerting high and low effort, and the buyer mixes
between buying and not buying (trusting/not trusting), with a higher probability on
the trusting action the cleaner is the seller’s records. When his records displays no de-
viations in the previous K periods, the seller is indistinguishable from the commitment
type and he deviates for sure, exploiting the current buyer’s trust. After this, he starts
building his reputation anew.

The reputation building phase terminates for sure when the seller has achieved the
clean record with only cooperative actions. At that point, he is indistinguishable from
the commitment type and he exploits for sure. Buyers, in fact, upon seeing a clean
record, cannot distinguish between a rational and a commitment seller and best reply
to the latter, which by definition displays the clean record more often. Importantly,
the seller does not further cooperate in equilibrium because an additional cooperative
action would not be seen by future buyers. Such an action would only replace the
cooperative action recorded K periods ago that is going to be erased by the passage of
time. Thus, once he has the clean records, the seller cannot increase the buyer’s trust
any further, and he optimally exploits it for sure.

The reputation cycles just described arise from the joint action of the submodularity
and limited records assumptions. The former creates a tension between the benefit of
deviating today and the discounted benefits of deviating tomorrow on a more trusting

12 The authors argue that these modelling assumptions represent buyers on electronic marketplaces,
lenders that access a borrower’s credit records or customers that access the registers of previous
customers’ opinions and complaints. In these situations, the current buyer/lender/customer effectively
cannot observe the action taken by his predecessors.
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buyer. Such a tension is solved by mixing between mimicking the commitment type
and exploiting when the records display any number of deviations. The submodularity
assumption also explains why in equilibrium, during the reputation building phase,
each individual buyer decides to mix between best replying to the normal type’s and
to the commitment type’s action, even knowing that the seller is not of the commitment
type because he has deviations in his records. Each buyer, in fact, knows that during
the reputation building phase the seller will not take the exploitative action for sure,
foreseeing the gains from exploiting a more trusting buyer in the future. Anticipating
this and knowing that some future buyers will believe the seller to be of the commitment
type for sure (at the clean record with no deviations), a buyer trusts the seller, to a
certain extent, even when he knows his true type. Again because of submodularity, a
buyer trusts the seller the more the cleaner his records!s.

Naturally, the assumption of limited records plays as well a key role in allowing
for reputation cycles to arise. Were records complete, a current short-run buyer would
know that future buyers will be able to access (at least) the same history of the seller’s
action as he can. Accordingly, once a buyer sees a deviation in the records, he knows
that future buyers will see it as well, and that the seller has no incentives to postpone
exploitation, since he will never be able to ”clean up” his records. Thus, with complete
records, the seller would exploit at most once along the equilibrium path, and after
that reputation effects would disappear forever.

Summing up, the key finding of Liu and Skrzypacz consists of having demonstrated
that in repeated games of incomplete information, limited records together with the,
fairly realistic, assumption of submodularity of the seller’s payoffs allow for rich reputa-
tion dynamics to arise in equilibrium. Importantly, these do not require each individual
buyer to believe that the seller is of the commitment type to allow him to invest in
reputation building. Anticipating that the rational seller prefers to deviate on future,
more trusting, buyers (submodularity), and knowing that a future buyer will indeed
see clean records and believe himself to be playing with the commitment type (lim-
ited records), buyers that observe a records with any positive number of deviations
optimally mix between buying and not buying the good. Accordingly, even a (known)
rational seller is in the position to build up a reputation for being of the commitment
type. Such a result is very innovative because, to our knowledge, it contrasts with most
of the existing results, that document reputation dynamics only when the uninformed
player entertains a genuine belief to be playing with the commitment type.

13 The authors comment that "as a result, [the seller and the buyers] collectively exploit future
short run players” (Liu, Skrzypacz, 2011, p. 14).
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Reputation cycles similar to the ones just described arise also when the assumption
of (exogenously) limited records is replaced with that of costly information acquisition,
which effectively makes records endogenously limited. Liu (2010) studies this possibility
in the game above and assumes that, upon entering the game, a buyer has the option
to pay a monetary cost to access, unobserved by the seller, k& "bits” of information,
which correspond to the records of the seller’s actions'? in the last k periods. The cost
of buying information is assumed to increase in the number of periods acquired, so that
buyers never buy the full history!®.

With costly information acquisition, in all the PBE of the game the seller builds his
reputation by mixing between high and low effort until he has K™* cooperative actions
in a row, where K* corresponds to the maximum number of information bits that each
short-run buyer would want to acquire in equilibrium?. Each buyer decides whether
and how much information to acquire as well as whether to buy the good or not.

Liu demonstrates that, in any PBE of the game, the buyers randomize on how
much information to buy. Upon acquiring k£* < K* bits of information, buyers buy the
good as long as they do not see any opportunistic action in the acquired records, and
otherwise refrain from buying. When they do not acquire any information, buyers mix
between buying and not buying with a probability on the first action that is higher
the lower the costs of information acquisition, thus free-riding on the previous buyers’
information acquisition decisions. Note that a situation in which each buyer acquires
(lots of) information for sure is not an equilibrium. Future buyers, in fact, would find
it optimal to acquire less information, in order to free-ride on the strict monitoring
exerted by their predecessors. But this eventually would weaken the seller’s incentives
not to cheat, thus undermining the disciplinary effect of information acquisition.

Differently from the case in which records are limited exogenously, here short-run
players only trust the long-run player when they genuinely believe he may be of the
commitment type. This follows from the fact that records are now monitored randomly,
sometimes not at all and other times to different extent. Then, even when maintaining
the submodularity assumption, short-run buyers that discover that the seller is of the
rational type do not expect him to postpone the exploitative action, because it is not
clear whether the future buyers will be more or less trusting, or not trusting at all.
Thus, once replaced the assumption of exogenously limited records with that of costly

M4 As in Liu, Skrzypacz (2011), short-lived buyers are not assumed to be able to observe each
other’s actions.

15 In characterizing the equilibrium, Liu disregards the initial periods in which buyers could afford
to buy the whole history.

16 Acquiring more than K* bits of information leads to costs higher than the expected benefits.

More precisely, K* follows from the assumption that the "marginal value of information decreases
exponentially in the amount of information” (p. 5).
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monitoring, the seller is trusted only when the acquired information is consistent with
him being of the commitment type.

In Liu’s model, then, reputation building is driven by the assumption of costly
information acquisition. Since the buyers that do not acquire any information mix
between best replying to the commitment and to the rational action, the seller has
an incentive to mix between exploiting and cooperating, in an effort to build up a
reputation for being of the commitment type. The reputation building phase ends
once the seller achieves a record that makes him indistinguishable from the commitment
type, at which point he takes exploitative action for surel7.

In the two models discussed so far, monitoring has been assumed to be perfect,
although limited to the last K periods. Ekmekei (2011), instead, allows for imperfect
monitoring, and adapts the incomplete-information game that we have been looking at
so far to represent a seller/buyer interaction in an electronic marketplace. The game
is similar to the one discussed above, although submodularity is not assumed, so that
the seller’s temptation to cheat does not increase in the buyers’ likelihood to buy!8.

Moreover, because of imperfect monitoring the short-lived buyers can only observe
signals about the past play. In particular, we maintain the assumption that buyers
cannot see each other’s actions, so, without information censoring, they would access
the (whole) history of signals about the seller’s actions. Were this the case, reputation
effects would arise and then disappear, as argued in Cripps et al. (2004). To prevent
this from happening, Ekmekci investigates the possibility of limiting the buyers’ access
to past information. Differently from the limited records we have discussed so far,
rather than assuming that buyers can access only part of the history of past signals,
Ekmekci assumes a rating system, that produces a noisy signal regarding the past play
of the seller'®. In the first period of the game, the seller’s rating is selected at random
among the set of possible ratings, which we can think of as a finite set of natural
numbers. After that, the rating evolves according to a transition rule chosen by the
rating system, which maps the seller’s past actions, the system’s old ratings and the
realized signal?® into a probability distribution over the possible ratings.

17 As in Liu, Skrzypacz (2011), since the seller has K* cooperative actions in a row, further
cooperation would not be rewarded because no buyer would acquire K* + 1 bits of information.

18 More precisely, the cost of effort is constant across all actions of the short-run players. That is,
taking the opportunistic actions does not deliver a higher payoff when the short-run buyer is (more
likely to be) buying/trusting.

The rating system is inspired by the model in Wilson (2002) that studies a non Bayesian
decision maker information processing with a finite automata, that, as the rating system, process the
information that will be disclosed to the decision maker.

20 That Ekmekei interprets as rating of the seller’s performance
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Under this informational arrangement, Ekmekci shows that it is possible to con-
struct a rating system that sustain reputation effects over time. In particular, under
such system, it is possible to find a PBE of the game in which the buyers buy at all the
ratings but the lowest one and the effort exerted by the seller depends on his rating.
At the lowest rating, the seller behaves opportunistically, and the current-period buyer
does not buy the good. As the rating improves, the seller mixes between cooperating
and taking the opportunistic action, while buyers always buy the good. Finally, at the
best rating the seller exploits the buyer who, observing the best rating, buys the good
for sure, expecting to be dealing with the commitment type?!.

The importance of Ekmekci’s results is best appraised by relating them to the
impermanent reputation finding?? in Cripps et al. (2004). Ekmekci shows, in contrast
to Cripps et al.’s, that it is possible to design a rating system such that (i) the buyers
never learn fully the seller’s type, (ii) the long-lived seller is provided with the right
incentives for taking the commitment action. Note that, although not all rating systems
which grant (i) also achieve (ii), Ekmecki demonstrates that some exist.

Although the buyers’ equilibrium strategy described in Ekmekci’s model has a flavor
of the reputation cycles documented by Liu, Skrypacz (2011) and Liu (2010), there are
a few caveats to keep in mind when comparing the three models. First, in the Ekmekci’s
model, the seller postpones exploitation by being indifferent between exploiting and
not exploiting in each period, rather than because he expects higher benefits from
postponing exploitation tomorrow. This follows from the fact that the benefits from
exploiting are the same at any rating, since there is no submodularity in the seller’s
payoff, and buyers do not buy only at the lowest rating. Secondly, similar to Liu (2010)
and differently from Liu and Skrzypacz (2011), reputation can be sustained only when
the buyers genuinely believe the seller is of the commitment type. This is because in
the current model there is no reason for a buyer to expect a rational seller to behave
cooperatively, since neither exogenously limited records nor payoff submodularity are
assumed. However, thanks to the assumptions on the rating system, and because of
imperfect monitoring, ratings different from the top one are also consistent with the
commitment strategy. Then, buyers optimally buy at all ratings that are compatible
with the seller being a commitment type, and they do not buy the good at the only
rating that unequivocally identifies the rational seller (the lowest). Finally, Ekmekci’s
findings are true for one equilibrium that he constructs, while the results in the two
previous models apply to any PBE of the game studied.

21 This is an equilibrium because the rating system is constructed such that the commitment type
is at the best rating much more frequently than the rational type.

22 Cripps et al. (2004) show how under unlimited records the payoff of the long-run player will
eventually approach the equilibrium payoff of the repeated game without uncertainty.
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The three models surveyed so far share a number other similarities worth men-
tioning. First, all the three models assume that the long-lived player is sufficiently
patient. Were this not to be the case, the seller’s impatience would have to be taken
into account explicitly, in designing effective limited records.

Moreover, in all three models the limited records arrangement is not preferable to
complete record if incomplete information is assumed away (i.e. allowing the seller to be
only of the rational type). In Liu, Skrzypacz (2011) and Liu (2010), the assumption of
unobservability of previous short-lived buyers’ actions prevents a grim-trigger strategy
to be an equilibrium both in the case of limited and complete records. Thus, even
with perfect monitoring, both arrangements unfolds in the repetition of the static
Nash equilibrium. When the information is instead transmitted via the rating system
(Ekmekci, 2011), it turns out that with complete information all the PBEs that can
be constructed by transmitting to the buyers a single message that encapsulates the
whole history can be replicated by a rating system that shows the current message as
well as the complete history of past signals.

Summing up, in games with incomplete information?? and possibly imperfect mon-
itoring, limited records allow players to build up a reputation for being of the commit-
ment type, which is socially desirable because this type does not suffer from the moral
hazard problem. In particular, limited records are effective if the mimicking player is
sufficiently patient, so he will find it optimal to invest in reputation building, and if
the short-lived players cannot coordinate?*, implying that other desirable equilibria,
such as grim-trigger ones, are not feasible. Limited records, however, give rise to cycles
that consist of a reputation building phase, which is desirable from a social perspective
because the seller often takes an action that Pareto-improves the payoffs, followed by
a period of reputation exploitation.

Importantly for our survey, in these models exploitation occurs more often the
shorter the length of the records, because with shorter records the rational player suc-
ceeds more often in mimicking fully the commitment type, at which point exploitation
follows for the reasons outlined above. This result suggests that limited records can
sustain beneficial reputation effects, but, to avoid inefficiencies, they have not to be set
too short.

4. Limited records and credit markets

As discussed in section 2, privacy laws apply to credit markets, where they prescribe
the removal of borrowers’ credit data from public registers after a finite number of

23 And a desirable commitment type.
24 By not being able to observe each other’s actions
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years. From a strictly economic perspective, such a provision looks inefficient because it
ordains the removal of possibly relevant information from the public domain?. Yet, the
results in section 3 challenge this intuition, and instead suggest that data retention may
be needed to sustain beneficial reputation effects over time. Although this possibility
has not been very extensively studied?$, in this section we survey the relevant literature
and present the existing results

The interaction between a borrower and a lender is similar to that between a seller
and a buyer, since both often feature adverse selection and moral hazard. Adverse
selection arises at the pre-contractual stage, whenever borrowers are allowed to have
private information about their own characteristics (¢ype). Moral hazard occurs instead
after the contract has been negotiated, because borrowers can affect the returns to the
lenders by taking unobservable and costly actions. Importantly, adverse selection and
moral hazard may be, and often are, interrelated. When this is the case, the adverse
selection (a borrower’s private information) concerns the extent to which he suffers from
the moral hazard problem. For instance, this is the case when borrowers differ in their
cost of effort. Some borrowers, then, are preferable as transacting partners because
they have intrinsic characteristics which induce them to take the opportunistic action
less frequently.

If we allow borrowers and lenders to interact repeatedly over time, letting the
information on the past play of the game be available at any point in time (complete
records), we can analyze the resulting credit market interaction as a repeated game
of incomplete information. Thus, according to the results discussed up until now,
we can expect reputation effects to arise. More precisely, we can expect borrowers
of the less desirable type ("bad” borrowers) to try to build a reputation for being
”good” borrowers, in an effort to obtain from the lenders the better contractual terms
offered to this latter group. In particular, when adverse selection and moral hazard
are interrelated, it may be the case that bad borrowers end up by taking actions that
alleviate the moral hazard problem.

Complete records, however, despite creating scope for reputation effects to arise, are
also likely to result in their disappearance, as lenders learn each borrower’s true type
by Bayesian updating. Yet, the results reviewed in section 3 suggest that reputation
incentives may be sustained by implementing a limited records policy. If this can be
demonstrated to be viable, it would be particularly valuable because, besides increasing
efficiency, it would also be in agreement with privacy goals.

25 Rather than allowing the agents to be free to optimally decide whether to use it or not.

26 There are however several works that try to assess empirically the impact of privacy provisions
on market outcomes (Armour, Cumming, 2005; Bos, Nakamura, 2010; Cohen-Cole et al., 2009; Musto,
2004). The results are mixed.
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Interestingly, the works that have explored the above line of reasoning, have found
mixed results (Elul, Gottardi, 2008; Vercammen, 1995). In particular, it is not always
possible to argue that limited records are preferable to complete records. We believe
that this result follows from typical characteristics of the credit markets’, at least two
of which raise concerns that were not found in the models surveyed thus far. The first
feature that pertains specifically to the market for credit is that the severity of adverse
selection and moral hazard may differ, and this variation affects the desirability of the
limited records arrangement. For instance, when some borrowers are intrinsically not
credit-worthy, complete records, that allow the lenders to learn fully the borrowers type,
are arguably more efficient than limited records, which would instead allow borrowers
of all types to remain in the market. Secondly, and differently from the setup studied
in the previous section, in this section we will be looking at a market setup where
different informational arrangements affect the contractual terms offered to all market
participants. Thus, the composition of borrowers of different types in the market is
also an important dimension for assessing the desirability of limited records.

The remainder of this section surveys in depth two papers that try to assess the
impact of limited records on credit market outcomes, and it briefly discusses a third
work that addresses the same question but from a different perspective. Unless oth-
erwise stated, the setup is assumed to be an unsecured borrowing-lending market for
entrepreneurs and small business, where long-lived borrowers apply for credit from
short-lived lenders. Borrowers are of different types, some of which are preferable in
the eyes of the lenders. Types, however, are private information, so an adverse se-
lection problem arises. Furthermore, once the loan is contracted, borrowers take an
unobservable action, which introduces moral hazard into the market. Borrowers are
assumed to be long-lived so that we can study the effects that reputation building has
on their current behavior. Lenders, instead, are assumed to be short-lived, mainly
for two reasons. First, this assumption makes sure that lenders cannot accumulate
private information, and have to base their strategy on public information only. This
is functional to isolate the effects on information censoring on market outcomes. Sec-
ondly, the assumption befits the unsecured credit markets, where lenders typically do
not write long-term contracts. Free-entry into the supply side is assumed, so that the
credit-industry is competitive, and the zero-profit interest rate prevails. Finally, we
can think of a costless technology that enforces the contract, so that borrowers cannot
embezzle the realized revenues. We will discuss each model’s assumption in more depth
below.

4.1. Three models of borrowers’ behavior with limited records. While
they were not the first to address the topic, Elul and Gottardi (2008) provide the
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most thorough analysis of the effects that data retention policies have on credit market
outcomes. The authors study a borrowing-lending market for entrepreneurs and small
business, in which short-lived lenders compete on the contractual terms to offer to long-
lived borrowers. Borrowers, who do not have any endowment of their own, need such
a loan to undertake a project. For simplicity, it is assumed that the project can result
either in R > 0 revenues, or in zero revenues. Once revenues are realized, they are used
to repay the lenders, thus a loan is either repaid in full or defaulted upon?”. Whatever
remains after the debt is repaid, is used by the borrower for his own consumption?s.

Borrowers can be of one of two types, either safe or risky. The safe type is such that
his projects always succeeds, implying that loans to these borrowers are always repaid
in full. The loan to a risky agents, instead, may or may not be repaid. More precisely,
risky agents can decide whether to exert high or low effort. With low effort, the project
fails for sure, while with high effort it results in the project succeeding with a positive
probability, strictly lower than one. High effort, however, is costly?®, and the effort
choice is unobservable to the lenders. Suitable assumptions on the payoff structure
guarantee that in a static framework risky borrowers do not choose high effort, and
that lenders do not fund them, because failed projects are assumed to have negative
present discounted value.

If the game is repeated, however, the history of past project outcomes allows in-
tertemporal incentives to arise for the risky borrowers, who can build themselves a
reputation for being of the safe type. Lenders, in fact, use a borrower’s credit history
to update their belief regarding his type. As long as a credit history shows no defaults,
the lenders’ belief in dealing with a safe borrower becomes increasingly strong. By
exerting high effort, then, a risky borrower can appear to be of the safe type, thereby
securing himself continued access to credit, and at increasingly better terms.

Since lenders are by assumption short-lived, a (long-lived) credit bureau is assumed,
that updates and makes available® to the lenders the credit history oi of each bor-
rower 7. A credit history consists of the sequence of the outcomes (repayment/default)
realized by a borrower in all previous periods up to t. Since, the information contained
in o; is the only available to the lenders, their strategies, and those of the borrowers’,

27 Borrowers, in fact, do not have any endowment, and cannot write long-term contracts with the
short-lived lenders.

28 Tt is assumed that saving (negative consumption) is not possible.

29 This is different from what happens in the Diamond (1989) model, where the moral hazard
choice of the "normal” entrepreneurs only involve costlessy choosing between the safe and the risky
prg(J)eci.enders are also assumed to have access to the set of contracts offered to borrowers in each
past period, although they do not know by which borrower each contract was accepted. The authors

justify this assumption by noting that ”the set of contracts generally offered to borrowers is available
from databases such as ”Comperemedia”” (Gottardi, Elul, 2008, p. 8).
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are based on it3'. More precisely, lenders use the information in o, to compute the
belief p(o;) that a borrower is of the safe type. This belief is then used to decide on
which interest rate to ask for lending their funds32. According to the assumptions of
the model, upon seeing a single default, the lenders correctly identify the borrower as
risky. Borrowers of all types decide which contract to accept3?, and risky borrowers in
addition decide on which effort-level to exert. In doing so, they weigh the marginal
cost and the marginal benefits of effort. The latter account both for higher current
utility, as well as for the higher future payoffs that accrue via reputation building, by
lowering the probability of a default.

