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Abstract
We present an agent-based computational economics (ACE) model of the wholesale
"sh market in Marseille. Two of the stylized facts of that market are high loyalty of
buyers to sellers, and persistent price dispersion, although it is every day the same
population of sellers and buyers that meets in the same market hall. In our ACE model,
sellers decide on quantities to supply, prices to ask, and how to treat loyal customers,
while buyers decide which sellers to visit, and which prices to accept. Learning takes place
through reinforcement. The model explains both stylized facts price dispersion and high
loyalty. In a coevolutionary process, buyers learn to become loyal as sellers learn to o!er
higher utility to loyal buyers, while these sellers, in turn, learn to o!er higher utility to
loyal buyers as they happen to realize higher gross revenues from loyal buyers. The
model also explains the e!ect of heterogeneity of the buyers. We analyze how this leads to
subtle di!erences in the shopping patterns of the di!erent types of buyers, and how this is
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1. Introduction
We study the working of the wholesale "sh market in Marseille (France), and
in particular we focus on the following two stylized facts that characterize this
market: a widespread high loyalty of buyers to sellers, and persistent price
dispersion. Our real interest as economists is not in "sh markets per se, and
unlike the Scots we would not question the relevance of any story just heard
with the standard expression &but what's it got to do with the price of xsh?'. But
casual observations suggest that these stylized facts are common to many other
markets, we do believe that some of the insights developed in this study might
be carried over to such markets.
More in general, we believe that if we want to understand the dynamics of
interactive market processes, and the emergent properties of the evolving market structures and outcomes, it might pay to analyze explicitly how agents
interact with each other, how information spreads through the market, and how
adjustments in disequilibrium take place. As we argued elsewhere (e.g., Kirman,
1994; Vriend, 1994, 1995, 1996, or Vriend, 1999), a natural way to do this is
following an agent-based computational economics (ACE) approach.
Two additional reasons why we were attracted to studying this speci"c
market are, "rst, that we have a unique data set containing the records for all
single transactions that have taken place in this "sh market over a number of
years. This is a very rich data set, but at the same time it has some severe
limitations, as there are, for example, no data concerning market interactions
that did not lead to transactions. Second, this wholesale "sh market is a relatively simple, well-de"ned, and well-structured market (cf. the &market' for secondhand cars). Moreover, "sh is a perishable commodity, implying that the issue of
the strategic use of inventories does not arise (cf. the early literature on market
microstructures in "nance; see, e.g., O'Hara, 1994).
The paper is organized as follows. In Section 2, we will sketch the Marseille
"sh market, and discuss the two not easily explained stylized facts. In Section 3,

 For example, according to Royal Mail (1999) `more than 25 percent of all people do not consider
themselves loyal to any businessa, implying that about 75% is loyal to some business.
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we present an ACE model of the market. Section 4 analyzes the model, and
Section 5 concludes.
2. The Marseille 5sh market
2.1. Some stylized facts
The real market is open every day from 2 a.m. to 6 a.m. The market has
a "xed population of about 40 registered sellers. They buy their supply outside
the market before the market opens. There is also a "xed population of
approximately 400 buyers. These buyers are retail sellers or restaurant owners.
During the market day, they shop around, visiting individual sellers. Standing
face to face with a seller, the buyer tells the seller which type of "sh and what
quantity he is interested in. The seller, then, informs him about the price. Prices
are not posted, and they are individual in a threefold sense. First, each individual
seller decides upon his own prices. Second, each seller may have di!erent prices
for di!erent buyers. Third, each seller may even ask a di!erent price for a given
type and quantity of "sh if that is demanded by the same buyer at di!erent times
of the day. A price communicated by an individual seller to an individual buyer
for a given transaction is not perceived by other buyers or sellers in the market.
The prices are &take-it-or-leave-it' prices, and there is essentially no bargaining.
At the end of the day, unsold "sh is thrown away, or disposed of in return for
minimal compensation. Some species can be o!ered for sale on the succeeding
day. Buyers are, however, capable of recognizing the freshness of the "sh.
Typically, on most days the market clears or gets very close to clearing.