To begin with, the authors characterize the equilibrium with complete records, in
which the credit bureau transmits to current-period lenders the complete history of
each borrower’s past project outcomes. The authors analyze the Markov equilibrium
of the game between the borrowers and the lenders, using p(c;) as the state. This is
a fairly natural restriction®, because both the borrowers’ and the lenders’ decisions
can only be based on oy, and thus on p(o,). In such an equilibrium, credit records
are indeed found to create incentives for the risky borrowers to choose high effort,
in order to build a reputation for being of the good type. Moreover, the strength of
these incentives is demonstrated to vary with the parameter that measures the cost of
effort?>. Note that reputation is valuable because, in equilibrium, only safe borrowers
are offered financing. When a risky borrower is identified, he cannot any longer hope to
affect lenders’ beliefs by using the outcome of his projects, since there is not, and there

31 This environment appears inspired by that studied in by Diamond (1989). Diamond was the first
to demonstrate that when reputation concerns arise in the credit markets, they have welfare-increasing
effects. Reputation, in fact, thanks to its signalling effect, allows only good borrowers to remain in the
market, leading to lowers interest rates in equilibrium. In Elul and Gottardi’s model, the reputation
dynamics work in a similar way, by allowing lenders to screen bad borrowers out of the market (with
complete records).

2 Loans are restricted to be of a single size, normalized to one, and contracts are assumed to be
debt contracts, fully characterized by the rate of interest.

33 In particular, they choose the contract offering the lowest interest rate, since the decision of
which contract to accept is unavailable to future lenders.

34 The authors argue that "non-Markov” equilibria require a degree of coordination among lenders
that seems implausible in a real credit markets. However, they also consider the case in which lenders
live forever and can write long term contracts, and argue that the findings of the paper would still
hold.

35 When the cost of effort is high, the incentives to exert high effort are weak, and risky entrepreneurs
optimally exert low effort whenever financed. Lenders, however, may still decide to finance borrowers
as long as they expect enough borrowers to be of the safe type. When instead the cost of effort is
low, risky entrepreneurs exert high effort and financing is profitable for any composition of safe and
risky types. For intermediate values of the cost of effort, the incentives depend on the belief p that
a borrower is of the safe type. If this belief is high, then the equilibrium interest rate is low (as in
Diamond, 1989), and high effort can be sustained. As p decreases the incentive to exert low effort
weakens, and financing decreases, until we reach a state with no financing.
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will never be, any uncertainty about his type. Current lenders anticipate that, for this
reason, the borrower is unable to internalize the returns from high effort (that would
have otherwise accrued via building good reputation), and, accordingly, they expect
him to exert low effort. Due to the assumption on the static moral hazard problem,
lenders do not provide a borrower known to be risky with funds.

Having characterized the equilibrium with complete records, the authors move on
to discuss the conditions under which a policy of data retention is welfare-enhancing,
in terms of total generated surplus. Rather than via ”properly” limited records, data
retention is here modelled by assuming that once a borrower realizes a default, the
credit bureau registers it as a repayment with a strictly positive probability ¢. Thus,
data retention is framed as a ”forgetting” policy. The authors demonstrate that this
policy is welfare-increasing when the risky borrowers’ incentive to exert high effort is
strong (i. e. when the cost of effort is not too high), when the borrowers’ average
quality in the market is not too risky and when the borrowers are sufficiently patient.

To interpret the conditions just outlined, one has to consider that the forgetting
policy effectively reintroduces risky borrowers into the market alongside good bor-
rowers. Accordingly, its overall effect on welfare depends on how these ”"redeemed”
borrowers behave once back in the market. In accordance with intuition, total surplus
will increase if the borrowers do not slack off a second time, but rather exert high
effort. Having clarified this, it appears that the role of the conditions above is pre-
cisely to ensure that (reintroduced) risky borrowers will actually behave in a way that
increases the realized surplus. Note that, in this model, the forgetting policy hurts the
safe borrowers, because it slows down the process of screening risky borrowers out of
the market. In turn, this prevents the interest rates from settling on the levels that
would prevail with complete information. However, were the safe types also allowed
to default, although less frequently than the risky types, forgetting would promote the
welfare of both types38, albeit to a different extent.

We have two main comments on Elul and Gottardi’s results. The first concerns
the conditions under which forgetting is welfare-enhancing. These describe a market
characterized by low adverse selection and low cost of effort, where defaults are likely
to happen more frequently out of bad luck rather than out of fraudulent behavior.
Under these circumstances, punishing a single default with exclusion forever from the
market appears too severe, even from an aggregate welfare perspective. Arguably,
in fact, welfare would benefit from reintroducing relatively hard-working but unlucky
borrowers. Thus, it seems to us that the result on the efficiency of forgetting is, at

36 Because now both would benefit from the possibility of being reintroduced in the market.
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least in part, driven by the assumption of a too harsh punishment for the defaulting
event.

Secondly, Elul and Gottardi’s setup is reminiscent of the model studied by Liu and
Skrzypacz (2011). In both models, there is a short-lived player, that can be called
buyer or lender, who conditions his strategy only upon the information transmitted
by a central authority. Further, both models feature a long-lived player, seller or
borrower, that can be either of the rational or of a commitment type®”. In both
models, the rational type would want to take the opportunistic action in the static-
equilibrium, either exploiting the buyer’s trust or exerting low effort. Differently from
Liu and Skrzypacz, in Elul and Gottardi’s model there is imperfect monitoring of the
long-lived player’s actions, which cannot be directly?® observed. However, Liu and
Skrzypacz argue that, based on preliminary work, imperfect monitoring would not
alter the nature of their results.

Despite these similarities between the two models, they are strikingly different
in how information censoring is modelled. While in Liu and Skrzypacz records are
effectively limited to the last K periods, Elul and Gottardi assume a forgetting device
that transmits complete but ”incorrect” records.

Elul and Gottardi argue that the reputation effects that arise under the forget-
ting specification are comparable to those that would arise under a proper limited
records assumption. However, from the discussion in section 3, it seems instead that
substituting limited records with forgetting may lead us to overlook richer reputation
dynamics. In Elul and Gottardi’s model, in fact, once a default is realized and not
forgotten, the borrower is uniquely identified as being of low ability, and thus excluded
from the market3?. This is very similar to what happens in Liu and Skrzypacz’s model
with complete, rather than limited, records. In their model, when information is not
censored, exploitation (low effort) can happen at most once, after which reputation is
lost forever, just as in Elul and Gottardi, although in this latter model the forgetting
policy may postpone the reputation loss for a while.

The effects of forgetting, then, contrast starkly with the dynamics found to arise
under proper limited records, which we know to be as rich as to generating cycles of
reputation building and exploitation. Thus, we believe it is not unlikely that limited
records would produce, also in the context of the credit market, dynamics different

37 In Elul and Gottardi’s model the commitment type is the safe borrower that never fails.

38 Rather, what is observed is only a noisy signal of the borrower’s action, given by the project’s
outcome. Furthermore, in Elul and Gottardi’s model current-period lenders know something about
the action taken by the previous period lenders, since they can observe the set of previously offered
contracts.

39 Low ability borrowers have no static incentive to exert high effort, and with low effort their
projects are not worth funding.
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from those documented under the forgetting assumption. For instance, anticipating
that a default will be erased by the passage of time, borrowers may find it optimal
to keep building their reputation even when they have such a default in their records.
Accordingly, lenders could find it optimal to keep providing funds to these borrowers,
instead of excluding them from the market altogether. Although Elul and Gottardi’s
model is informative per se, and has the merit of having directly addressed the issue of
data retention in the credit market in an comprehensive way, we believe that the issue
we just raised deserves further investigation.

The second paper we survey (Vercammen, 1995) studies a credit market similar to
that analyzed above, where short-lived lenders compete in offering loans to long-lived
borrowers, but it differs in how moral hazard and adverse selection are modeled. More
precisely, Vercammen assumes that borrowers can be of one of several, rather than two,
types. A borrower’s type is thought of as his ability, and it is assumed to only affect the
borrower’s marginal cost of effort. Intuitively, the higher a borrower’s ability, the lower
his marginal cost of effort. Borrowers of all types, upon having obtained a loan, have
to decide how much effort to exert. As in Elul and Gottardi, the project’s revenues
are used to repay the loan and, if anything is left, for own (non storable) consumption.
Revenues are jointly determined by the borrower’s effort choice and the realization of
a shock. The disturbance term is assumed to be such that borrowers of any type,
and exerting any level of effort, may default’!. Differently from the previous model,
revenues are not a binary variable, and a default occurs when the generated revenues,
which may, but need not to, be zero, fall short of repaying the pre-contracted interest
rate. When this is the case, the lenders appropriate any revenue that was realized.

Under these assumptions, the interaction between borrowers and lenders features
both adverse selection and moral hazard. Since both the effort choice and the shock
realization are unobservable, a moral hazard problem arises from the impossibility
for borrowers to internalize the returns on effort in the event of a default. In turn,
this prompts them to exert less effort than in the perfect information case. Adverse
selection, instead, follows from the fact that lenders would prefer to contract with
borrowers of high ability. Since a borrower’s type is his private information, however,
it cannot be credibly communicated, and the well-known market for lemon problem
arises.

Note that adverse selection is here modelled differently from what we have seen in
FElul and Gottardi. While they assumed a proper commitment type, whose behavior
always resulted in a certain outcome (repayment), Vercammen lets borrowers of all

40 Although of known type, a risky borrower that is known to be committed to high effort is

credit-worthy.
41 Although the higher the effort the higher the probability of repaying.
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types to be in the position to repay or default. Furthermore, note how in Vercammen’s
setup the adverse selection is on the degree of moral hazard: lenders would want to
know the borrowers’ type to lend their funds to the applicants that suffer less from this
distortion. Finally, note that in Vercammen’s model all borrowers are assumed to be
credit-worthy.

Vercammen studies the PBE of the repeated interaction between lenders and bor-
rowers, and documents that with complete records reputation effects arise in equilib-
rium. Lenders, in fact, are aware that the borrowers may be of different types, and,
accordingly, offer different contracts to borrowers with different credit histories. As
before, this information is made available to them by a credit bureau, and consists of
the history of a borrower’s project outcomes (default/repayment).

Just like in Elul and Gottardi’s model, the intertemporal transmission of infor-
mation creates the incentive for borrowers not only to maximize their current-period
utility, but their future payoffs as well. Future payoffs depend on the lenders’ belief (on
the borrower’s type) because lenders offer lower interest rates to the applicants believed
to be of high ability, expecting them to default less frequently than their low-ability
counterparts. Anticipating these lower interest rates, a borrower has an incentive to
build himself a reputation for being of the high type, which he can do by repaying
rather than defaulting. Note that the possibility of building a reputation, allowed by
the presence of incomplete information, increases the total marginal value of today’s
effort for a borrower, by connecting it to future payoffs, and, thus, it prompts him to
exert higher effort than in the complete information case. In turn, this alleviates the
moral hazard problem.

Complete records allow for reputation effects to arise, but unfortunately they also
imply their disappearance over time, as lenders learn the borrowers’ types. As learning
becomes increasingly precise, the equilibrium interest rates will approach those pre-
vailing in the complete information game. Reputation effects also vanish, because as a
borrower’s type becomes known, the lenders’ beliefs can be influenced to a lesser extent.
Accordingly, the return on effort that was accruing to borrowers via reputation build-
ing disappears, because there is no reason to expect lenders to condition contractual
terms on anything else than a borrower’s known type.

The impermanence of reputation effects, although swiping adverse selection away
from the market, can be welfare-decreasing, at least for some range?*? of the parameters.
Motivated by this result, Vercammen investigates the effects on welfare of a policy of

42 In general, the effects of fading adverse selection are ambiguous. However, with fixed investment
size, adverse selection does not cause any direct welfare loss, and moral hazard is less severe when
it appears jointly with adverse selection than without it. As a result, welfare is higher when both
distortions are present. For a discussion, see Vercammen (2002).
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data retention. To do so, he restricts lenders to observe only (limited) records of the
T most recent outcomes realized by each borrower. It can be demonstrated that such
a policy, by effectively preventing the lenders from learning a borrower’s true type,
allows borrowers to build themselves, and maintain over time, a reputation for being
of high ability, with results that are beneficial for aggregate welfare.

Although Vercammen does not explicitly study the determinants of the optimal
length of the window T, he suggests that intermediate values are preferable. Too long
retention periods, in fact, may risk weakening the reputation incentives, by allowing the
lenders to screen borrowers in a rather accurate way. Too short periods, on the other
hand, may not allow borrowers enough room to build themselves a solid reputation.
Vercammen also highlights that, in designing limited records, it is important to account
for the effect that different retention periods have on the welfare of borrowers of different
types. In particular, like in Elul and Gottardi’s model, high-ability borrowers benefit
relatively more from longer retention periods, which allow them to signal credibly their
types. Low-ability borrowers, instead, prefer relatively shorter records. Under this
arrangement, in fact, possible defaults are forgotten more frequently, and the prevailing
interest rates involve a large extent of cross-subsidization, which is attractive for low-
ability borrowers (for a discussion, see Vercammen, 2002).

For the purpose of our survey, Vercammen’s model is interesting because it illus-
trates how limited records can be designed in a way that maximize efficiency and
respects privacy. This result rests on the assumption that moral hazard and adverse
selection are related, since the adverse selection (borrowers are of different, privately
known types) is "on” the severity of moral hazard (worse types suffer from a more
severe moral hazard problem). Credit records exploit the joint presence of these two
informational asymmetries by allowing borrowers the possibility to build a reputation
that is beneficial for aggregate welfare. Reputation building, in fact, prompts borrow-
ers of all types to exert an effort higher than in the complete-information case, thereby
alleviating the distortions that would otherwise arise. Limited credit records, instead,
allow reputation to maintain its disciplining power over time, by providing borrowers
(of all types) with a credible commitment device to exert high effort .

It is also worth pointing out, however, that Vercammen’s clear-cut results on the
desirability of limited records is in part driven by the assumption that all borrowers are
credit-worthy. This relaxes the need to screen bad borrowers out of the market, which
instead may be an important objective for many market regulators, as, for instance, it
was in Elul and Gottardi (2008).

Finally, we want to mention the work of Chatterjee and al. (2010), who study the
effects of limited records on households’, rather than small entrepreneurs’, borrowing
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and defaulting decisions. The authors offer a fully-fledged model with the objective to
provide a theory of credit scoring. This is the widespread practice, often carried out
by credit bureaus, of assessing a borrower’s credit-worthiness, and collapsing it into
a credit score®3, available to lenders and other interested contractual partners upon
demand.

Chatterjee et al. provide a theoretical foundation to such practice, and put forward
a model showing that credit scores can be interpreted as encapsulating the lenders’
beliefs regarding a borrower’s expected default probability. Moreover, they succeed in
demonstrating within the model’s framework a variety of empirical regularities concern-
ing credit scores and access to credit*t. More importantly for our survey, the authors
also use their model to assess the effects of data retention provisions on consumers’
welfare. In particular, they focus on the current data removal regulation in the United
States, according to which bankruptcy events should be removed from the borrowers’
files after ten years. Calibrating their model for the American market, it turns out that
the current legislation is not welfare increasing compared to a legislation that does not
mandate any removal. The difference, however, is found to be small.

Although Chatterjee et al. do not take a "reputation” perspective, presumably
because they focus on household consumption and default decisions, their model offers
a different and equally important perspective on limited records. We believe that the
perspective they take may provide important insights for assessing the efficiency of

data retention provisions.

5. Limited records and electronic marketplaces

In this section, we survey the applied literature that combines economics, busi-
ness studies and computer science to investigates information censoring in electronic
marketplaces. Differently from what we have seen so far, these models typically as-
sume complete but imperfect information, arguably in order to focus on moral hazard,
which is the gravest source of distortion in electronic markets. For this reason, the
models we are going to survey do not qualify as canonical models of reputation. Yet,
we have argued elsewhere that even in the economics literature the term reputation is
sometimes extended to indicate certain grim-trigger equilibrium strategies in situations
characterized by pure moral hazard (for a discussion, see Mailath, Samuelson, 2006).
For this reason, and because they deal with information censoring and efficiency, we

43 The FICO score is an example one of such credit-score.

44 These are (i) interest rates are lower for better credit scores, (ii) the removal of adverse event
from a borrower’s credit score substantially improves his access to credit (iii) opening more credit
lines decreases a borrower’s score. For more details, see Musto (2004).
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have decided to include two such works in our survey, although we are aware that, by
doing so, we are abandoning the traditional approach to reputation®.

The defining feature of electronic marketplaces, such as Amazon and eBay, is their
large degree of anonymity. Anonymity arises because buyers typically have no pre-
vious experience of transacting with a particular seller, and cannot easily access the
experience of other buyers. Sellers, moreover, cannot be prevented from leaving and
reentering the market under different identities. Further, buyers often can only par-
tially observe the item they are buying before paying for it. These features effectively
constrain buyers’ access to relevant information, and, worryingly, allow ample scope
for opportunistic behavior.

In physical markets, opportunistic behavior is usually disciplined by legally enforce-
able contracts, as well as by reputation concerns*. The latter usually arise sponta-
neously and carry the threat of a decrease in, or even of the exclusion from, future
transactions. In the electronic marketplaces, however, contracts are cumbersome to
write and difficult to enforce, and reputation concerns do not arise spontaneously, due
to the large degree of anonymity surrounding the sellers and the buyers*”. For these rea-
sons, market designers have introduced*® online reputation mechanisms, also referred
as rating/scoring systems, which have the explicit goal of promoting trust and inducing
cooperation. These mechanisms work by asking the buyers, after any transaction, to
submit a rating on the experience they had with the seller. The central system receives
the evaluation and makes it accessible to the other potential buyers by compounding
it in an aggregate score displayed on the seller’s public profile.

Rating systems have very effectively succeeded in eliciting from sellers a concern
for reputation, which, by disciplining their opportunistic behavior, works in a welfare-
increasing way for the whole market*?. Many empirical studies document a sizeable

45 To a certain extent, in economics the theoretical backbone of this literature is found in the
works that investigate repeated games with bounded recall. See for instance, Bhaskar (1998), Cole
and Kocherlakota (2004), Renault et al. (2006), Barlo et al. (2008) and Doraszelski and Escobar
(2011).

46 Tn physical markets, reputation arises spontaneously from the repeated interaction of sellers
and buyers, because the latter realize the benefits of pooling and sharing their own experience, and
the former understand that a good reputation means profits as much as a bad reputation means real
economic losses. In electronic marketplaces, however, the interactions are neither sufficiently frequent
nor personal for reputation to arise spontaneously.

47 Gellers may abuse anonymity by reentering the market with different identities, while buyers
may either be unable to share their experience, or not find it optimal to share it without being able
to benefiting from reciprocation.

48 See Bakos and Dellarocas (2003) and Dellarocas (2006) for a survey of the various reputation
mechanism.

49 This success can be attributed to the mechanism’s ability of coupling two goals. First, rating

systems allow for buyers to internalize the return of sharing their experience, with the expectation to
benefit from accessing the experience of the others in the future. Secondly, and most importantly, the
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price premium to reputation, which can be up to eight per cent of the price (Resnik et
al., 2006). Similarly, a decrease in a seller’s reputation has been found to be associated
with a considerable fall in sales price (Cabral, Hortacsu, 2010).

In this section, we focus on the design-problem of how many of the past ratings
received by a seller should be compounded into his score, in order to elicit the maximum
attainable efficiency and welfare in the market®. Absent incomplete information, the
problem of designing the systems’ memory principally lies in finding a mechanism
capable of deterring the sellers from taking the opportunistic action, by threatening
them with a punishment high enough to make cooperation preferable. Note how this
differs from the problem on which we have been focusing so far, that consisted of how
to endogenously create, via the elicitation of reputation concerns, the conditions for
players to behave cooperatively.