The most remarkable stylized facts of the real market are the following. First,
there is a widespread high loyalty of buyers to sellers. Second, there is persistent
price dispersion. Further documentation of these stylized facts can be found in
Kirman and Vignes (1991), Kirman and McCarthy (1990), Vignes (1993), HaK rdle
and Kirman (1995), and Weisbuch et al. (2000). In this paper, we will not focus
on the empirical details concerning this "sh market, but instead on the modeling
approach we have chosen to explain the stylized facts mentioned.
2.2. Explaining the stylized facts
Since the same population of sellers and buyers is present every day in the
same market hall, and since there are no real search costs, switching costs, or

 Since the data were obtained, the market hours have changed and are now in the normal
working day.
 For an empirical analysis of some other "sh markets, see Graddy (1995), or Wilson (1980).
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product di!erentiation (see below), at "rst glance, these stylized facts may seem
somewhat puzzling. Of course, standard economic reasoning can explain these
facts. If these agents behave in this way, they must have good reasons to do so,
and the task for the theorist is simply to uncover these reasons. But, for various
reasons, explaining these stylized facts turns out to be far from simple. Some
standard arguments do not have much explanatory power, in the sense that they
either do not apply to this speci"c market, or they leave open too many
possibilities.
First, the stylized facts might seem to be related to the quality of the "sh. It
could be that the price dispersion is simply related to quality di!erences of the
"sh. However, the classi"cation scheme used to distinguish types of "sh uses
several quality measures. Clearly, there will be some residual quality di!erences
within each type, but the price dispersion observed within each type seems
excessive, for example, when compared with the price dispersion between
di!erent types of "sh. Next, the e!ect of quality di!erences might seem to be
related to the loyalty in case there would be an information asymmetry. Before
discussing the contents of the information asymmetry argument, we would like
to question whether an information asymmetry is likely in this market. All
buyers are professional traders themselves; retailers or restaurant owners. In any
case, even if there were an information asymmetry concerning the quality of the
"sh, it is not clear what its e!ect would be. The standard textbook argument
would run as follows. If the quality of the "sh is not detectable ex ante for the
buyers, then a seller has an incentive to deliver good quality with respect to
repeat buyers, as an investment in his reputation. Hence, the information
asymmetry would explain the existence of loyalty of buyers to speci"c sellers.
But this seems a too loose application of the textbook argument. In the
Marseille "sh market, there is a "xed population of buyers. That is, every buyer
(loyal or not) is a potential repeat buyer. Hence, a seller would have an incentive
to deliver good quality to each buyer. Clearly, a seller cannot o!er higher quality
to all buyers. Another attempt to save the causal link between quality di!erences
and loyalty would be to argue that non-loyal buyers are intrinsically non-loyal
anyway, and that therefore there is no incentive to o!er them good quality.
Apart from the fact that this seems a #awed argument anyway, following exactly
the same argument would imply that loyal buyers are intrinsically loyal anyway,
and that therefore there would be no incentive to deliver them good quality.
Hence, with respect to quality di!erences we must conclude that they may exist,
but they are not observable in the data, and it is unclear what they could explain,
besides a minimal amount of price dispersion.