Before proceeding, to fix the ideas, we briefly describe the theoretical setup that
we will be dealing with. An electronic marketplace is often represented by a repeated
(second-price) auction between a long-lived seller, who has an item for sale in every
period, and many short-lived potential buyers. Buyers observe the information trans-
mitted by the rating system, then bid®! truthfully their valuation of the good, and leave
the market before the next auction starts. The value of the item for sale may either be
fixed over time or a random variable. In both cases, the seller can take unobservable
actions, possibly but not necessarily costly, that matter for the buyers’ realized utility,
such as advertising the item honestly or exerting high effort in delivering the good on
time. Payoffs are assumed to be such that in the one-shot repetition of the auction the
only equilibrium is for the seller to take the opportunistic action and for the buyers to
best respond to it, either by not buying the good or by bidding a low price. To rep-
resent the reputation mechanism, it is assumed that after any transaction, the buyer
that bought the good submits to the central system a rating s. Once the rating is
submitted, the system compounds it into the seller’s score R, which the future buyers
will take into account when deciding on their bids.

Without loss of generality, ratings can be assumed to be a binary variable. Buyers,
then, submit a positive rating if the quality of the delivered good is compatible with the
seller having taken the cooperative action, and a negative rating otherwise. Imperfect
monitoring may also be assumed by letting the relationship between the seller’s true

possibility of receiving publicly a bad rating prevents the seller from acting opportunistically, at least
when the future losses accruing from bad reputation are as high as the gains from deviating.

50 Evidently there are many features of a rating system that need to be designed, such as the scale
and the format, of the possible ratings, however here we will concentrate uniquely on the problem of
how many of the past ratings to compound into a seller’s score.

51 Buyers’ valuations of the good are i.i.d. within and across periods.
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actions and the received rating be noisy, and thus a seller cannot credibly precommit

to cooperation.

5.1. Online reputation mechanisms and limited records. The remainder of
this section addresses the question of whether, in designing online reputation mecha-
nisms, limited records are preferable to complete records, from an efficiency perspective.
Reputation mechanisms that aggregate all of a seller’s past ratings into his public score
are said to make use of complete records. Mechanisms in this class are also known as
unweighted aggregation mechanisms, for they weight all past ratings equally. Instead,
a mechanism is said to make use of limited records when it employs only the ratings
received during a predefined window of time, and, for this reason, it can also be referred
to as window aggregation mechanism?®2,

It can be easily proven that the introduction of a rating system in the repeated
auction setup described above is unambiguously welfare-enhancing®. In its absence,
in fact, the auctions reduce to effectively disconnected one-shot interactions, during
which the seller takes the opportunistic action® by assumption. A rating system,
instead, creates scope for cooperation to take place in equilibrium, by providing the
sellers with a credible device to commit to exerting the non-opportunistic action. Via
the rating system, in fact, the seller’s current behavior becomes tightly linked to his
future payoffs, and, in turn, this link is often sufficient to deter him from taking the
opportunistic action.

As regards how much of a seller’s past ratings to aggregate in his public score, the
simplest option is to use all of the available history. Examples of such unweighted
aggregation mechanisms are the accumulative score mechanism, that produces a score
by summing up all previous ratings, or the average score mechanism, according to
which a score is computed as the average of all ratings.

In order to analyze the effect of unweighted mechanisms on efficiency and trade,
we begin with looking at a simplified interaction between the seller and the buyers,
where the strategic behavior of the latter players is replaced with a heuristic bidding
behavior. This simplification allows us to reduce the original strategic interaction to a
decision problem for the seller (non-equilibrium approach). In particular, the seller’s

52 Window aggregation mechanisms, that give the same positive weight to all ratings received
within a time window and zero weight to all the others, are a subset of the weighted aggregation
mechanisms, that includes all the mechanisms that assign a decay weight to past information (as, for
instance, the exponential smoothing mechanism studied in Fan et al., 2005).

53 When a scoring system is introduced, the seller takes the opportunistic action much less frequently
or even does not take it at all.

54 The seller lacks any means to commit to the cooperation strategy, because future short-lived
players will not be able to reward (or punish) the seller for his current cooperation.
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problem consists of choosing an action that maximizes a premium function, describ-
ing his expected payment as a function of his current actions and his score. The
premium function is meant to represent the non-strategic buyers’ behavior. Such a
non-equilibrium approach has been taken in this literature on the grounds that equi-
librium concepts require a degree of coordination among buyers that is incompatible
the anonymity in the market, at least in the short-run (Aperjis, Johari, 2010b).

Analyzing this simplified setup, Aperjis and Johari (2010a) demonstrate that when
the premium function® is concave in reputation, unweighted aggregation mechanisms
are not capable of providing the seller with strong enough incentives to undertake the
cooperative action in every period®6. This result follows from the assumption of concav-
ity of the premium function, which implies that the marginal effect of each additional
positive rating on the seller’s future profits becomes smaller as the total number of
positive ratings increases. As a seller’s score increases, in fact, so does his reputation
for not taking the opportunistic action, as well as the price he expects to receive from
future transactions. Due to the concavity assumption, however, the returns on repu-
tation are decreasing, and so is the opportunity cost of cheating, which corresponds to
the foregone increase in expected price that would follow from an increase in the score.
In other words, once a seller has accumulated a history of good ratings, the decrease
in profit accruing from receiving a bad rating becomes smaller, while the payoff from
cheating remains the same. Eventually, this imbalance will induce the seller to take
the opportunistic action.

Thus, if the goal of the market designer is to induce the seller to take the cooperative
action in every period, unweighted aggregation mechanisms are to be discarded. Aperjis
and Johari (2010a, b) suggest instead that this objective could be achieved by the
window aggregation mechanism. When limited records are implemented, in fact, it
turns out that it is possible to find a window 7T such that the seller never takes the
opportunistic action. More precisely, such a window can be found by solving the seller’s
maximization problem (in every period) under the constraint that cooperating delivers
a higher value than deviating.

Interestingly, it can be demonstrated that if the seller has a discount factor ¢ and
provides on average items of quality ¢, the optimal window is increasing in J and
decreasing in ¢. Patient sellers (high ¢§), in fact, are by definition quite concerned
about their future payoff. Accordingly, the threat of the permanence of a bad rating in

55 And assuming perfect monitoring, in the sense that the buyers can correctly infer the seller’s
action when they consummate the good after purchase.

56 Ancillary assumptions are mild, such as that the payment to a seller with a maximum reputation
is bounded away from zero. This result extends the previous work of Fan et al. (2005) to a larger
class of premium functions.
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their score for a large number of periods (and the associated payoff losses), as prescribed
by a long retention window, is effective in disciplining their behavior today. On the
other hand, a long window would only reinforce the incentive to cheat for a seller
that has already accumulated a good reputation. This is especially true for the sellers
that on average deliver higher quality gq. These sellers are likely to obtain high scores
rather easily, and they may find it optimal to deviate every once in a while, expecting
to receive additional good ratings in the future. When this is the case, only a short
window can induce a punishment severe enough to deter the seller from deviating®”.

Similar results to those documented by taking the non-equilibrium approach also
obtain when the repeated auction setup is analyzed as a proper game between the
seller and the (current and future) buyers. Dellarocas (2005) studies such a case,
assuming that the seller, who, as usual, has an item for sale every period, has to decide,
unobserved by the buyers, whether to exert costly high effort or shirk (low effort) at
zero cost. His effort choice affects the value of the item as it will be perceived by the
buyer. Buyers are assumed to derive an expected positive value from consuming the
good only when the seller cooperates. Accordingly, if the seller is expected to shirk,
no buyer would want to buy the good. The buyers live for one period only, during
which they participate in a Vickrey action. Without a rating system, the setup above
features a unique Nash equilibrium, where the seller does not exert costly effort and
the buyers do not buy.

To remedy such a market failure, a rating system is introduced. Winning bidders
share their satisfaction with the purchased item by submitting a rating®® to the central
system, which collects it and makes it available to future buyers. Dellarocas allows
for imperfect monitoring, assuming that the buyers’ ratings are related to the seller’s
true actions only probabilistically: both high and low effort may result in the rating
reporting high and low item-value, although with different probabilities®®. Despite
imperfect monitoring, with a rating system, it is possible to find an equilibrium of
the repeated game there is trade. The maximum efficiency® that can be achieved,
however, is strictly lower than what could be attained with perfect monitoring. This

57 It is useful to restate the results above in terms of intensity and duration of the effect of reputation
mechanisms. A mechanism that chooses a larger aggregation window brings about a stronger duration
effect, because a bad rating will affect the seller’s future payoffs over a relatively long horizon. A
mechanism that instead aggregates ratings over a shorter window has a strong intensity effect, by
increasing the incidence of the most recent rating on the incoming future payoffs.

58 Without loss of generality, ratings can be assumed to be binary, reporting a positive or a negative
value.

59 Although buyers are "making mistakes” in their rating decisions, it is assumed that they do not
act strategically in doing this.

60 In this setup, both the seller’s profit and the buyer surplus are proportional to the level of seller’s
cooperation. Accordingly, efficiency is maximized when the seller (lifetime discounted) payoff are.
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second-best result follows from the possibility of fully cooperating sellers receiving bad
ratings, and, in fact, the wedge in efficiency between the two scenarios is proportional
to the amount of noise in detecting the seller’s cooperative action.

It can be demonstrated that the upper bound on the seller’s payoffs can be attained
by an unweighted mechanism, although under these systems the market-interaction
eventually unfolds in no-trade. To see why, consider implementing the complete records
arrangement by a two-score system, according to which the seller’s public score can
be either "good” or "bad”. The transition between the two scores depends on the
received ratings and on a ”forgetting” parameter, chosen by the market designer. This
is a probability with which negative ratings are ignored, in an effort to counteract the
distortions accruing from imperfect monitoring. As long as the seller receives positive
ratings, and the negative ratings are forgotten, the system keeps assigning him the
good score. When the seller receives a negative rating that is not forgotten, the system
assigns him the bad score. Dellarocas demonstrates that it is possible to choose the
forgetting parameter in order to construct an equilibrium® where the seller always
cooperates while he has the good score, and never does when his score is bad. Buyers,
accordingly, always buy the item when the seller’s score is good, and never buy it
otherwise. In this equilibrium, the rating system is effectively implementing a trigger
strategy which fosters cooperation by threatening the seller with exclusion from the
market. Although the seller’s payoff is maximized by this equilibrium strategy, it is also
true that due to imperfect monitoring cooperating sellers will eventually be excluded
from the transactions.

Thus, although complete records are efficient, Dellarocas argues that a rating sys-
tem that allows the seller not to be expelled from the market may be preferable, and
he shows that continued trade can be implemented by a mechanism employing lim-
ited records. More precisely, a rating system that shows the sum of ratings received
over a window of a (publicly known) finite length N induces an equilibrium similar to
that arising with complete records. The seller always cooperates whenever he has no
negative ratings, and, during these periods, he receives the second-highest payment52
the buyers are willing to bid. As he accumulates negative ratings, the seller begins to
mix between cooperating and cheating, and the buyers, that anticipate correctly this
strategy, bid lower and lower prices.

61 A strategy for the long-run player is public if, at each period, it depends only on the public

information and not on the private information. A perfect public equilibrium is a collection of public
strategies such that at every period and for every public history the strategy is a Nash equilibrium
from that date on.

62 Recall that a second-price auction is assumed.
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This limited-record mechanism can be shown to achieve the same seller’s payoff,
and efficiency, as a mechanism that publishes complete records. However, while this
latter system punishes the seller, as soon as he transits to the bad score, with the
exclusion from the market, the current mechanism smooths the necessary punishment
over the N periods during which the negative rating transits through the seller’s records
(before being forgotten). During each of these periods trades occurs, and the seller’s
punishment takes the form of lower payoffs, that accrue from the fact that the buyers
anticipate his mixing strategy.

Having shown that limited-records mechanisms can induce the same efficiency as
those employing complete-records, and, as opposed to these, never lead to no-trade,
Dellarocas also provides more specific results regarding the length of the system’s
memory. He notes that, in equilibrium, when the seller accumulates the first negative
rating, buyers expect him to mix between cooperating and cheating, and accordingly
they bid a lower price than what they were bidding when the seller had no negative
ratings (and was expected to cooperate fully). Further trade can happen only if the
decrease in the buyers’ expectation of high effort, that is, if the decrease in their bidden
prices is still enough for the seller to prefer to exert high effort instead of cheating. As
negative ratings start accumulating on a seller’s profile, the buyers expect him to
cooperate with lower and lower probabilities, and bid lower and lower prices, making
it increasingly less profitable for the seller to actually exert high effort. Eventually,
when the buyers’ expectations are low enough that the seller is indifferent between
cooperating and cheating, trade does not occur any longer.

Consistently with this reasoning, the longer NV, the more difficult is to sustain trade
for all possible amount of negative ratings that the seller may have. In particular,
as N grows large, the higher the initial buyers’ valuations of the good should be to
induce a seller to cooperate at all negative ratings he may have. For this reason,
mechanisms that are endowed with long windows sustain continued trade in a smaller
set of situations (those characterized by borrowers with high initial valuations) than
mechanisms that publish only a limited amount of past ratings. Moreover, since in this
setup the maximum attainable payoff is independent of N, it is also possible to state
that the most efficient, and most widely applicable, reputation mechanism reports only
the outcome of the seller’s most recent transaction.

It is worth relating Dellarocas’ work with that of Ekmekci (2011) presented in
section 3. Both Ekmekci and Dellarocas study the efficiency of rating systems in a
repeated game with moral hazard, although the former allows for the possibility of
the seller being of a commitment type that always cooperate, while Dellarocas studies
a pure moral hazard setup. However, Ekmekci also considers the case of complete
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information, and argues that limited records cannot lead to a higher efficiency than
complete records (Ekmecki, 2011). This result is consistent with what Dellarocas finds,
because, in Dellarocas, a rating system that publishes only the last period rating is as
efficient as one that uses complete records, and not more efficient than that. Besides
this connection, it is not trivial to compare the two papers, for they rely on very
different setups.

Summarizing the results surveyed here, it seems that compounding the whole his-
tory of a seller’s behavior into his public score may not be the most efficient solution.
Limited records, instead, have been found to allow to design rating systems that elicit
the highest achievable efficiency.

6. Conclusions

In this survey, we have discussed how limited records can be designed to increase the
efficiency in repeated interactions characterized by both adverse selection and moral
hazard. In doing so, we have been motivated by the intuition that limited records may
simultaneously strengthen reputation concerns and fulfill privacy needs. Data retention
is, in fact, one of the regulatory principles put forward by modern-day legal systems
to safeguard individual privacy.

Throughout the paper, we have been dealing with a number of different informa-
tional arrangements, all of which prevent agents from accessing in full the available
information regarding the past behavior of a (potential) transacting partner. This het-
erogeneity arises in part because limited records have as of yet not been studied in a
unified way, and in part because of the need to capture relevant characteristics. Table

1 summarizes the various interpretations given.

Table 1. Informational arrangements considered in the survey

Paper Informational arrangement
Liu, Skrzypacz, 2011 exogenously limited records of player’s actions
Liu, 2010 costly information acquisition of player’s actions
Ekmekci, 2011 rating from a finite set
Aperjis and Johari, 2010b | weighted aggregation mechanisms
Dellarocas, 2005 summary statistic most recent K ratings
Elul and Gottardi, 2008 | history of outcomes, with forgetting
Vercammen, 1995 history of outcomes, in the last T periods

All of the above definitions share two important features. First, players are restricted to
access either a subset of the existing information (Aperjis and Johari, 2010b; Dellaro-
cas, 2005; Liu, 2010; Liu, Skrzypacz, 2011; Vercammen, 1995), or a non-transparent
version of it (Ekmekei, 2011; Elul and Gottardi, 2008). Secondly, records contain only
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information on the past behavior of the player from whom we want to elicit reputations
concerns.

Although the works surveyed here are evidently concerned with the same topic, it
seems to us that their results rely somehow on ad hoc assumptions. For this reason,
it is difficult to see how the existing works can provide general guidelines regarding
how to implement limited records in an arbitrary market. Moreover, there are several
important aspects regarding the design of informational arrangements that are yet to
be addressed. Among them, is the identification of the trade-off between the costs and
benefits associated with choosing records of different lengths.

A solid theoretical framework is especially needed today since the debate on the
effectiveness of data retention is back on the political agendab? due to the substantial
increase in data collection, and storing possibilities, that the technological development
allows. Although all democratic parties express a concern for privacy, the operational-
ization of data retention remains highly disputed. While the political debate takes
shape, the general public appears increasingly worried about the problem, to the point
that it has taken its own measures to protect personal data. The expansion of the In-
ternet as a marketplace and the diffusion of Web 2.0 websites have directly confronted
a vast number of individuals with the problem of how to protect their privacy, and so-
lutions ranging from the removal of cookies to non-traceable credit cards® have arisen
spontaneously.

We believe that this growing concern for privacy and the empirical motivations that
were discussed in the Introduction are delicate issues that deserve to be dealt within a
unified framework. A theory of limited records would benefit a wide variety of markets,
most notably those in which privacy needs are indispensable. From the existing works,
in fact, we know that limited records can sustain welfare-increasing reputation effects.
What we do not know, however, is how to practically design the many features of
limited records, among which, most importantly, their length.

63 For instance, in May 2009 the EU internal Market and Services Directorate General (DG) released
its “Report on credit histories”, discussing the harmonization of credit reporting systems across Eu-
rope. More recently, in May 2010 the U.S. Representatives Rick Boucher and Cliff Stearns announced
a draft legislation tackling online privacy issues, including data retention. For more information, see
http://www.boucher.house.gov/images/stories /Privacy_Draft_5-10.pdf.

64 PrivateBuy.com(TM), for instance, is a service that provides devices to allow consumers to buy
on the Web without revealing personal or credit card information to the sellers
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Limited credit records and market outcomes

Margherita Bottero

ABSTRACT. In most modern credit markets, credit registers store and share infor-
mation regarding borrowers’ past behavior. Such information is often removed after
a finite number of years as mandated by privacy protection laws. While these laws
are motivated by privacy concerns and by the desire to provide a fresh start to un-
lucky borrowers, they are difficult to justify from an economic perspective, since they
effectively prescribe the removal of possibly relevant public information. This paper
tries to assess the impact of different lengths of credit records on borrowers’ behavior
and market outcomes. To do so, I study a stylized credit market for small loans,
and demonstrate that limited records endogenously give rise to beneficial reputation
effects, which can alleviate the distortions caused by asymmetric information. More
precisely, I show that when moral hazard is high, limited records can achieve higher
welfare and lead to a lower default rate than records that show all, or nothing, of the
past history.

1. Introduction

In most modern credit markets, credit registers collect and share data on borrowers’
past behavior with other market participants, in an effort to reduce the well-known
informational asymmetries that characterize lending relationships (Jappelli, Pagano,
2002). These asymmetries take the form of adverse selection (Akerlof, 1970) or moral
hazard. The former arises before the loan is contracted, because lenders can at best only
partially observe a borrower’s ability and other relevant characteristics. Moral hazard
instead occurs after the loan is contracted and stems from the imperfect observability
of the borrower’s actions. Consequently, reliable information on a borrower’s past
behavior serves both as a screening device for lenders, and as a ”reputational” collateral
for borrowers (Vogel, Burkett, 1986), which they can use to signal to potential lenders
their private information and intended choices.

I would like to thank Axel Bernergard, David Domeij, Tore Ellingsen, Tobias Laun, Lars
Ljungqvist, Ettore Panetti, Giancarlo Spagnolo, Mark Voorneveld, Jorgen Weibull and seminar par-
ticipants at the Stockholm School of Economics and at the Bank of Italy for their helpful comments
and suggestions. This paper is part of a joint project with Giancarlo Spagnolo on limited records

and credit markets. I gratefully acknowledge the Knut and Alice Wallenberg Research Foundation for
financial support.
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Interestingly, from a legal point of view credit data fall under the umbrella of
personal data and are thus subject to the privacy protection provisions that regulate the
extent to which personal information can be handled, shared and stored. In particular,
an important by-product of privacy protection is the principle of data retention!, which
prescribes that personal data, as collected by any data user, should be retained for a
limited period of time only, and by any means for no longer than what is necessary for
the intended purpose. Although such a principle may look intuitively appealing, it is
not immediately clear whether it is desirable from a strictly economic standpoint. In
fact, data retention directly mandates the removal from the market of the very data
that have a key role in disciplining the market asymmetries as argued above. Indeed,
the issue has stirred an intense and so far unresolved debate? about the implications of
limited records for privacy, efficiency and reputation (Bottero, Spagnolo, 2011; Sartor,
2006).

The inconclusiveness of the academic and political debate is reflected in the choices
made by policy makers. As of 2007, about 90 percent of the countries in which a credit
register was operating® mandated the removal of (at least some) credit data after a
limited period of time (Elul, Gottardi, 2008). Although suggestive of a certain degree
of homogeneity across countries, this is only superficial. In fact, there is no consensus
on how long the retention period of credit registers’ records should be. Table 1 provides
a snapshot of a few of the current legislations that apply to bankruptcy information?.

1 Data retention was first mentioned by the Council of Europe in 1973, when they declared that
”[TThose responsible of these [personal data] files [...] should refrain from storing information which
is not necessary for the given purposes”. This principle was later on incorporated into the 1995
EU Directive (95/46/EC) on Data Protection, which states that ”[M]ember States shall provide that
personal data must be [...] adequate, relevant and not excessive in relation to the purposes for which
they are collected and/or further processed”.

2 According to the anti-privacy position, privacy gives the possibility to manipulate one’s repu-
tation and to impede the autonomous function of the impersonal market mechanism that allocates
credit at better rates to borrowers with better reputations (Posner, 1983). From Posner’s blog (May
8" 2005): " All that privacy means in the informational context [...] is that people want to control
what is known about them by other people. They want to conceal facts about themselves that are
embarrassing or discreditable [...] Such concealment is a species of fraud”. Yet, other scholars argue
that privacy may be needed when agents are boundedly rational, or even in cases of market failures
with rational agents (Taylor 2004a, 2004b). With the former concern in mind, Jeffrey Rosen (2000)
writes that ” [P|rivacy protects us from being misdefined and judged out of context in a world of short
attention spans, a world in which information can be easily confused with knowledge”. For a reference
to the debate in the context of the credit market, the acts of the Congressional debate on the adoption
of the Fair Credit Reporting Act, U.S. Senate 1969 and U.S. House 1970.

3 The total number of countries in which a register was operating as of 2007 was 113.

4 For a description of credit registers in Europe, see the Report of Expert Group on Credit Histories
(2009). For a detailed comparison between the United Stated and Europe, see Jentzsch (2001). For
more information about South America, see Galindo and Miller (2001).
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As can be seen, countries have implemented the principle of data retention in a
strikingly haphazard way, mandating data removal from after one year (Belgium) up
to after fifteen years (Greece). Indeed, even geographically and culturally neighbor-
ing countries such as Germany and Austria prescribe surprisingly different retention
periods.

Table 1: Withholding periods for bankruptcy data (in years)®

Country Years Country Years
United States 10 Finland 5
Brazil 5 Greece 15
Chile 3 Hungary -
Argentina 2 Italy 3*
Austria 7 Netherlands -
Denmark 5 Portugal 10%*
Bulgaria 5 Germany 3
Sweden 3 Slovenia 5
Czech Republic - UK 6

To complicate matters further, national laws mandate different retention periods
depending on the type of data (fraudulent bankruptcies, credit remarks, etcetera) as
well as on the type of person (entrepreneurs may be treated differently from non en-
trepreneurs). In recent years, this heterogeneity has become particularly problematic
due to the sharp increase in cross-border data sharing. In the Euro-zone, several or-
ganizations have already highlighted ”their concerns about the current patchwork of
different data retention periods and expressed their wish for a pan-European data
retention period, in order to boost legal security”S.

This paper intends to develop a formal analysis of the effects of data retention
provisions on borrowers’ behavior and market outcomes. To this end, I study a stylized
model of a credit market for consumers and small businesses where a credit register
decides on the amount of information to be disclosed to the lenders. I directly compare
three informational arrangements, which I call full withholding, full disclosure and
limited records. Under full withholding, privacy is enforced and no information about
the borrowers is disclosed. Under full disclosure, all the relevant information is made
available to the lenders. Finally, with limited records, the credit register implements a

5 Note: Data are taken from Matuszyk, Thomas, (2008), & Report of the Expert Group on Credit
Histories (EGCH), May 2009. The entries refer to private credit bureaus, except those marked with
an asterisk that refer to a public register.

6 Summary of replies to the public consultation about the future legal framework for
protecting personal data, 2009. See also the Communication COM (2010) 609 Final, 2010
http://ec.europa.eu/justice/news/consulting_public/0006/com_2010_609_en.pdf.
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data retention policy, by storing and sharing the outcome of the N most recent projects
undertaken by a borrower.

It turns out that it is possible to characterize sufficient conditions under which each
of the three arrangements leads to a lower (ex ante) default rate than the other two.
Interestingly, when the moral hazard in the market is high, limited records outperform
the two other arrangements, supporting the case for privacy protection legislations. In
a situation of high moral hazard, in fact, the two extreme policies of full disclosure
and withholding hamper the performance of low-ability borrowers while not eliciting
a sufficiently higher repayment rate from the high-ability group. Limited records,
instead, provide borrowers of all types with the possibility to alleviate, at least in part,
the moral hazard problem by equipping them with a credible device, the records, to
build or restore a reputation for being a trustworthy borrower. By moderating the
moral hazard problem, this last arrangement leads to the lowest default rate.

Further, it turns out that limited records may also lead to higher aggregate welfare,
albeit under fairly restrictive conditions. More precisely, when moral hazard is high
and borrowers are not too different in their abilities, limited records are more efficient
because the resulting interest rates succeed in increasing borrowers’ aggregate welfare,
while keeping lenders’ welfare constant. Yet, under the model’s assumptions, if these
conditions are not met, it is preferable to disclose all information about the borrowers.

The main result of my analysis is that data-protection laws endogenously create
scope for borrowers to link their current choices of effort to better contractual terms
in the future, by building a reputation for being of high ability and thus securing
themselves contracts at lower interest rates. Reputation concerns elicit higher effort,
which under the assumptions of the model is beneficial for the overall economy because
it prompts higher repayment rates and lower interest rates. Importantly, the removal
of past data also circumvents the problem of disappearing reputation effects (Cripps et
al. 2004) by continuously replenishing a borrower’s incentives to sustain his reputation
(for a game-theoretic discussion, Ekmekei, 2010; Liu, Skrzypacz, 2011).

The present work is connected to the literature on reputation and data retention.
For what concerns the credit markets, the effects of credit registers and borrowers’
reputation were first addressed by Diamond (1989), who documented positive and
persistent effects of reputation on the equilibrium interest rate and the quality of the
pool of borrowers. However, Diamond does not address the effects of data retention
policies. Rather, the model I put forward builds on Vercammen’s (1995) and (2002)
companion papers. In his 2002 paper, Vercammen shows in a game theoretic setup
that adding adverse selection to a market already characterized by moral hazard may
be welfare improving. In the other paper, he demonstrates that transmitting limited
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records on borrowers’ past behavior may give rise to a sequential equilibrium in which
borrowers are concerned about their reputation. My model generalizes and extends
Vercammen’s results. First, I apply his framework to a market setup, in which I
can study and compare, within the same model, the policies of full disclosure (moral
hazard), full withholding (moral hazard and adverse selection) and of limited records.
By explicitly studying the equilibrium that arises under limited records, I investigate
Vercammen'’s suggestion that such a policy may be welfare-enhancing”. Further, I
relate my findings on expected default rates to Vercammen’s results on welfare.

The effects of data retention provisions are also studied by Elul and Gottardi (2008).
These authors provide a game theoretic analysis of the effects of forgetting some of the
past information on (long-lived) borrowers’ past behavior in a credit market where such
information is transmitted to (short-lived) lenders by a credit register. Besides a few
minor differences®, our models focus on the same question and they both assume that
the information shared by the register is a binary variable that reports if the previous
loans have been repaid in full or defaulted upon. Elul and Gottardi, however, model
data retention by assuming that the credit register discloses the whole history of bor-
rowers’ past behavior, but with a positive probability it ”forgets” a default and records
a repayments instead. The equilibrium they study, then, revolves around the lenders’
posterior belief on the type of the borrowers, which is formed and updated by looking
at these modified records. In my model, instead, the information is always correctly
registered and fully censored after N periods. Although the authors argue at length
that the two formulations lead to similar results, mine allows for a more straightforward
discussion on the optimal length of the register’s memory, and in particular it allows
me to identify the trade-offs that have to be solved by the optimal memory design. My
model is also more suitable for accommodating relevant extensions such as whether,
and how, borrowers strategically respond to limited records. The two models, however,
address complementary aspects of the issue at hand. More precisely, Elul and Gottardi
look at the conditions under which a policy of limited records, as opposed to full in-
formation, improves the access to credit as well as welfare, while I seek to characterize
the conditions under which different informational arrangements, among which limited
records, improve on default rates and welfare. Moreover, my model is more closely
connected with the literature that studies how limited records can provide permanent
reputation effects in repeated interactions, and how this could possibly vary with the
relative importance of adverse selection and moral hazard in the market.

7 Vercammen (1995) only provides a numerical example.

8 In my model both types of borrowers can fail, while in Elul and Gottardi’s model only low-ability
borrowers can fail. The authors do however consider the possibility that both types fail in a numerical
example.
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Chatterjee et al. (2010) present a model of consumer behavior that aims at ex-
plaining the fact that defaulted households typically face limited access to credit, and
at a higher cost, and that these constraints are lifted with the passage of time. The
authors demonstrate that such a pattern can arise in a recursive equilibrium due to
borrowers’ stochastic income process and lenders’ limited information about the bor-
rowers. In the last section of their paper, they also address the issue of data retention
with a numerical example calibrated for the current legislation in the United States®.
The results of this exercise show that data removal leads to lower welfare than a policy
of no removal. Differently from the present paper, however, Chatterjee et al. focus
on households and consumers rather than on small entrepreneurs. Furthermore, in my
paper data removal is the primary object of study.

While the present work is theoretical, it can be related to the empirical literature
that tries to estimate the effect of data retention in the credit market, that originated
with Musto’s (2004) seminal contribution. Musto demonstrates that data retention
policies seem to take the market away from the efficient equilibrium and he criticizes
data retention provisions for mandating ”efficiency in reverse” (p. 725). His findings
have, however, been challenged in several subsequent papers, that instead document
a positive effect of data protection laws (Armour, Cumming, 2005; Bos, Nakamura,
2010; Cohen-Cole et al., 2009). I will discuss the relationship between my model and
the empirical literature in Section 8.

The remainder of the paper is organized as follows. Section 2 describes the model.
Section 3 describes the equilibrium under full disclosure and full withholding, and
section 4 characterizes the equilibrium with limited records. Section 5 goes through
the effects of different choices of memory on borrowers’ behavior. Section 6 and 7
present some comparative statics for the three informational arrangements, in terms
of the ex ante default rate and aggregate welfare. Section 8 discusses the findings and
section 9 concludes.

2. The model

The present model builds on the work of Vercammen (1995, 2002) and provides a
stylized representation of an unsecured credit market for small businesses, where bor-
rowers may switch between lenders and where the relevant information on a borrower’s
past behavior is transmitted via a credit register. The market features adverse selec-
tion, because borrowers’ ability is private information, and moral hazard, because the
effort choice is a hidden action taken after the contract has been negotiated. Time is

9 The Fair Credit Reporting Act.
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infinite and discrete, and at the beginning of each period a competitive credit market

opens, where borrowers and lenders interact as described below.

2.1. The borrowers. There is a large number of infinitely-lived, risk-neutral bor-
rowers, who discount the future at rate § < 1. Borrowers are credit-worthy and
identical in everything but in a privately known, fixed!? ability parameter 6 that can
take two values, high, H, or low, L, and that affects the disutility of effort. More
precisely, in supplying effort e € E = [0,1], a borrower pays c(e, #), but high-ability
borrowers face a lower marginal cost, c.(e, H) < c,(e, L). Otherwise, the cost function
is continuous, twice differentiable and strictly convex, ¢, > 0, ¢, > 0, and zero effort
entails no cost for either type, ¢(0,6) = 0. High-ability borrowers are present in a
fraction p € (0, 1) of the population and the remainder is of low ability.

At the beginning of each period, a borrower seeks an indivisible loan and combines
it with his own effort in a project that generates non-storable revenues Y'(e,w) that
are used for consumption. Revenues are also a function of a non-observable positive
random shock w, i.i.d. across borrowers and periods, drawn from a distribution F'
defined on Q = [0,1]. The revenue function is continuous, twice differentiable and
concave, so that revenues increase in effort, ¥/ > 0, and in the realization of the shock,
Y! > 0. Further, the marginal productivity of effort decreases in effort and increases
in the realization of the shock, Y/ < 0 and Y/, > 0. To simplify the analysis, it is also
assumed that Y/ > 0, implying that Y is a strictly concave function!!. Finally, it is
assumed that zero effort and the lowest shock realization both result in zero revenues,
Y (e,0) = Y(0,w) = 0, regardless of the realized shock and the exerted effort.

A borrower’s expected utility is given by expected revenues net of the repayment
of the loan and the promised interests, 1 4+ 7, minus the cost of effort. When the real-
ized revenues are not enough to repay the contracted amount, the lenders appropriate
anything that has been generated, and the borrower receives zero utility. To write the
expected utility of a borrower, it turns out to be useful to follow Vercammen (1995)
and define the ”default threshold”, which is the realization of the shock such that a
borrower that has exerted effort e and has agreed to repay interest rate r generates just
enough revenues to honor his debt, that is, Y (e, w(e,r)) = 1+r. Totally differentiating
w(e,r), it turns out that given an interest rate, higher effort reduces the probability
of default, w.(e,r) < 0, while, given a level of effort, a higher interest rate increases

10 As in Sharpe, 1990, ability is fixed over time.
11 Because in this case the determinant of the Hessian, det H = Roe Ry — Rew Rue, is by assumption
negative.
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the probability of default!?, @, (e,r) > 0. I can now write a type 6 borrower’s life-time
utility from partaking in the credit market as,

1

(2.1) Uler,r,0) = B / [V (ep,wi) — (14 7)] dF(w) — c(ey, 0)

w(et,re)

where §# = L, H and 7, is the anticipated interest rate. Borrowers have perfect foresight,
so the anticipated interest rate is equal to the equilibrium interest rate, 7, = r*. Given
that the perfect foresight assumption will be maintained throughout the analysis, from
now on I will no longer distinguish between the two. For all 6, the function U is
continuous, twice differentiable and strictly concave, because the cost function c is
strictly convex. The reservation utility is zero for borrowers of both types.

Under the limited records arrangement, borrowers’ expected utility will also depend
on their past performance as it appears in the credit report ¢y. For each loan obtained
by the borrower, the report will show a binary variable specifying whether the loan was
successfully repaid, S, or defaulted upon, D. Accordingly, in every period ¢ a type-6
borrower faces the following recursive dynamic programming problem,

(2.2) V(en,0) =maxU(e, cy,0)
+ B[Pr(cy = cns | e,en)V (ens, 0) + Pr(cy = enp | e, en)V(enp, 0)]

where the utility function U is defined in (2.1), and cyg (cnp) is the credit report
obtained from cy by deleting the outcome realized N periods ago, which is the last
displayed by the record, and adding a repayment (default) in front of the most recent
position, and finally Pr(cyy = cys | e,en) = 1 — F(@(e,r(cn))), while Pr(cy = enp |
e,ey) = F(w(e,r(cy))). Note that, thanks to the recursive nature of the problem,
it is possible to substitute the time subscripts with the apostrophe notation when
denoting a variable in the next period. The shock w does not appear as an argument
of the value function because V' (¢, 0) gives the value of being in state ¢y in a certain
period, before the shock is realized. Tomorrow’s credit report, ¢y, is a state under
the borrower’s control that evolves according to the constraint, which describes the
impact of the control e on ¢y. The current-period report, cy, is a proper state and the
borrower’s type 6 acts as a state chosen by nature and fixed over time.

12 Precisely, w(e,r) = — 11%25, < 0and wi(e,r) = 7= >0 for e € [¢°(r), 1], where ¢°(r) is such that
R(O(r),1) =1+r.
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2.2. The credit industry. There is a competitive credit industry that makes
loans of size one to borrowers. Financial contracts come only in the form of one-
period debt contracts, which are fully characterized by the rate of interest r. The
opportunity costs of these loans is given by p > 0. There is limited liability, thus, by
accepting the contract, a borrower agrees to repay 141 if the revenues from the project
are large enough and otherwise to transfer to the lender all realized revenues. Then,
r € R=1[0,Y] where Y = Y(1,1). A costless monitoring technology guarantees that
borrowers cannot embezzle the realized revenues.

Lenders know that borrowers differ in their ability, and share a common prior
po on the fraction of high-ability borrowers. When they can, they use the information
provided by the credit register to update their prior. Since the lenders’ prior is common
and since they have access to the same information, their posterior beliefs are common
as well.

2.3. The credit register. I assume a long-lived credit register, which knows each
borrower’s type and records, for all previous loans, a binary variable that indicates
whether the loan has been repaid or defaulted upon. The register can choose among
three informational policies: full disclosure, full withholding and limited records. In
the first case, the register discloses the borrowers’ type once and for all, leading to
a situation in which adverse selection is eliminated from the market. The policy of
full withholding instead consists of the register shutting down and not disclosing any
information that the lenders could use to update their beliefs. In this case both moral
hazard and adverse selection persist in the market. Finally, when the register chooses
to disclose limited records, it makes available to the current-period lenders a credit
report ¢y, one for each borrower, which displays the outcomes he realized during the
N most recent periods. Since the outcome of a project can be either a success, S, when
the loan is repaid, or a default, D, we let CV = {S, D}V be the set of all possible credit
reports of length N.

2.4. Time-line of the events and equilibrium notions. Time is discrete and
infinite and in each period the events unfold as follows. At the beginning of the period,
the credit register discloses the information on borrowers according to the chosen policy.
Lenders simultaneously offer contracts to the borrowers, specifying the rate of interest
that they ask in exchange for the loan. Borrowers choose which contract to accept
and which effort level to exert. Next, the outcome of the project is realized and the
loan is either repaid or defaulted. The credit register observes the projects’ outcomes
and updates the records. Then, a new period begins. Figure 1 displays the relevant

time-line.
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Under the policies of full disclosure and full withholding, the market equilibrium
can be described by the infinite repetition!® of the (Bayesian) Nash equilibrium, with
complete and incomplete information respectively. More precisely this equilibrium, if it
exists, will consist of an interest rate such that lenders make zero profit in expectation
and an effort choice such that, given the equilibrium interest rate, borrowers maximize

their revenues.

t t+1
|
Information about borrowers is Borrowers Shock is Credit
disclosed (if any). decide on realized. register
Lenders offer (a menu of) effort. Repayments zfed dz::es
contracts. and defaults

are made, report.
Borrowers choose a contract. :

Fig. 1. The time-line of the events.

When the register opts for a limited records policy, it is appropriate to make use of
the following rational-expectations, recursive, competitive equilibrium notion, which I

call N-period equilibrium.

DEFINITION 1. A N-period equilibrium consists of a policy function e* : CN x
{H, L} — [0,1], an interest rate function r* : CN — [0,Y], a belief function p* : C~ —
[0,1] and two distribution functions (Gg,Gy1) over the state space CN such that

- borrowers behave optimally: given the interest rate function r* and the belief
function p*, e* mazimizes the borrower’s utility

- the credit industry is competitive: for each state cy, given that the proportion of
high type is p;, and given that type-0 borrowers exert e;, , the interest rate 17, ensures
zero profits

- consistency: If the current distributions of high and low types is given by (Gy,Gr)
and borrowers use the policy function e*, the next period distribution of high and low
types is also given by (Gg,Gr). The belief function p* is consistent with this steady

state distribution.

In all three informational arrangements, I will focus only on the steady-state and
dispense of the dynamics outside the stationary path.

2.5. Review of the main assumptions. Before proceeding, I briefly review the
main assumptions to highlight the role they will play in the model.

e The assumptions of non-storability of revenues and credit-worthiness of both

types of borrowers ensures that all borrowers always apply for credit and that

13 In both information arrangements, since borrowers cannot affect future payoffs with current
actions, the equilibrium of the repeated game will boil down to the repetition of the static equilibrium.
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credit will not be rationed. The fixed investment assumption is instead key to
obtaining a unique equilibrium in the market with full withholding, because
lenders cannot price-discriminate by using the size of the loan. Moreover, to-
gether with the absence of collaterals, such an assumption makes sure that
adverse selection does not result in direct net losses due to distorted invest-
ments. Collaterals are not allowed because the model aims at representing an
unsecured credit market and because their absence highlights the importance
of the information transmitted by the credit register.

The supply side of the market is assumed to rely only on the information dis-
closed by the credit register, meaning that lenders cannot accumulate private
information on borrowers. Together with the assumption that only one-period,
history-independent (non relational) contracts may be offered, this renders the
competitive market equivalent to a market populated by short-lived lenders
who interact with borrowers only once and then leave the market. The as-
sumption of short-lived lenders is standard in the literature on reputation and
credit markets (see Diamond, 1989), for at least two reasons. First, it is ade-
quate to describe the bank-card credit market (as in Musto, 2004). Secondly,
it prevents lenders from accumulating private information, which they could
compound in ”internal ratings” (Jacobson et al., 2006) and use alongside the
public credit score to decide the contractual terms.

The register is assumed to know each borrower’s type and history of outcomes.
Knowing a borrower’s type can be interpreted as knowing those private charac-
teristics that are correlated with borrowers’ performance, such as sex, marital
status, ethnic background, etcetera. The assumption that only the outcomes
of past transactions are recorded is admittedly restrictive. Future work should
allow the register to transmit other relevant information, such as total debt
exposure or outstanding debt.
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The following table summarizes the notation used in the paper,

Table 2. Notation used in the paper

Notation Definition
c(e, 0) cost of effort c:Ex{H L} - R,
Y(e,w) revenues Y:ExQ—Ry
Ule,r,0)  utility U:ExRx{HL} —-R,
w(e,r) default threshold @: E x R — [0, 1]
I(e,r,0)  profits O:ExRx{H L} =R,

€9, €0p» Chey,  equilibrium effort, in full disclosure, full withholding and lim. records

T9:sThsTey  equilibrium int. rate, in full disclosure, full withholding and lim. records
D, Po» pzN equilibrium beliefs, in full disclosure, full withholding and lim. records
cN credit report of length N

Note that first and second derivatives are indicated with one and two apostrophes
respectively, and that the subscript(s) indicate the variable(s) with respect to which
the derivative is taken. Subscript notation is also used to identify the equilibrium
variables under different informational arrangements. This should not create confusion

because the latter will always be defined in the text and are marked with an asterisk.

3. The cases of full disclosure and full withholding

In the following section, I describe the equilibria that arise under the policies of
full disclosure and full withholding. Both equilibria are characterized by the fact that
borrowers cannot influence the credit industry’s belief on their type by taking non-
equilibrium actions. Under the first arrangement, this follows because information is
not transmitted at all, while under the second the lenders already know the borrowers’
type for sure. Because of this, different periods are effectively disconnected, so I sup-
press the time index in this section, with the understanding that all variables refer to

period t.

3.1. Full disclosure. The full disclosure case corresponds to a situation in which
there is no incomplete information in market. Since the problem is stationary, in every
period the borrowers choose effort in order to maximize their period-0 utility U, and
the first order condition of a type-0 borrower’s problem is given by Ul(e,r,8) = 0, or,

1
(3.1) / Y/(e, w)dF (@) — &.(e,0) = 0
@(e,r)
which states that borrowers supply effort until its marginal return equals its marginal
cost. Note that the discount factor disappears due to the absence of any intertemporal
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link, 3% = 1. The lower bound of the integral depends on the default threshold w(e,r),
and since @, > 0 the marginal value of effort decreases in the promised interest rate
r. The second order conditions are satisfied, so that equation (3.1) implicitly defines
each type’s conditional effort function eq = e(r, ). This solution to the maximization
of (2.1) is unique and interior!'4.

Lenders expect a return Il(e,r,0) from dealing with a type @ borrower that de-
pends on the borrower’s anticipated effort choice ey and on the charged interest rate
r. Expected returns are given by,

w(ep,r)
(3.2) (e, r, 6) :/0 Y (eg, )dF(w) + (1 — F(@(eg,)))(1 +7)

and consist of the sum of what the lender will appropriate in the case of a default, and
the interest rate in the case of a repayment weighted by the appropriate probabilities.
Since the borrowers’ types are known, the lenders are able to charge to the high- and
low-ability types different interest rates, which I call ry and rp respectively. Then,
under full disclosure there exists a unique stationary equilibrium in which high-ability

borrowers exert more effort and face a lower interest rate than low-ability borrowers.

PROPOSITION 1. The pairs (ef;,75;) and (€},773) are the unique stationary equilib-

rium of the market under full disclosure. Further, ej; > e} and rj; < r}.

ProoF. This and all the following proofs are relegated to the Appendix. |

Note that the uniqueness of the equilibrium follows also from the assumption that
lenders cannot write long-term contracts or condition current contracts on past perfor-
mance in a relational fashion. Were this not the case, more complex dynamics could
arise.

Despite the fact that the full disclosure policy eliminates the adverse selection
problem from the market, moral hazard persists and the resulting equilibrium effort is
a second best with respect to the case of perfect monitoring!®. By preventing lenders
to make the interest rate contingent on the level of effort, moral hazard implies that
when a default occurs the marginal value of effort to a borrower is zero. In the full

14 Corner solutions are not maxima because zero effort result in zero or negative utility, depending
on the shock, while maximum effort, e = 1, is too expensive.

15 The intuition behind such a distortion goes as follows. With moral hazard, the interest rate
cannot be conditioned on the effort choice, meaning that the expected value of marginal effort is lower
than in the perfect information case. Additional effort, in fact, benefits the lender, but such benefits
are not internalized by the borrower because the interest rate cannot be made dependent on the effort
choice. Besides reducing the expected value of marginal effort, moral hazard also results in higher
interest rates, because these are lower for higher levels of effort (for a more detailed discussion, see
Brander and Spencer, 1989).
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disclosure equilibrium this type of distortion affects both types’ choice of effort, as can
be seen in equation (3.1), but it is particularly severe for the low-ability borrowers.
Due to their higher marginal cost of effort, in fact, low-ability borrowers are charged
a higher interest rate. In turn, this increases the likelihood of defaults and further
reduces the marginal value of effort for borrowers in this group.

Before moving on to analyze the full withholding case, it is worth pointing out an
alternative interpretation of the full disclosure arrangement. So far, I have maintained
the working hypothesis that complete information was granted by the credit register,
which, according to the chosen policy, was disclosing the borrowers’ type. However
complete information may arise also from the lenders’s updating process, that allows
them to learn the borrowers’ type, provided that the market has been operating for a
long enough time, and that the register discloses all of the past outcomes (a case that
could be labeled ”public records”). Under public records, in the long run we would
observe the market equilibrium of the game approaching the repetition of the (unique)
full disclosure equilibrium described above.

REMARK 2. After sufficiently many periods, the equilibrium with public records is
the same as the equilibrium with full disclosure.

The idea behind remark 1 is intuitive. By observing the history of play, lenders
are able to update more and more precisely their common prior. Eventually, their
belief will be correct and from that point on'® the complete information equilibrium

will prevail.

3.2. Full withholding. Under the alternative policy of full withholding, lenders
know nothing about the borrowers and the equilibrium interest rate will be a function
of the prior only!”. The borrowers’ optimization problem does not change with respect
to the full disclosure case and it results in a conditional effort choice egy = e(rg,6)
which depends on the anticipated interest rate ry and the borrower’s own type. The
expected return on lending is now given by,

(3.3) (€m0, €xo, 1o, po) =1+ p

16 This result reproduces in the market setting a result first stated in Vercammen’s (1995) game
theoretical analysis of borrowers and lenders. Further, the result in Remark 1 is reminiscent of the
Cripps et al. (2004) impermanent reputation result. However in this setup there is no commitment
type and reputations arise from the fact that the credit register allows borrowers to care for their
own future payoffs. Similarly, reputations are impermanent because once lenders learn correctly each
borrowers’ type, these are not any longer in the position to affect future contractual terms, and the
complete information equilibrium arise.

17 Borrowers can do nothing to credibly signal their type. In particular, they cannot do so by
accepting higher interest rates, because lenders are short-lived and multi-period contracts are not
available.
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where II results from averaging the return from lending to borrowers of both types,
II(emo, ero, 70, o) = poll(e, ro, H) + (1 — po)Il(e, 7o, H) using the prior py as a weight.
Then, by solving together the equations (3.1) and (3.3), it is possible to find the bor-
rowers’ optimal effort choices, e};, and e}, and the corresponding equilibrium interest
rate, 5. The next proposition grants that under full withholding, there exists a unique
stationary equilibrium in which borrowers of both types are charged the same interest

rate but high-ability borrowers exert more effort than low-ability borrowers.

PROPOSITION 2. The pairs (e}, 75) and (€54,74) are the unique stationary equi-
librium of the market under full withholding. Further, €3y > e},.

The proof is straightforward so it is omitted. Due to the assumption of fixed
investment, in equilibrium lenders offer exactly one interest rate. If they were trying to
separate borrowers by offering a menu of two contracts, one with a higher interest rate
for the low-ability type and viceversa for high-ability borrowers, both types of borrowers
would choose the lower interest rate, which would result in negative expected returns
for the lenders.

As T will discuss more extensively in section 8, under this informational arrangement
high-ability types are cross-subsidizing low-ability types. This follows because they are
charged an interest rate higher than the one in the perfect information case while
low-ability types are charged a comparatively lower interest rate.

Before moving on to study the equilibrium with limited records, it is worth pointing
out that it is always the case that high-ability borrowers exert more effort under full
disclosure, while low-ability borrowers exert more effort under full withholding.

REMARK 3. It is always true that e} < e}y < €f < €jr.

The remark above follows from the assumption on marginal costs and the structure
of the interest rates.

4. The case of limited records

This section studies the market equilibrium that arises when the credit register
opts for a policy of limited records. Under this arrangement, lenders will have access
to credit reports containing information regarding the outcomes of a borrower’s projects
in the last N periods. Lenders use the reports to update their beliefs, which in equi-
librium results in separate contracts being offered to borrowers with different records.
Borrowers, on the other hand, anticipate that their current actions will affect future
contractual terms for the incoming N periods and choose their effort accordingly.

Limited records introduce a dynamic programming problem for the borrowers that

is the same at each point in time, since in any ¢ there is an infinite number of periods
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left. The environment is thus stationary and the appropriate solution concept is a
version of the recursive competitive equilibrium concept, as defined in section 2.
Differently from the two policies previously analyzed, limited records allow the
borrowers to link their current choice of effort to future benefits in terms of lower cost
of capital. The main result in this section is that limited records prompt endogenously
beneficial reputation effects from part of the borrower, that translate into higher effort
and lower cost of capital for the low-ability borrowers with respect to the two previous
informational arrangements. This follows because the lenders’ beliefs in high ability
are increasing in the number of past repayments, meaning that better contractual
terms are offered to borrowers with ”cleaner” scores. A credit report thus provides
a credible commitment device for a borrower to exert higher effort, counteracting the

distortionary effects of moral hazard.

4.1. The equilibrium with one-period records. A natural starting point to
analyze limited records is to consider the case of N = 1, when the register discloses
to the credit industry only the outcome of the most recent project for each borrower.
More precisely, at the beginning of each period, lenders observe credit reports ¢;, which
display the outcome, either a success S or a default D, realized by borrower i in the
preceding period. This information is used by the industry to update the prior py
on the borrower’s type. I will focus on the choices of borrowers and lenders on the
stationary path, along which their equilibrium strategies depend on the state ¢; and
are otherwise history- and time-independent.

I reproduce here for convenience a type- borrower’s problem, formulated in a time-
invariant Bellman equation V (¢, 6),

(4.1) V(er,0) = IIl:LXU(Q c1,0)
+ B [Pr(ch =5 |e,c1)V(S,0)+Pr(c; =D | e,c1)V(D,0)

where ¢f = S, D is the credit report obtained from ¢; by deleting the last reported
outcome and replacing it with a repayment (default), and Pr(cf = S | e¢,¢1) = 1 —
F(@(e,r.,)). The solution to the problem in (4.1) will be a stationary policy function
e, : Ot x {H,L} — [0,1].

To prove that the one-period equilibrium defined in section 2 exists and is unique, I
will demonstrate that the borrowers’ value function has a unique fixed point, which is
the (unique) stationary policy function ej, that solves the dynamic program described
above. The fact that borrowers’ equilibrium strategies are stationary will allow me to
claim that they induce a unique distribution of borrowers across credit scores. In turn,
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lenders in equilibrium will have a unique menu of posterior beliefs, one for each ¢y, and
thus offer a unique and time-invariant menu of interest rates.

The next proposition shows that Banach fixed point theorem applies to the value
function in (4.1), granting that it is a contraction mapping with a unique fixed point
which can be found by iteration.

PROPOSITION 3. There ezists a unique stationary one-period equilibrium, with ef-
fort choices e}, €51, €15, €1 p, interest rates v5, 17, and beliefs p, .

When N = 1, borrowers can be in one of two states and in the unique stationary
equilibrium they exert two levels of effort, ey, = e(eq, ) where ¢; = S, D. Optimal
effort can be found by solving the borrower’s dynamic optimization in (4.1), the first-
order condition of which is given by,

(4.2) Y)(e,w) — BEF'@,(€gey,re,) (V(S,0) — V(D,0)) = (e, 0)

According to equation (4.2), the unique optimal effort policy ef,, is found by balancing
its marginal benefit (LHS) and its marginal cost (RHS). The former is given by a
direct increase in revenues today, Y/(e,w), and by a marginal improvement in today’s
likelihood of repaying the loan, F'&!,(ege,, re, ), which in turn leads to an increase in the
future stream of utility, V' (5,0) — V (D, #). Without making additional assumptions on
the functional forms, it is possible to derive (see Appendix C) the following expression

for a type-0 borrower’s optimal effort,
F'a&!
€ * *
= Froy - Ué(eﬁDer)

"
€D

(4.3) Ue(€ps75)

which implicitly defines the effort policy ej,, for a type ¢ borrower. Inspecting equation
(4.3) it can be seen that in the one-period equilibrium borrowers exert more effort when
a repayment, rather than a default, is going to be erased in the next period. Further,
high-ability borrowers exert more effort than low-ability borrowers for any credit report.

The next corollary formalizes these two considerations,

COROLLARY 1. In the one-period equilibrium, e;g > epp, for 0 = H, L and e}, > e,
for c={S,D}.

The fact that high-ability borrowers exert more effort than those of low-ability is
also true for the other two informational arrangements discussed in section 3, and it
follows directly from the assumption on the cost function. That the optimal effort
differs between the two states is, however, clearly a novelty that belongs to the limited
records arrangement. Effort for both types is higher when they are in the repayment
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state. This result is prompted by the fact that in the repayment state borrowers are
faced with a more attractive interest rate, which increases the marginal value of effort
by lowering the probability of default.

Lenders, as borrowers, base their equilibrium behavior on the state ¢;. In partic-
ular, for each state the credit industry anticipates the borrowers” policy function ej,,
described above, and uses it to update the belief p% = p(H | po, €5,,, 7%, ) that a bor-
rower is of high-ability. The policy N = 1 allows for two credit reports to be observed
by the lenders, thus in equilibrium there will be two interest rates, r; = {r§, 1)},
which can be found by solving for each ¢; = S, D the following zero-profit condition
together with the first order condition (4.2),

(4.4) P (€he, s rey) + (1= pe )M(ere, me) = 1+ p

where II(e;,, , 5, 0) is defined in equation (3.2).

In any period, the borrowers’ strategies and the interest rates induce a probability
mass function gy which gives the probability gg(cy) that a borrower of type 6 has credit
report cy. Let this function have a cumulative distribution G. Although individual
borrowers will not have the same credit report over time, in the stationary equilibrium
the distribution of reports at the population level will remain stable. Let this stationary
distribution be G*, and let g* be the corresponding stationary density. When N = 1,
it is the case that go(D) = 1 — gp(5), so that the steady state probability g;(cy) can
be rewritten (see the Appendix for the complete derivation) as,

g;(S) _ 1 _F(Q(62D7TB))
1= (F(@(egp:rp)) — Flw(ejs; 75)))
which is an explicit expression for the steady state densities. It follows that, according

to Bayes’ rules, the credit industry’s posterior upon seeing report ¢; = S, D is given
by,

. Pogs (S)
(4.5) P 10g5 (S)+(1 — po) g (S)
N pogu (D)

" pogia (D)+(1 = p,)g; (D)
where pg is the industry’s prior on the borrower being of high ability. The numerator
in equation (4.5) represents the stationary-state probability that the observed outcome
¢1 can be ascribed to a high-ability borrower. The denominator can be explained in a

similar vein, and acts as the normalization factor.
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Importantly it can be demonstrated that, on the stationary path, the distribution
of high-ability borrowers’ credit reports first-order stochastically dominates that of low-
ability borrowers. This feature guarantees that in equilibrium borrowers of the former
type are more likely to have better reports than borrowers of the latter type, that is,

PROPOSITION 4. G7; first-order stochastically dominates G7 .

The result follows from the assumption on the types’ marginal costs, which in
equilibrium ensures that high-ability borrowers exert more effort and hence achieve
better reports more frequently than low-ability ones.

Proposition 4 is important because it shows that having a better record has a
tangible value for the borrower. Lenders, in fact, will correctly believe that a good
record is a signal of high ability and will offer better contractual terms to applicants
with better records. Anticipating this, borrowers of both types will strive to obtain a
good report, in order to benefit from the lower cost of capital associated with it.

In other words, borrowers use their records to build themselves a reputation for
being of high ability, which will ensure them access to capital at a lower interest
rate. It is possible to find the counterpart of the concern for reputation in the term
V(S,0)—V (D, ) which appears in the borrowers’ first order condition (equation (4.2)).
This term encapsulates the borrower’s concern for the effect that his current actions
will have on his future payoffs. In particular, V'(S,8) —V (D, §) represents a part of the
marginal benefits of today’s effort, which, besides leading to a higher utility today, also
helps to instill in the lenders the belief to be dealing with a high-ability borrower. Thus,
under limited records, and differently from the other two informational arrangements
(equation 3.1), all borrowers share a concern for reputation, which arises endogenously
and that can be capitalized in terms of higher future payoff.

4.2. The equilibrium with multi-period records. Having characterized the
equilibrium for N = 1, this section studies the general case for finite choices of N.
The main difference with respect to the previous case is that now, for an arbitrary N,
borrowers can find themselves in any of 2V states, corresponding to the equally many
possible credit reports. To simplify notation, I define the following. Given a credit
report cy, let cpy be the same report with the most recent outcome erased and a
default appended before the last outcome displayed in the report. Similarly, let cgn be
computed in the same way but with a repayment appended. This notation allows me
to specify the possible reports which the borrowers could have had the period before
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the current one. Precisely, assuming we are in period t,

CN = {yt—N7 Y—N+1-5 Yt—1, yt}
coN = {D, YN, Yt—N+1--, Y1}
CSN = {57 yt—vat—N+l~~~7yt—l}

This notation will be useful in the following analysis because reports that only differ
in the last outcome are associated with the same continuation payoff, since the last
outcome will be erased by the passage of time. Due to the fact that there is no natural
way to order the credit reports'®, most of the following analysis will focus on how effort
choices, lenders’ beliefs and interest rates differ for credit reports that differ in the last
outcome only.

As argued for the case N = 1, to prove the existence and uniqueness of the sta-
tionary equilibrium just defined, it is enough to demonstrate that the value function
defined in (2.2) has a unique fixed point. The next proposition makes sure that this
is indeed the case, and hence that the borrowers’ problem has a unique stationary
solution.

PROPOSITION 5. There exists a unique stationary N-period equilibrium.

Borrowers solve a dynamic program similar to that in (4.1). Here however, a bor-
rower that finds himself in any state ¢y can move either to cyg or to c¢yp, and the first

order condition now becomes,
(4.6) Y/(e,w) — BF'w (e, 1ey) (V(ens, 0) — Vienp, 0)) = c.(e,0)

According to equation (4.6), and differently from the previous case, the difference in
future payoff streams associated with repaying or defaulting, V(cyg,0) — V(enp, 6),
changes!® with the state the borrower finds himself in. By extending the analysis in the
previous section, it is possible to demonstrate that the optimal policy function solves
the following,

F'a.,.
U * _ °SN 77/ *
(47) Ue:SN (605N7 71Cszv> 9) - F'(DL,* Ue:DN (GCDN, TCDN’ 9)
DN

for any two credit reports cgn, cpy that differ only in the last outcome. According to
equation (4.7), borrowers exert more effort when a repayment, rather than a default,
is going to be erased in the next period. That is, for any finite N > 1,

18 Tt is not clear, for instance, if report {9,5, D} is better than report {S, D, S} or {D, S, S}, in
the sense of being more likely to belong to high- rather than a low-ability borrower.

19 Once decided on how to order credit reports, the optimal effort schedule for different ¢y could
be elicited by studying how V(cns,0) — V(enp,0) varies with ¢y .
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COROLLARY 2. In the stationary N-period equilibrium, ;... > ep. - fort = H, L
and €y, > €j,. for ey € OV,

Since there are 2V possible states, lenders will have equally as many beliefs that
a borrower is of high ability. These can be found by proceeding in the same way as
before, leading to the expression for the equilibrium posterior belief p7, ,

Pogir(en)
pogir(en)+(1 = py)gi(en)

which can be explained in the familiar way. Anticipating that borrowers will follow

the policy ep,, described above, lenders will use these beliefs to derive the equilibrium

(zero profit) interest rate menu (r7 ),
(4.9) Pey Moy Tey) + (1= P )L (€heymey) =14

where II(ej,, ,75,) is defined in equation (3.2). A policy of N > 1, then, leads to an
exponential increase in the number of interest rates, which, anticipating the results in
the next section, are also closer to one another. This consideration will be important
when gauging the effects of different choices of N on the welfare in the market.

The general case of NV periods also preserves the feature that high-ability borrowers

are more likely to have better reports than low-ability borrowers, that is,
PROPOSITION 6. G7Y; first-order stochastically dominates G7 .

The same considerations as mentioned in the previous section apply: the stochastic
dominance demonstrated in proposition 6 is the key to understanding why borrowers
care about having good reports. Given that lenders in equilibrium offer more favorable
contractual terms to borrowers with better reports, these will exert more effort in order
to build themselves a good reputation and enjoy the monetary benefits associated with
it.

Concluding this section, it is worth pointing out yet again that the main novelty
brought about by the limited records arrangement is that it allows borrowers to link
their current effort choices to future gains, via building, maintaining and possibly
restoring a reputation for being of the high type. For limited records to act as such a
”reputational” device both adverse selection and moral hazard are necessary. Thanks to
the former distortion, each borrower is in the position to influence his future contractual
terms by taking certain actions in the current period, while thanks to the second, the
borrower can actually affect the distribution of the returns.
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5. Effort choices and the length of credit records

This section investigates the effects of the choice of different lengths N of the
credit reports on lenders’ beliefs, equilibrium interest rates and borrowers’ behavior. I
begin with the lenders’ beliefs. As can be seen from equation (4.8), for any possible
credit report cy, lenders form a corresponding belief p., that the report belongs to
a high-ability borrower. Denote with ¢y the ("clean”) report of length N with only
repayments, and similarly ¢y the ("dirty”) report with only defaults. Then, we have
that the difference in posterior beliefs assigned to the clean and the dirty record is
larger the larger is N. Further, for any two credit reports that differ only in the last

outcome, the difference in posterior beliefs is smaller the larger is N.

LEMMA 1. pi — piy increases in N and p;, decreases in N.

NS - pzND
The result above has a direct repercussion on the structure of the interest rates.
ex
defined according to equation (4.9). The menu of equilibrium interest rates <rZN> falls

Any of the 2V equilibrium beliefs, in fact, directly gives rise to an interest rate, r

in the interval (rj,r}) bounded by the two full-disclosure interest rates. In fact, as
N — oo and pz, —p, the interest rates corresponding to the clean and dirty records
approach the boundaries.

Remark 4 follows from the previous lemma and equation (4.9). It shows that the
choice of a larger NV induces a larger menu of more fine-grained interest rates, of which
those corresponding to the clean and the dirty record are relatively closer to (13, 77).
Conversely, a smaller N results in a smaller and coarser menu of interest rates, the

extremes of which are relatively further away from (73, ). That is,

REMARK 4.

rhoo— T | decrease in N.
“ND

, | —riy| and s

Th = Ty

This last remark and the previous lemma have implications for the difference in
future payoff streams associated with a repayment and a default, Vp(cns) — Vo(enn),
which appears in the borrowers’ first order condition, in equation (4.6). Lemma 1,
in fact, states that the difference in the posterior beliefs for any two credit reports
that differ only in the last outcome increases as N decreases. Remark 4 extends this
consideration for the interest rate schedule, that becomes coarser as N decreases. Then,
we have that following an exogenous decrease in N, the difference between the future
payoff stream associated with a repayment, and default, increases, while an increase in
N acts symmetrically.

REMARK 5. V(ens,0) — V(enp,0) decreases in N.

Note that the remark above disregards the "size” of the future payoff streams, which
depends on the borrower’s credit score, and, for the clean (dirty) record becomes higher
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(lower) as N grows. Rather, it states that the difference between filing a repayment
rather than a default is larger the smaller N is.

We are now ready to state the main result of this section. The next proposition
makes use of the remarks above to characterize how different choices of N affect the
supply of effort from part of the borrowers. It turns out that borrowers’ effort choices
are most responsive to limited records when N = 1, that is,

PROPOSITION 7. For any N-period equilibrium, %S > Zesn
"D

ecDN

To understand the proposition, consider a type-f borrower’s first order condition
(4.2), which governs his policy function ej,. . Optimal effort results from solving the
trade-off between current and future benefit of marginal effort (LHS) and its cost
(RHS). By looking at the LHS of the first order condition, it is possible to see that
the benefit of marginal effort is increasing in the difference between the future payoff
streams associated with a repayment and a default respectively. By setting N = 1,
the register contributes to giving maximum value to today’s marginal effort. In turn,
this implies that the borrowers care a lot for not having a default in their records, and
accordingly they exert their highest effort when a repayment is about to be erased. Note
that the fact that effort is higher when a repayment rather than a default is about to
be erased is true of any choice of N, because in the former state the interest rate is
lower. A one-period memory policy further contributes to this effect, by maximizing
the return of effort in terms of future payoff streams.

Note that proposition 7 does not make any reference to the default rate, or the
welfare, that different choices of N achieve, but it just states that reporting only the
last-period performance is the policy that is most likely to elicit the highest effort from
the borrowers. A one-period limited-record policy, in fact, maximizes the difference in
the future payoff stream that follows from realizing a repayment rather than a default,
and thus it allows borrowers to internalize most of the value of their effort.

6. Comparative statics: default rates

This section addresses comparative statics exercises among the three informational
arrangements. More precisely, I will focus on their impact on the expected default
rate. By default rate I mean the ex ante probability of default under the different
equilibrium interest rates and effort choices, while I do not look at the amount that is
defaulted upon after the lenders appropriate whatever revenues that were generated.
Due to the analytical complexity of the model, I will restrict the current analysis of
limited records to the case N = 1. This special case is interesting per se and sheds
some light on the general effects of censoring the register’s memory, yet admittedly it
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restricts the generalizability of the results?0. Furthermore, I will restrict my attention
to the case p < % This is because when high-ability borrowers outnumber those of

low-ability it is difficult to find conditions under which full disclosure is outperformed
1
2

of real credit markets. Then, provided that high- and low-ability borrowers are either

by the other two arrangements. Yet, the case p < 35 is probably more representative
present in equal shares, or low-ability types are more frequent, the next propositions
pin down the sufficient condition(s) for each informational arrangement to minimize
the expected default rate.

I begin with investigating whether full withholding ever leads to a lower default
rate than full disclosure. Normalizing the borrowers’ population to one, this would be

the case when,
pF(@(eg, my)) + (L= p)F(o(er, L)) = pF(@(€elo,m0)) + (1 — p)F(@(eLo, 75))

The LHS represents the proportion of loans that are defaulted upon under the full
disclosure arrangement. More precisely, it is given by the sum of the (expected)
defaults coming from the borrowers of high-ability, pF(w(ej;,73)), and low-ability,
(1 —p)F(w(ey,ry)). The RHS instead shows the default rate under full withholding
and it has a similar interpretation.

Assuming a uniform distribution for the shock, w ~ U[0, 1], the inequality above
can be rearranged to read,

(6.1) Setrh) = @lehor ) = 1 (@i 1) = B(ein i)

Equation (6.1) states that the rate of default is lower under full withholding if the
improvement in the ”default threshold” w(e}, ;) —w(e},, ry) that is brought about for
the low-ability group by switching from the full disclosure to the full withholding regime
(LHS) is larger than the corresponding decrease for the high-ability group (RHS),
weighted by the proportion of high and low-ability borrowers in the market.

Given its importance in proving the following propositions, before proceeding I
discuss the default threshold w(e, r) in further details. According to the definition given
in section 2, the default threshold is the shock which, given e and r, delivers just enough
revenues to repay the loan plus the interests, and it is implicitly defined by Y'(e, (e, r))
= 1+r. It follows that w(e, r) corresponds to the level curves of Y (e, -) evaluated at the
different r’s of interest, that is, Q(r) = {(e,w) € [0,1] x [0,1] : Y(e,w) = 1+7r}. Due
to the concavity of Y (e, w), it is the case?! that &/ (e,r) < 0, @.(e,r) > 0, &’ (e,7) > 0

20 Memories longer than one period are better suited to be studied with numerical methods.
21 Where wi,(e,7) = L(wi(e,r)) = %(—}%) = - (%?JR““&) > 0 because R.. < 0. While

w?,.(e,r) > 0 can be seen by drawing a vertical line in correspondence to any e and see how w becomes
steeper as r increases.
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and @” (e,r) > 0, that is, the (upper) level sets are convex sets. These properties can

be seen in figure 2, which draws a few level curves for an arbitrary concave function.
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Figure 2. Level curves for Y(e,w) =1+

Each level curve (isoquant) is drawn holding fixed a value of r and it plots all the
combinations of effort and the threshold w such that the realized revenues are just
enough to repay the interest rate r to which the curve corresponds. Note that for any
pair (e,r) there is only one threshold such that this is true. From the concavity of
the revenue function it also follows that the distance between the level sets of fixed
increments?? in the value of Y (or 14 ) increases with (e,w). As mentioned, these con-
siderations will be important in proving the next proposition, that outlines a sufficient
condition for full withholding to induce a lower default rate than full disclosure.

PROPOSITION 8. Full withholding induces a lower default rate than full disclosure
if ry < 3(r +13) holds.

The proof behind proposition 8 is straightforward. We know that full withholding
leads to a lower default rate than full disclosure as long as the decrease in defaults
from the low-ability group due to the shift from 7§ to rj is higher than the change
(increase) in defaults for the high-ability group, accruing due to the shift from 7§ to
r3;. Then, the condition on 7, together with the concavity of the revenue function, and
thus the convexity of its contour sets, ensures that low-ability borrowers will increase
their effort supply by more than what the high-ability borrowers will reduce their own,
thus delivering the result.

The finding in proposition 8 paves the way to the question whether or not allowing
a one-period memory, when condition r§ < 3(rj; 4+ 7}) holds, would reduce the default

22 The isoquants in figure 4 are drawn in correspondence of constant increases in r (0.1,0.2, ..., 1).
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rates even further. Differently from the case of full withholding, the choice of a one-
period memory leads to two equilibrium interest rates, 7}, and 7§, which depend on
the borrower’s credit report. Proposition 9 shows that the policy N = 1 can indeed
lead to a lower default rate than both full disclosure and full withholding, but only if
an additional condition holds.

PROPOSITION 9. If r§ < 3(r}; +7}1) holds, limited records induce a lower default
rate than both full disclosure and full withholding if w(e),, 5) — w(epg, rs) is small.

In words, when the policy of full withholding leads to a lower default rate than full
disclosure, so does the policy of limited records, provided that the additional condition

*

%) holds. This second condition concerns the fact that the new equilibrium

on W(ep,, T
interest rates r}, and r§, are such that r§ < rg but v, > r§. In proposition 8, I have
shown that the condition r§ < %(rj; + r}) is enough to make sure that the shift from
(r3,r7) to ry leads to an overall lower default rate. The same condition would remain
enough for proposition 9 to hold if the r§ was the only equilibrium interest rate, since
we know that rg < rj. However, an additional condition is needed to make sure that
the shift from 7§ to 7}, does not undermine the result. To this end, it is enough to
require that the difference in default thresholds between the default state w(ejp, )
and the repayment state w(ej)g, 75) is small.

The next natural question, then, is whether limited records can outperform full
disclosure when 7 is not closer to 773, than to 775, in which case we know from proposition
8 that full withholding may not be preferable to full disclosure.

In this case, we can directly compare the default rate under full disclosure to the
one under limited records. The latter is lower when,

s % L:)(G*\,TA*) ) w(eyq:rs) — (% *
(6:2)  @(eL,"L) — @, r)-sEsee) 2 1o [Hw(e’;,Dmgig(e’;,s,rg)) - ”(GH’TH)}

where equation (6.2) has been derived by assuming a uniform distribution of the shock,
and simplified using the equations in (4.5). Inequality (6.2) has the same interpreta-
tion as inequality (6.1) and it requires that the absolute difference in the thresholds
w(ep,, s ) with complete information and limited records for the low-ability group is
larger than that for the high-ability group, accounting for the proportion of high- and
low-ability types in the economy. In other words, the fall in the defaults of low-ability
borrowers, accruing from a decrease in the interest rates from r} to (r§,r7},), should
more than compensate the increase in the high-ability defaults, that is brought about
by the increase from 73; to (rg,r3).

It turns out that this result can be obtained under the same condition that was
identified in proposition 9 for limited records to be preferable to full withholding, that

is,



6. COMPARATIVE STATICS: DEFAULT RATES 165

PROPOSITION 10. If 1§ > 1(r}; + 7}), limited records induce a lower default rate

than full disclosure if w(ejp,15) — w(epg, rs) s small.

Again, the proof behind this result is simple. Since by the concavity of the rev-
enue function the decrease in low-ability borrowers’ default rate is larger than the
corresponding increase in that of high-ability borrowers, to obtain the result it is only
needed to make sure that the possibility of ending in a default state does not upset the
original result.

As mentioned in the beginning of the section, the results in propositions 8-10 are
only sufficient conditions, which moreover impinge on the assumptions of p < % and
uniform distribution of the shock, so they have to be taken with a grain of salt. How-
ever, they do provide some insights regarding how a credit register should set the length
of its records in order to minimize the default rate.

First, it is possible to argue that among the three arrangements studied here, full
disclosure is always preferable in a market where adverse selection is severe, or, at
least, more severe than moral hazard. This is the case when r§ > 1(rj + r}) and
when w(epp,15) — @(efg, %) is large. Both statements, in fact, are true when the
difference in cost structure between the two types is large and when moral hazard is

not a particularly serious concern?3.
1
2

selection is not particularly grave, that is, when the two types face similar costs of

Instead, condition r§ < %(rf; + 73) is likely to hold in a market where adverse
effort. When this is the case, the full disclosure arrangement may excessively distort
the effort choice of the low-ability borrowers?*, without succeeding in eliciting from the
high-ability borrowers enough effort to compensate this distortion. Full withholding,
on the other hand, may successfully lead to an equilibrium interest rate that alleviates
the moral hazard problem for the low-ability group without distorting too much the
effort supplied by the high-ability borrowers.

However, as moral hazard becomes more severe, limited records become the ar-
rangement that delivers the lowest default rate. A situation of high moral hazard,
and not too high adverse selection, is captured in this model by the statement that
w(epp,mhH) — wlepg, rs) is small. The fact that the two thresholds are close, in fact,
means that monitoring is noisy, and even when charged two different interest rates, the
correspondingly different effort choices do not lead to different outcomes in a clear-cut

23 This last statement can be seen from the fact that since the default thresholds in the two states
are far apart monitoring works quite well.
24 Because higher interest rates worsen the moral hazard problem.
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way. When this is the case, limited records leads to the lowest default rate, by ex-
tracting the highest effort from borrowers of both types, thus counteracting the moral
hazard problem in the most efficient way?®. Table 3 summarizes the discussion,

Table 3. Informational arrangements by lowest default rate

Adv. Selection .

Moral Hazard High Low
High full disclosure | limited records (N = 1)
Low full disclosure full withholding

Again, the interpretation just given is subject to all the assumptions of the model and
has to be subjected to further scrutiny. In particular, it has to be stressed that in this
model adverse selection and moral hazard are to a certain extent intertwined (as can
be seen in equation (2.1)), which calls for further care in extrapolating the results to
the real world.

7. Comparative statics: welfare

While limited records give rise to an equilibrium that is different from those that
arise under the other two informational arrangements, it is a policy that falls between
the two. In fact, as N goes to infinity limited records approach full disclosure, and
when N is zero they replicate full withholding. Denoting with Wp, Wy, and Wy the
period-t welfare in the full disclosure, full withholding and limited records case, we
have the following lemma,

LEMMA 2. Wir — Wp as N — oo, and Wyr = Wy when N = 0.

Lemma 2 states that aggregate welfare under limited records approaches aggregate
welfare under full disclosure as N — oo, and aggregate welfare under full withholding
when N = 0. Besides this taxonomic consideration, it is relevant to know how the
three policies relate respect to each other in terms of the welfare that they induce
(ex ante). To begin with, I compare the two extreme policies of full disclosure and

25 The condition on @(€pe, Te,) has other implications that are worth mentioning. First, it holds
when both types face similar moral hazard problems, and thus implicitly it makes sure that high ability
types do not have to cross-subsidize low ability types too much. Secondly, it is possible to argue that
when it holds, signalling (learning) is noisy, so it is more effective to enforce an arrangement that
alleviates the moral hazard problem. Finally, due to the high noise, the probability of an unfair
transition (the case in which a high ability borrowers defaults due to a high negative shock) to the
low state is high, thus a choice of N = 1 may be preferable to prevent borrowers from being trapped
in states with high interest rates.
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full withholding, and demonstrate that the latter leads to a higher welfare under a
well-defined condition.

The market’s equilibrium under these two policies was characterized in Proposition
1 and 2. At a first glance, full disclosure looks appealing since it directly reduces the
informational asymmetry in the market by eliminating adverse selection. However,
such a policy does not deal with the problem of moral hazard, which results in an
inefficiently low choice of effort for both types and distorts in particular the low-ability
borrowers’ effort supply, as discussed in section 3.

As first shown by Vercammen (2002) in a game-theoretic setup, the distortionary
effects of moral hazard under full disclosure could be mitigated by charging a higher
interest rate to the high-ability borrowers and simultaneously lowering the interest
rate charged to the low-ability group?. This manipulation, in fact, can be shown to
increase borrowers’ aggregate welfare while leaving lenders’ aggregate returns constant.
As discussed in section 3, a cross-subsidization of this kind occurs naturally under full
withholding where, thanks to adverse selection and the fixed-investment assumption,
the equilibrium interest rate r{ falls in 7}, < 5 < r7. Thus in line of principle, full
withholding could lead to a higher aggregate welfare, which may be interpreted as
supporting strict privacy protection.

It turns out that under the assumptions of my model it is possible to write a
sufficient, nonnecessary, condition under which aggregate welfare is higher with full
withholding than with full disclosure. The proof is relegated to the Appendix, while
here I only summarize its fundamental steps. I begin with considering the full disclosure
interest rates and show that if r}; is increased marginally, while keeping constant the

. . dry
aggregate return for the lenders, 77 necessarily decreases. That is, - < 0.
H | Lenders

Then I demonstrate that such a marginal increase in rj; produces an increases in the
> 0, provided that a condition, which I

Lenders
1-F(@(ey.r5))
1-F(@(e; 7))
to be greater than one, but not too large, and it can be shown to hold if the two full

) uA
borrowers’ aggregate welfare, or i,

call C'S for ”cross-subsidization”, holds. The C'S condition requires that

disclosure interest rates are close to each other. When this holds, the interest rate 7j
that arises under the full withholding equilibrium can be interpreted as the result of
cross-subsidization with respect to the full disclosure equilibrium rates 7}, and r; and,
according to the reasoning above, it leads to a higher aggregate welfare. It follows that,

PROPOSITION 11. Full withholding is ex-ante welfare-improving with respect to full
disclosure if the C'S condition holds.

26 Who suffer the most from this distortion, due to the assumption on marginal costs.
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By making sure that the full disclosure default thresholds are not too far away
from each other, the C'S condition allows cross-subsidization to work in a welfare-
enhancing way. In particular, it implies that the decrease in effort from part of the
high-ability borrowers can be compensated by the increase in effort from the low-ability
borrowers, so that lenders’ expected returns remain constant. Moreover, it implies that
the respective decrease and increase in high- and low-ability borrowers’ utility result in
an higher aggregate welfare. Further, in order to interpret correctly Proposition 11, it
is useful to recall that in this model moral hazard and adverse selection are intertwined,
because by assumption the moral hazard is less severe for the high-ability borrowers,
who face a lower marginal cost of effort. Thus, by requiring the interest rates r}; and
r} to be not too far from each another, the C'S condition also implicitly constrains the
two types not to be too unalike. Differently stated, the C'S condition is satisfied in a
credit market where adverse selection is low.

Informally, when the two types are not too unalike, the benefits from screening are
not large and under CS they are outweighed by the costs of moral hazard. For this
reason, the full withholding interest rate may provide the low-ability borrowers with
the right incentives while not distorting ”too much” the high type borrowers’ effort
choices, leading to a higher aggregate welfare?”. This result is essentially an instance of
the theory of second-best, here driven by the assumption of fixed investment-size that,
by implying the uniqueness of the equilibrium interest rate under the full withholding
arrangement, prevents adverse selection from causing net welfare losses.

In proving proposition 11, it has been shown that when the C'S condition holds the
borrowers’ aggregate utility increases in rj;, and I have argued that it is possible to
induce such an increase by withholding all the relevant information from the market, in
order to force the credit industry to offer a unique interest rate r§ € (rj;, 77 ). However,
this is an extreme scenario. The next corollary shows that for the welfare result to hold,
any policy that induce an increase in the interest rate faced by the high-ability types
and a decrease in that faced by the low-ability types leads to higher welfare than the
full disclosure case, provided that the original C'S condition is satisfied. In particular,
a policy mandating N = 1 leads to an increase in aggregate welfare. Thus, we have,

COROLLARY 3. Under CS, limited records with N = 1 are ex-ante welfare-improving

with respect to full disclosure.

The corollary directly follows from proposition 7 and the proof is omitted. If we let
the shock be uniformly distributed, it is possible to combine the results in the previous
section and the corollary above, to have,

27 Note that anyway in the full withholding equilibrium, however, high types will still be exerting
a higher level of effort, and will be having a higher probability of success than low types.
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COROLLARY 4. Under CS, limited records with N = 1 is the arrangement that

guarantees both the highest welfare ex ante and induces the lowest default rate.

When CS holds in the full disclosure equilibrium, imposing a policy with limited
records improves on the default rate of the low-ability group, while not distorting too
much the effort supply, and hence the default rate, of the high-ability borrowers. This
follows because 7% € (rj;,r}), and r};, r} are already close to one another by C'S. Then
from the previous section, we know that, by the concavity of the revenue function,
the positive effect on the performance of low-ability borrowers overcompensates the
negative effect on the performance of the high-ability group.

Corollary 4 means that it is possible to outline sufficient conditions for one-period
limited records to be the policy that performs best in both dimensions?®. Although this
result appears to speak in favor of limited records, I argued above that the C'S condition
may not be representative of all credit markets, and that N = 1 is in itself a very simple
case. The question now becomes what are the effects of limited records, with N > 1,
on defaults and welfare. In general, limited records elicit higher effort from part of
the low-ability borrowers than full disclosure. In fact, if a lender knew the borrower’s
type, he would not offer him a lower interest rate because of his better records, since
the borrower’s future incentives would be unrelated to his credit history. Similarly, a
borrower would not anymore be able to influence his future payoff by choosing a higher
effort, and he would reduce it due to moral hazard. However, limiting memory also
entails erasing past information and accordingly it prevents any screening, impeding
borrowers from being charged the rate of interest that reflects the true value of their
investment. This suggests that limited records deliver a higher welfare if the high-ability
types have enough room to signal themselves out, and if simultaneously they provide
low-ability types with the correct incentives to deal with the moral hazard problem.
The findings in this section support these speculations, and suggest that censoring
credit records is a viable alternative for credit registers to reduce the overall default
rate.

8. Discussion

The following discussion further develops some of the points that were raised in the

Introduction. First, I relate the model’s findings to other results on limited records,

28 Precisely, under C'S, limited records score better than full disclosure in both dimensions, by

corollary 3 and proposition 9 and 10. With respect to full withholding, instead, limited records
certainly score better in terms of the default rate, proposition 9 and 10, while the effects on welfare
are ambiguous.
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demonstrated outside the context of credit markets. Secondly, I discuss how the frame-
work presented in this paper can reconcile seemingly conflicting empirical evidence on
the effects of data removal.

Data removal is relevant to several markets, because censoring public information
often brings about reputation effects capable of disciplining informational asymmetries.
In electronic marketplaces, for instance, opportunistic behavior from part of the sellers
is disciplined by a reputation mechanisms that allows buyers to rate their experience
with a particular seller. By compounding these ratings into a publicly available score,
such mechanisms create scope for reputation concerns to induce the sellers to behave
cooperatively. Contrary to what one may have expected, it turns out that mecha-
nisms that aggregate the entire history of the sellers’ past ratings into his score may
not sustain cooperation? indefinitely. Cooperation, instead, has been proven to be
sustainable over time by the window aggregation mechanism that aggregates a seller’s
ratings over a finite number of past periods only (Aperjis and Johari, 2010). Fur-
ther, it can be shown that longer windows allow for more precise learning, and are
effective in disclipining patient sellers’®. Shorter windows, instead, provide stronger
incentives against opportunistic behavior by punishing severely each single deviation,
thus deterring sellers from accumulating a good reputation and regularly exploiting it.

The window aggregation mechanism is close in spirit to the limited records as-
sumption in this paper, although here the records are presented as an ordered list of
outcomes rather than a score. To fully investigate the optimal length of the register’s
memory goes beyond the scope of this work, however it is possible to speculate on how
the results documented for the electronic marketplaces could inform the discussion on
credit records. The results in propositions 8-10 seem to suggest that also in the credit
market shorter records would be more effective when moral hazard is high. Longer
records, instead, seem naturally preferable when adverse selection is high, because oth-
erwise the performance of good borrowers would be hampered by a disadvantageous
cross-subsidization. Future works should investigate these trade-offs more explicitly.

The present model is also related to the literature on behavior-based dynamic pric-
ing (for an overview, see Fudenberg and Villas-Boas, 2005), which focuses on the recent

29 For instance, good sellers would be tempted to free ride on their reputation every once in a while
and then rebuilding it later on. In particular, Dellarocas (2005) shows that the choice of a one period
memory allows for the greatest degree of cooperation to be achieved in an electronic marketplace
where a single seller interacts with many buyers and faces the temptation to cheat on the quality of
the good that he sells.

30 Patient sellers, in fact,strongly dislike having a bad rating transiting in their report for a long
time.
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practice of using information on borrowers’ previous purchasing decisions to target fu-
ture prices?!. A well-known result in this literature is that firms would like to commit
not to collect information on customers’ decisions, but they are induced to do so by
competitive pressure, which potentially leads to lower welfare (Taylor, 2004a).

In the present model a similar concern may arise if it is the case that a market
with full disclosure cannot settle on the full withholding equilibrium although cross-
subsidization would lead to higher welfare. This concern is well founded, because if
a lender was trying to charge the full-withholding interest rate to borrowers of both
(known) types, he would lose his high-ability borrowers to other lenders who offer
them a slightly lower interest rate. It follows that, due to the competitive pressure,
the equilibrium that maximizes aggregate-welfare cannot be sustained. Interestingly,
these considerations are aligned with a series of other papers that stress how disregard-
ing privacy considerations can lead to socially undesirable outcomes (see for instance
Hermalin and Katz, 2006; Hirshleifer, 1971).

Finally, the findings of my model can be related to the empirical literature that
tries to assess the impact of existing data retention legislation on market’s outcomes.
This literature begins with Musto (2004) who documents that American borrowers
are not able take advantage of the ”bankruptcy flag” removal mandated by the Fair
Credit Reporting Act. On the contrary, after experiencing a momentary increase in
their assessed credit-worthiness, this quickly returns to the pre-removal level®2. Musto
interprets the evidence as suggesting that in the long-run data protection legislations
only worsen the adverse selection problem, and that they only mandate ”efficiency in
reverse”. This pioneering study has been followed by others that document a far less
trenchant effect. In particular, Bos and Nakamura (2010) employ Musto’s methodology
to investigate the effects of the removal of credit remarks in Sweden?3. Their analysis
confirms the short-run boost in assessed credit-worthiness that was documented by

31 In Krugman’s words ” [D]ynamic pricing is the new version of an old practice, price discrimina-
tion”, The New York Times, October 4, 2000, p. A35.

32 Musto’s analysis makes use of a large panel dataset of borrowers in the unsecured bank-card credit
market, which was appositely prepared for the study by the credit register Experia. In particular,
the panel covers more than forty thousands borrowers that have a bankruptcy flag as of the starting
date of the sample period, the "filers”, together with a control group of twenty thousand "non-
filers”. Borrowers were followed for two years. By regressing the change in the filers’” FICO credit
scores between the last observation pre-removal and the first after removal, Musto is able to show
a significant and positive impact of the removal of the flag. Immediately after the information is
dropped, ex-filers gain substantial access to credit cards and enjoy an increase in credit limits up to a
thousand dollars. Unfortunately, this boost in credit due to the removal of the flag is only short-lived.
Tracking these borrowers for another year, in fact, shows that their assessed credit-worthiness declines
back to the original level or below, and that delinquency rates go back to pre-removal levels.

33 The authors employ an dataset comparable to Musto’s, and follow borrowers up to two years
after the removal.
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Musto, however the authors do not find long-run reversal to the pre-removal levels.
Rather, the improved credit scores are shown to remain stable over time.

These conflicting findings could be accommodated within the present model by
arguing that the American and the Swedish markets are fundamentally different in
their degree of moral hazard and adverse selection. More precisely, it is possible to
argue that the former market, which is a market for small loans, is characterized by
severe adverse selection. Thus removing past information is likely to be a detrimental
policy, which effectively prevents lenders from screening out bad borrowers. In the case
of Sweden, instead, the analysis concerns the removal of credit remarks rather than
of bankruptcy events. This suggests that Bos and Nakamura are looking at a market
in which average borrowers’ quality is high. Consequently, data removal may actually
succeed in providing the correct incentives for the borrowers, giving a fresh start to
those that suffered from a negative shock realization.

9. Conclusions

With this paper, I put forward a model that tries to assess the impact of data
removal legislation on credit markets, where it applies to the data on borrowers’ past
behavior stored by credit registers. I studied a stylized credit market wherein long-
lived borrowers repeatedly seek funding from short-lived lenders and where a credit
register regulates the disclosure of relevant information. By comparing different privacy
protection arrangements, I demonstrate that a policy of limited records may lead to
both a lower (ex ante) default rate and a higher (ex ante) aggregate welfare than either
full disclosure or full withholding.

The model presented here is in an extremely stylized form and several extensions
come to mind. While I have tried to justify the most stringent assumptions, more
realistic modelling choices may improve our understanding of the reputational dynamics
brought about by data retention policies. In particular, the next topics on the research
agenda include a thorough study of the design of credit registers’ optimal memory and
the relaxation of the assumption that borrowers are of a certain type which is fixed
over time. Further, it is important to note that the policy data retention is intimately
intertwined with reputation formation, and thus it is not of unique interest to the
credit market literature. This suggests that future works should take into account
other related literatures that explore similar issues and try to benefit from them.
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Appendix

Here follows the proofs of the propositions, lemmas and corollaries in the text.

PROOF OF PROPOSITION 1. Equation (3.1) describes the borrowers’ conditional
effort function ey and er. Equation (3.3) combines the lenders’ beliefs with the con-
ditional effort function of the borrowers to derive the lenders’ reservation interest rate
rp. The equilibrium interest rates are found by solving the zero-profit conditions,

{ (e, r3)=1+p
Mer,m3)=1+p
Then, in equilibrium, borrowers correctly anticipate r};, r; and exert e}; and e} . Lenders
cannot deviate from offering rj, because charging a lower interest rate would mean
incurring losses, while no borrower would accept a higher interest rate due to per-
fect competition. At the interest rate rj it is optimal for all borrowers to accept the
contract. In particular, this happens because both types’ reservation utility is zero,
meaning that a type 6 borrower’s participation constraint is,
1
| W) - 0] - clei,0) 2 0
w(eg,r)
which by construction is always satisfied, in expectation, by r = r}.

The second part of the proposition follows directly from the assumption on marginal

costs, (e, H) < d,(e, L). O

PROOF OF PROPOSITION 3 AND 5. To prove these propositions, I will use Ba-
nach’s fixed point theorem to show that the value function (4.1) has a unique fixed
point. The proof consists of two steps. First I will describe the appropriate metric
space and show that it is complete, and secondly I will show that the value function
can be interpreted as a functional equation that maps a functional space in itself and
is a contraction mapping.

Abusing notation somewhat, we can think of the value function as a functional
equation,

V(ewn,0) = maxU(e, 7y, 0) + BZ Pr(cdy | e,en)Vo(cy, 0)

J
N

TV (ey,0)=maxU (e, r.,,0) + [32 Pr(cdy | e,en)Va(cy, 0)

)
N
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where T' defines a mapping with domain equal to the space of functions V. We can
restrict our attention to the space V of functions V' which are continuous and bounded.
Given that U is by assumption a continuous and bounded function, and so is V', TV
is also bounded. Furthermore, by the theorem of the Maximum, 7'V is continuous as
well. Then, the fact that the space of continuous and bounded real functions defined
over some set X,

B={V:X — R|V is continuous and m < V(x) < M,Vz for some m, M € R}
and equipped with the sup metric

doo(V1, Vo) = sup | Vi(z) — Va(x) |

is a complete metric space, allows us to conclude that also (V, dw) is a complete metric
space. It follows that 7" is an operator that maps the metric space (V, dy,) to itself.

Thanks to the result above, to apply Banach’s theorem we can use the Blackwell’s
(sufficient) conditions to establish that 7" is a contraction,

Blackwell’s sufficient conditions: Let 7" be an operator on a metric space
(S, dw) where S is a space of functions with domain X and d is the sup metric. Then
T is a contraction mapping with modulus § if it satisfies the following:

(i) Monotonicity: For any pair of functions (V4,V2) € S, Vi(z) > Va(z) for all
x = TVi(x) > TVy(x)

(ii) Discounting: For any function V' (x) € S(X), positive real numbers ¢ > 0 and
B € (0,1) it is true that for any = on which V' is defined T(V +¢) < T(V) + ¢

Monotonicity can be proven as follows. Take any two (V4, V2) € V such that Vi (z) >
Va(x). Then,

TVi(en) = maxU(e, en,0) + 8 Pr(cy | e,en)Vi(cy, 6)
> maxU (e, cy, 0) + BZ Pr(cy | e,cn)Vy(cy, 0)

- T‘/Q(CN7 wt)
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As for the Discounting condition, take any function V(x) € S(X), positive real
numbers ¢ > 0 and 5 € (0,1)

TV +q) = mng(e7 en, 0) + BZ Pr(dy | e,en) (Vi (cy, 0) +q)

N
= maxU(e, ey, 0) + 5 Pr(cy | e,en)Vi(cy,0) + BEY_Pr(cy | e,en)q
cy cy
= maxU(e, ex,0) + ) _ Pr(cy | e,en)V{(cy, 0) + By
N
=T(V)+bq
where > Pr(cy | e,en) = 1 by definition. Thus T is a contraction mapping on a
y
complete metric space and, thanks to Banach’s Theorem, we know it has a unique
fixed point. O

PROOF OF PROPOSITION 4. I momentarily suppress the asterisk notation to indi-
cate equilibrium variables, with the understanding that (eg.,) and (r.,) indicate equi-
librium quantities. Take any two Gy, Gr;. Next period distribution is given by,

Grir1 = TGy
Grip1 =TGp
and
Gori1(S) = Gor(S)(1 = F(w(eps, rs)) + Gor(D)(1 — F(w(eop, Tp))
Gorp1(D) = Gou(S)(F(@(eos, s)) + Gor(D)(F(&(eon, )

Case (a) Let us assume that G+(D) = Gp+(D) so at time ¢ high- and low-ability
borrowers are distributed in the same way over the credit reports S and D. Then in
the next period,

Grer1(D) = Gua (D) = Gr(S)(F(@(eLs, rs)) + Gr(D)(F(w(ep, p))
= Gm(S)(F(@(ens,rs)) — Gu(D)(F(w(enp,rp))
= Gy(S) [F(w(eLs,s) — F(w(ens,7s))]

+ Gy(D) [F(@(erp,p) — F(@(enp,Tp))]

>0



APPENDIX 179

where the last step follows from the assumption on marginal costs that makes sure
that,
F(@(epe,,re)) = F(o(ere,Te;))
in any equilibrium, and for any ¢; = {5, D}.
Case (b) Let us now assume that G+(D) > Gp¢(D) so that at time ¢ the distri-
bution of L borrowers is already dominated by that of H borrowers. Then,

Grer1(D) = Guia (D) = Gui(S)(F(@(eLs, rs)) + Gro(D)(F(w(ewp,rp))
= Gui(S)(F(@(ens,rs)) — Gui(D)(F(@(ewp,p))
= Gn(D)(F(@(eLp,rp)) — Gu(D)(F(w(enp, rp))
+ (1= Gr(D))(F(@(eLs, rs)) — (1 — Gue(D))(F(
= Gn(D)(F(@(ewp,mp)) — Gu(D)(F(w(enp, rp)
+ (F(w(ers,rs)) — F(@(ens, rs))

+ Gui(D))(F(@(ens, rs) — Gr(D))(F(w(ews,s))
>0

w(ens,rs))
)

where the last step follows from acknowledging that,

Gu(D)(F(w(erp,mp)) — Gm(D)(F(@(enp,rp)) + (F(w(ers,rs)) — F(w(ems,rs))
> Gr(D)(F(w(ers;rs)) — Gui(D)(F(w(ens,rs)

Case (c) Finally, consider the case G, (D) < Gpy(D). Using the same algebra as
in case (b), we have once again that Gr,11(D) — Gp1(D) > 0. O

Solving for the value function, optimal effort and posterior beliefs:

Case N=1
To compute explicitly the value function V(¢1,0) and the optimal effort ej,, in each

state ¢1, one has to solve the following system,
V(S,0) = maxU(e;q,1%5,0) + BE > Pr(c) | ejg,75)V (¢}, 0)
¢ ch=8,D
V(D,0) = maxU(e;‘D,r,*jﬁ) +B8E > Pr(d | epp,r)VI(c,0)
ci=S,D
0= hersD) 4 g st (v (5, 0) - V(D, 0))

dey

“0s
_ dU(egp.rh 0 /‘]‘“(f’ﬁD D) _
0= 2Gebl) 4 g prinrb) (v(3,6) — V(D,0))



180 LIMITED CREDIT RECORDS AND MARKET OUTCOMES

Assuming that borrowers have perfect foresight of the steady state interest rates (r%, rJ,),
the system above consists of four equations in four unknowns, {V'(S,0),V (D, 0),e%, el }.

CaseN > 1

By extending the analysis above, it is possible to set up a system of equations to
determine, for any ¢y € Cy , which are the value of V(cy,6) and Chey- TO facilitate
reading, I substitute momentarily the notation e} . with ¢*(cxy), and I use cys, cnp to
indicate the report ¢y with farthest outcome erased and S, D added in front of the
most recent position,
(9.1)

Viegy:0) :mbeU(e*(CSN)vT*(CSN)ve) + ) > Pr (",N 6*(051\/)77"*(‘351\/))‘/(0’1\/79)
CN=CNS,CND

V(epy. 8) =maxU (e’ (epy), " (epy) 0) + 8 3 Prieyl € (cpy).r(epy))V(ey.0)

CN=CNS,CND

0 :dU(E*((;iiv)W:]()ﬂsN)ﬂ) +BEF deo(e*(csn)r*(csn)) (V(ens,0) — Viewn,0))

(Cs dC*(QS‘N)
dU (e*(c ¥ (e 0 dw(e*(c (e
0= ( (djzfl(im,()DN) )+ﬁEF’ ( (dgzgrc)DNg DN)) (V(CNS,Q) _ V(CND79))

Computations of the stationary density functions:

Case N=1
For the case N = 1, if in period ¢ the densities are gr; and gg;, in the next period
it will be the case that,

gre1(S) = Pr(S | ey, H)gmi(S) + Pr(S | €y p, H) g (D)
gri41(S) = Pr(S | e1s, L)gri(S) + Pr(S | €1p, L)grs(D)
and similarly for gg1(D), grir1(D). In steady state, the densities (gg) solve,
96(S) = Pr(S | €4, 0)96(S) + Pr(S | €5, 0)g0(D)
96(D) = Pr(D | e45,0)g0(S) + Pr(D | e5p,0)g6(D)
Since go(D) =1 — go(5), the steady state distribution can be rewritten as

B Pr(S | ejp,0)
9005) = T Pes | eip:0) = Pr(S | e}s.0)
1 — F(w(epp,Tp))
1= (F(w(egp,mp)) — F(w(egs,s)))

)
)

Case N > 1
Proceeding as before, for any cy, the borrowers’ strategies and the interest rates
induce probability density functions gy, with distribution Gy. For any period ¢ densities
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gr: and ggy, in the next period we will have that,
grrri(en) = Pr(en | €y 1 H)gui(csn) + Pr(S | eqe  H)gni(cpn)
gui(en) = Pr(en | €} 1, L)gr(csn) + Pr(S | €L, L)gu(cpn)
and similarly for ggyy1(D), grir1(D). In steady state, the densities (gq) solve,
go(en) = Pr(ey | 096+79)96(CSN) + Pr(S'| e 0)go(cpn)

which is an explicit expression for the steady state densities for any given effort function.
It follows that the corresponding belief function should be given by lenders’ updating
of their prior py using Bayes’ rule,

pogu(cn)
pogm(en)+(1 = py)grlen)
which can be explained in the familiar way.

(9-2) plex)=

PROOF OF COROLLARY 1. To prove the first part of the proposition consider again
the system in (9.1). Rearranging the four equations, it is possible to find out that the
policy function solves the following,

!

©3) dU (e (csn). 1" (csn).0) _ F' agtessy dU(e* (con), ™ (cpn). 9)

de*(cSN) F’dE*Z:;N) de*(cDN)

for any two csy, cpy. The expression F o stands for the change in the default

likelihood that follows from an increase in effort. In the case N = 1, knowing that
dw(e*,ry)
" >

rs < rp and, since @, < 0 and @, < 0 (see Section 6), it is also true that ‘F’

F’dw;i,f’:’)‘, and we can conclude that for both types eg > eJ,.

We now only have to show that e};, < e} for ¢ = {S, D}. Take equation (4.3) and

rewrite,
dU(ee,re,0)  dY(e.,w)  dc(e,0)
de, B de, de,
Since % L) > 2elefl) by assumption, it follows that although the two types of borrowers

are Charged the same interest rate, it the case that,
AU (€57, 7¢) - au(es.,re)
dey, e,

meaning that the marginal value of effort is higher for high-ability borrowers rather
than for low-ability ones. It follows that e};, > ej.. O
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PROOF OF PROPOSITION 6. In proving stochastic dominance for the case N = 1
(proposition 4), I demonstrated that regardless of whether Gr.(D) ; Gmi(D) in period
t, the equilibrium strategies are such that in the following period ¢ + 1 it is going to
be the case that Gr,11(D) > Gp1(D). To prove the current proposition it is enough
to apply to each cy € CN the same computations, with the difference that now, the
expressions

Gor1(S) = Ga(S)(1 — F(@(ens, rs)) + Gar(D)(1 — F(w(enp, mp))
Gorr1(D) = Gou(S)(F(&(ens, 1)) + Go(D)(F(@(enp, mp))

become (using a slightly different notation),

Gorr1(cns) = Go(csn) (1 — F(w(eg(csn), r(csw))) + Garlepn)(1 — F(w(ea(cnn), r(cpn)))
Gorr1(enp) = Ga(csn)(F(@(ea(csn), m(csn)) + Ga(cpn) (F(w(ea(cpn), T(epn)))

Using the same algebra it is possible to show that regardless of whether G, (cy) =

>
Gpi(ey) in period ¢, in the next period Gy will first-order stochastically dominate
Gris- O

PROOF OF COROLLARY 2. The lemma follows by inspecting (4.7) and applying the
same reasoning used in proving corollary 1. O

PROOF OF LEMMA 1. The first part of the remark follows from the assumption on
marginal costs. Denote with ¢y the ”clean” report of length N with only repayments.

Consider the statement,
Dey — Pey_, > 0 for any finite NV

This is true as long as,

gu(en) - po(gu(en) — gu(en)) + gu(@n)

gu(en-1) = po(gu(en-1) — gr(en-1)) + gr(Cn-1)
__ pogr(en) + (1 —po) gr(n))
pogr(En-1) + (1 —po) gr(Cy-1))

To prove that the inequality above holds for any (finite) N, consider first that, thanks

to the assumption on costs and the stochastic dominance result, we have,
gu(en) =1= Y gulen) >1— > gulen) = gu(en)
eNFEEN CNFCN
Further, for any cy,
glen—1) = g(esn) + g(epn)
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because when the register discloses one period less (moving from N to N—1). effectively
it collapses into the same density, g(cy_1), the densities of the two credit reports of
length N equal in everything but in the farthermost outcome, g(csy) and g(cpy). So
we have that,
go(en) < go(en-1)
Together, these results demonstrate the initial inequality holds, and that pz, —pz,_, > 0
for any finite N (because pgy € (0,1)).
Building on these results, we have that,

D&, <p52 <p§3 < ...

implying that the longer the history of repayment, the higher the belief in the high
ability of the borrower. A similar reasoning can be applied to the report with only
defaults, ¢y, to conclude that,

Dey > Dey > Doy > -
Thus, putting these two results together,
Yz _pgl < Pey — pgg <. < Pey_1 — pQN,l < Pey _pgN

which demonstrates the first part of the lemma.
As for the second part of the proof, we have to show that Des, — Dep decreases in N.
This is equivalent to showing that,

Pogri(ns) Pogr(cnD)
- —0as N — o0
pogr(ens)+(1 —py)grlens)  pogu(enp)+(1 —po)gr(cnp)
or, that,
go(cns) — go(enp) — 0 as N — o0
Note that,

g(en-1) = g(esn) + g(epn)
for any cy. That is, when the register chooses to disclose one period less (moving from
N to N — 1) effectively it collapses into the same density, g(cy_1) the densities of the
two credit reports of length N equal in everything but in the farthermost outcome,
g(csy) and g(cpy). Then, we have that,

90(S) — go(D) = (9o(SS) + go(DS)) — (90(DD) + go(SD))
= (90(5S) — 9o(SD)) + (9o(DS) — go(DD))
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Thus,

90(S) — go(D) > go(SS) — go(SD)
96(S) — go(D) > go(DS) — go(DD)

Applying recursively this decomposition, it is easy to prove that go(cys) —go(cnp) — 0
as N — oo (|

PROOF OF PROPOSITION 7. To prove the proposition consider the results in corol-
laries (1) and (2). For N =1,
* * /7&1}(83,7‘5) * *
dU(€S7 s> 9) _ F deg dU(eDa D> 6.)
* - dio(et,y,ry) *
de F/#DD dey,

while for any arbitrary choice of N,

el isy)

* * — * K
dU(eCSN,rCSN,G) - def gy dU(eCDNJCDN,G)
deZSN F/dD(EéDN’T:DN) d(izDN
dezDN
Since .
F,d&;(eg,rj;) F/dw(ecsN’TCszv)
deg detsn
F/da)(e)}#f)) F,d@(fiiDNyTé‘DN)
e, ety

because |rs — rp| > |Fesy — Tepy| and @e < 0 and @, < 0. it follows also that

dU(e,r%,0) dU(ezgy Tegn )
dey > dezgy

U (e},,m5,9) dU(E;DN’r;DV’g)
det, de;DN

meaning that the ratio of the marginal value of effort between a state where a suc-
cess is about to be erased (numerator) and on where a default is about to be erased
(denominator) decreases with N. Then it follows that,

* *
ei > Cesn

* *
b Cepn

demonstrating that borrowers are most responsive to limited records when N = 1. [J

PROOF OF PROPOSITION 8. Take any two separating interest rates, r7 and r3;. We
know from Proposition 1 that 7}, < rj and e}; > e}. Further, by (3.3) we have that

5 € (ri,r3). Under the assumption r§ < 3(rj; +77}), we can write,

ri = ol < Irr = 7ol



APPENDIX 185

from which we also have that, for any e € [0, 1],
|@(e,r5) — (e, r)| < l@le,rr) — @(e,r5)]

by the concavity of the revenue function. Together, the inequalities above lead to,

*

letr — eon| < ler, — eorl

because due to &7, (e,r) > 0 marginal effort responds more to decreases than increases
in the interest rate.

Then, using the convexity of w(ey, rp) and knowing that, by remark 3, rj, < rj <rj,
implies e}, < e}y < €} < €}, (where the intermediate step follows from the assumption
on marginal cost), we also have that,

@(6;10,7“8) - @(6}177“;1) < @(62,7’2) - @(620,7’8)

which proves the proposition whenever p < % ]

PROOF OF PROPOSITION 9. The proof begins with showing the following lemma,
that lays down the condition under which limited records lead to a lower default rate

than full disclosure.

LEMMA 3. When p < %, the policy N = 1 induces a lower default rate than full
disclosure if rfy < 5(ry; +13) and if the difference @(ejp,r}) — @(ejg,175) is small.
PROOF. From the previous proposition we know that,
—( x * — * P —( x * —( * *
w(e,ry) — (e, 76) = Fp— (@ (€30, 70) — @(€k i)

By the same computations as for (6.1), limited records lead to lower defaults than full
disclosure when,

— (% * Q(CZQWZ') j4 Q@ESJ‘E) —( % *
W(eLTL) = oo ey 2 sy — W(ep, T
(L7 L) lf(w(eLD»TD)*W(estrs)) — 1-p |1 (W(euDaTD)*W(eusvrs)) (H7 H)

Thus as long as we can show that,
@(6257 T;‘)

1 — (@(efp,rh) — w(eLs: rs))
a’(e;{s: TE’)

1= (@(ep,rp) — @(€hs,75))

the proposition will be demonstrated. By (4.5), we know that,

(9.4) w(elg, ) >

@(e*Hm TS) >

Pp < po < Ps
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due to the lenders’ updating process and the stochastic dominance of Gy over Gp.
Then it follows that,

Ty <Th <Th
which implies that w(e, %) < w(e,ry) by the concavity of the revenue function. By
remark 4, it also implies that ej, < ej. Then, it follows that,

@(620’ 7"3) > @(6257 TZ‘)
@(e*HO’ T;) > Q(E*HS»TE)
which together with the assumption that w(ej,,75,) — w(ejp, 75) is small proves the
inequalities (9.4) and hence the lemma.
Lemma 1 demonstrates that, when N = 0 is preferable to full disclosure, for N = 1
to also induce a lower default rate than full disclosure we need inequalities (9.4) to

hold. However, when they are satisfied, N = 1 also leads to lower default rate than
N = 0. In fact, this is the case when the following holds,

ole* ) — “leLgrs) p B(efrgrs) Y
L0:78) ~ Tt b -alets 7B 2 1op [1—(@(6;,D,T5>—w(e;,s,r;)) ”(6H077’0)}
which follows directly form (9.4). O

O

PROOF OF PROPOSITION 10. Having assumed that w(ej ), 7)) —@(efg, 75) is small,
to prove inequality (6.2) we only need to show that w(e}, r})—w(e} g, 75) is greater than
w(eyg rs) — (e, ryy). When 1§ > L(rj; +7}), we also have that, [r§ — r§| > |rj — 7}
which means that

|w(e,ro) — w(e,rs)| > |w(e,ro) — w(e,rr)|
Further, the assumption on w(e}p, r},) — &(efp, 75) implies that w(e, rp) — w(e, rg) are
close, which mean that,
|w(er,rL) — (el 75)| > |0 (ehs, 1s) — @(efr, 77|

Then if w(e} ), rp) — @(epg, s) is small enough, inequality (6.2) holds. O

PROOF OF LEMMA 2. Let us look first at the case N — oco. According to Bayes’
law the lenders will eventually learn each borrower’s type correctly. Once this happens,
p(ciy) = 1iff ; = H. Using this correct belief, the minimum interest rate 7 that a
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lender will offer in equilibrium to a borrower of high type can be derived from (4.9)
@(efy7)
1. / Y (e, w)dF(@) + (1 — F@(eq,#)(1 + )
0

(e} ,7)
+0 /0 Y(er, w)dF(w) + (1— F(@(er, #)(1 +7)
=14+p

This equation is identical to equation (3.2) which describes the lenders’ optimal strategy
in the case of full disclosure, 7 = r};. Similarly, once a borrower is discovered to be of
the low type, the interest rate charged to him is going to be the same as in the full
disclosure case, r}. Since the borrowers anticipate these interest rates, their effort is
again identical to the one exerted in the case of full disclosure. Then, as N — oo,
We = We.

We can now look at N = 0. In this case, p(cj9) = po. Thus, lenders will offer the
interest rate that solves,

@(egyro)
po-/o Y(ep,w)dF(w) + (1 — F(o(em,0))(1 + 70)

w(eg, o)
+ (1= po) - /0 Y(ep,w)dF (w) + (1 — F(w@(er,r0))(1+ 7o)
=14+p

which delivers the same pooling interest rate as in the full withholding case, 7o = 7¢.
It follows that Wg = Wy when N = 0. O

PROOF OF PROPOSITION 11. The proof unfolds in three steps. In order to simplify
the notation, I suppress the asterisks that denote equilibrium variables (such as e},
ry), with the convention that variables are understood in equilibrium unless otherwise
stated.

Step (i) I begin with considering the full disclosure equilibrium, to show that
a marginal increase in ry leads to a marginal decrease in rp, holding the lenders’
aggregate return constant. I suppress the time index, with the understanding that we
are referring to the same period ¢. The lenders’ aggregate break even (BE) condition
reads,

pl(w(em,r), em,ru) + (1 — p)l(w(er,rr),er, ) =1+ p
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and its total derivative is given by,

dBE I ds deyy  dBE do dey ~dBEdey dBE
5) dBE =p (LA A0 dey  aBE dw den der d
(9:5) b < dl doden dry | do dendry | den dri | drm > r

1—
+1-p) (dHL Ao depdry | dw depdr, | dey dr, | dry
Setting dBE = 0, in order to hold the return for the lenders constant, the above can

dBE dlly diw de;, dBE dw der,  dBE dey, dBE) dr
- L

be rearranged into,

dBE dll do dey y dBE do dey | dBEdey  dBE
p

(9.6) dry, dll do deg dry do dey dry ' dey dry | drm
' dryg 1 —p (dBEdUL do dep | dBE do dep |, dBEde, | dBE
Lenders Ay, do deg dry ¥ do depdrp T dep drp T drp

which describes how 7 changes following an increase in ry. Next, I proceed with
computing separately the terms within brackets. In doing so, I will suppress the type

index because each term is referring to the same type. For the time being, I will also

dBE dIl do de
dll dw de dr’

this term disappears in both numerator and denominator, since,

dll _ _ _
- = Y(e,wle,n))f(@ler)) = (L +7)f(@(e,r) =0
where T made use of the fact that dF(w) = f(w)d(w), and because by assumption

Y (e,w(e,7)) = (147). I now consider 22E 42 de " Riygt note that the shock w affects the

dwo de dr”
BE condition only through II. Then, the derivative can be rewritten as %%% and

by the same reasoning as before, this is equivalent to zero. I now turn my attention
now to 9824de The effort e of type 6 affects the BE only via Ily, so that,

de dr”

it turns out that

suppress the p, to reintroduce them later. Beginning with

@ (e(r),r) 1
dBE d
— == / Y(e,w)dF(w) + / (L+7)dF(w)

0 w(e(r),r)

. w(e,r) dw*

Vieas@ZED [ v o - 0@
0
w(e,r)

- [ viewdeu

by Leibniz rule. Since % = e,(r), I can write,

w(e,r)

dBE de
Lo v F
v [ vewir@en
0
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Similarly I can compute % as,
IBE d w(e(r),r) 1
s ¥ (e, w)dF(w) + / (14 r)dF (@)
0 @(e(r),r)

The first derivative can be found by using the chain rule,

w(e(r),r)
d _ - —
. / Y(e,w)f(w)dw =Y (e,w(e(r), 7)) f(@(e(r), )@ (e(r), 7))

= (L4 )@, (e(r),r) f(@(e(r),r)))

The second derivative can instead be computed using the Leibniz’ rule,
1 1

& | aens@ = —reem.meennan s [
@(e(r),r) @(e(r),r)
= (L P er), (), 1)) + 1~ F(@(elr), )

Thus,
ABE -
- L= F(@*(e(r),r))

Merging the results above we get that for each 0,
(dBE dlldwde dBEdwde dBEde dBE>

dll dodedr | do dedr T de dr  dr
=Y + (1 — F(w*(e(r),r)))

. wlen)
where Y = [ Y/(e,w)dF(w)e,(r). This expression describes lenders’ marginal return
0
with respect to 19 and is positive in equilibrium. Reintroducing the types’ indexes,
equation (9.6) now reads,

dry, _ po Yu +(1—F(@(en(rn),rn)))

E Lenders 71 — Do Y/L + (1 - F((I)(@L(TL),TL)))

demonstrating that in the full disclosure equilibrium a marginally higher value of ry

(9.7)

necessarily implies a marginal reduction in rp.

Step (ii) Next, I derive the conditions under which a marginal increase in 7y has
a positive marginal impact on the borrowers’ aggregate welfare. Aggregate borrowers’
welfare W, in a group of (1—pg) N low-ability borrowers and py N high-ability borrowers
can be written as,

Wy =poNU(@0(ew,7n), e, ru) + (1 — po) NU(@ (er,7r) s er, 1)
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where,
1
Ule,r,0) = m[%x] / Y(eg,w) — (1 +19)dF (w) — c(e,0)
ec(0,1
@(eq,r)

Writing down the total derivative and rearranging, we get,

UN (W A dey | dU dey | dU

dry PV \dodey dry * dey dry  drg

gy (e U ey AV dr

dw deL d’f‘L deL d’I‘L dT‘L d’f‘H
We can now make use of equation (9.7) and (3.1) to rearrange and simplify, yielding,

(9.8)
LA _ polN
dry Y, + (1— F(w(er(rr),rn)))

(?H (1= F(@(er,))) + diler)en(rn)] = Yo [(1 = F(@(en. mr))) + chlen)en ()]
0

+(L = F(o(er, o) 7——— = (1 = Fwlen, rn)))

where as before where Yg has been defined above.

When equation (9.8) is positive, raising the interest rate for the high-ability group
(and thus lowering it for the low-ability ones) results in higher aggregate utility for
borrowers, while leaving lenders’ expected returns constant.

I have already argued in step (i) that the denominator is positive. It remains to
establish the conditions under which the term within brackets is non-negative. This is

the case when,

Vir[(1 = F@(er. 1)) + eh(en)en(ro)] + (1= F@(er, 1)) 5% ;%
dU dey,

> Vi [(1 = F(@(eH, i) + culem)er(rm)] + (1 - F(@(SH’TH)))EE

or, rearranging, when,

4 AU den

(1= P (e(ry).r2))) (YH n ) T T er)en(rn)

deH d?”H

~ dU dGL

> (1— F(w*(e(rg),rn))) (YL + ELE) + YLc;(eH)eT(rH)

Consider first Yy ¢, (ep)e,(ry) and Yic.(eq)e,(ry), and rearrange and expand the first

1
termto [ Yi(e(ruy),wy)dF(w)e,(ri)c.(er)e (ry) and proceed in the same way with

w(eyrm)



APPENDIX 191

the second. Since in equilibrium ry < 7, e/(ry) > e(ry), and (e, L) > c.(e, H) for
all e € [0, 1] it follows that,

Y (er)e(rr) > Yic(en)e (rr)

Since we are after a sufficient, not necessary, condition, we can focus on when the
following holds,

N dU dey - N dU dey,
9.9 Yo+ -——>F Yo +——F7—F
( ) H+d€Hd7'H - (WH’WL) ( Lt deLer>
1—F(o(eH,rg))
1-F(w(er,rr))
their counterparts in the LHS, and since

> 1. Since all the terms in the RHS are larger than
1—-F(w(eHrp))
1-F(&(er,rL))

a sufficient condition for 5]— > 0 is given by constraining
dryr

where F(woy,wr) =

satisfies the model’s hypotheses,

1-F(@(em.rm))

FG(er )] O be greater

than one, but not too large.

Step (iii) When there is incomplete information in the market, lenders in equilib-
rium offer a single contract rf, which falls in 7}; < 75 < 77. When the full information
interest rates (rj) satisfy the C'Scondition, any r§ such that (r§ — rj) and (r; — rf)
is compatible with equation (9.7), incomplete information increases ex ante aggregate
welfare. O

PROOF OF COROLLARY 4. The first part of this corollary follows from corollary 1.

The second follows from proposition 10, since,
1 . F T /* *
M > 1 but not too large

1—F(w(er,ry))

may be taken to imply that, under a uniform distribution of the shock,
w(ey,ry) —w(er,ry) > 1 but close

which also implies,
@(631)7 TD) - @(6257 7’5) small

Then, under C'S, proposition 10 holds, and the result obtains. O
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