A second ready-to-use explanation economic theory might seem to o!er for
the stylized facts is the theory of implicit contracts. Because of the uncertainty
related to variation in the daily supply to the "sh market, the agents stipulate
implicit contracts specifying the loyalty of buyers to speci"c sellers. This might
well be, but the story cannot be that simple. First, on this "sh market there are
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also variations in the daily demand. Given the variation in the daily supply, one
might expect that buyers and sellers agree upon an implicit contract in which
prices are somewhat higher than otherwise, while the supply to these buyers is
guaranteed. With the variation of the demand one might expect an implicit
contract in which prices are lower, while the demand to the seller is guaranteed
(cf., newspaper subscriptions). With variation on both sides it is not clear what
form the implicit contract should take. But also with variation on the supply
side only, the form of the implicit contract is not obvious a priori. One contract
might be the one mentioned above; with higher prices and better service to the
buyers agreeing upon such a contract. But as there is this trade-o! between the
price to be paid by the buyers and the service they get, this implies that those
buyers might be equally well-o! under an implicit contract that gives them
lower prices and worse service. In other words, there might exist an implicit
contract specifying a long-term relationship between a buyer and a seller, in
which the buyer is more frequently not served than buyers without such a contract. Many examples of explicit contracts of this type exist; for example in the
natural gas market, or the market of power supply. In the cases in which such
a buyer is not served, he will be forced to visit other sellers. In the transaction
data, such a buyer might appear as one of the non-loyal buyers, even when there
is this long-term relationship characterized by poor service. Hence, it might well
be that there exist implicit contracts in the wholesale "sh market in Marseille,
but, besides the standard problems that it is not clear who should design the
contracts, and how they should be enforced, in our case the problem is that they
might come in many forms, and for some of them it is di$cult or impossible to
indicate them in the transaction data. To the extent that implicit contracts might
come in many forms, this might explain the existence of price dispersion. The
problem, however, is that it leaves open many possibilities. Just as in some static
models of price dispersion (see, e.g., Futia, 1977; or Burdett and Judd, 1983),
there might be multiple equilibria, and it is not clear whether the stable
equilibria are characterized by price dispersion.
A third standard argument in the literature is that in markets where suppliers
"rst decide on their supply, and then enter a Bertrand game with given "xed
stocks, there need not exist a pure-strategy Nash equilibrium, whereas a mixedstrategy Nash equilibrium exists in general (see Stahl, 1988, and the references
therein). This might explain some of the price dispersion. Although, given that in
our market there is price dispersion for a given seller even within one day, this
means that we must imagine such a seller #ipping coins for every single price
asked. Moreover, it leaves open the issue of loyalty.
A more sophisticated approach than these standard arguments would be to
design a multi-stage game with an equilibrium characterized by the stylized facts

 Hopkins (1995) presents a dynamic analysis of such models.
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just mentioned. But designing and analyzing such a game might be complicated.
Moreover, it is easy to imagine such a game will have multiple equilibria;
and not only because of the equilibria being asymmetric. De Francesco (1996)
follows this game-theoretic approach to explain loyalty. In a choosing-the-seller
game with exogenously given identical and constant prices, "xed and known
capacity constraints, and "xed demand, De Francesco proves existence of an
equilibrium characterized by the following rule for the buyers: stay if served,
switch seller otherwise. Besides not examining price dispersion, and the restrictions listed, this result does not exclude that other equilibria exist as well, and it
also remains an open question whether any plausible dynamics would lead to
such an equilibrium.
Moreno and Wooders (1997) do not consider loyalty, but they analyze pricing
behavior in a game where sellers deal sequentially with buyers with private
values. Their analysis concerns a static game that would e!ectively correspond
to one single market day of our "sh market only. The essential issue arising
when extending this kind of analysis to a repeated setup would be that private
information, which plays a pivotal role in their analysis, becomes much less
compelling, and that instead one would need to model exactly how and what the
agents learn about these values over time.
Bergemann and Valimaki (1995, 1996) model price-setting behavior in markets as well as how individuals within those markets might learn which seller to
choose. They consider a situation in which there are two products which are
di!erentiated, and they are sold by duopolists to either a continuum or a "nite
number of buyers. In their case, the &standard' product is known and the &value'
of the other product is unknown. Now the problem is that the "rms will try and
charge prices to make people experiment, while the buyers on the other hand
will want to experiment to try and "nd out what the quality of the other product
is. The value of the product is determined by the match of the buyer and the
seller. In our case, the situation is somewhat di!erent since what determines the
value of a match from the buyer's point of view is the price which the seller will
charge. So in our case the seller controls it, whereas in Bergemann and
Valimaki's case it is exogenous. They consider their actors to be Bayesian and to
behave accordingly, and their discussion centers around the problem of what
will happen as the market evolves. In the Bergemann and Valimaki model, in
each period all buyers receive a noisy signal concerning the true value of the
product with an indeterminate quality, and in addition they receive an average
or aggregate signal which tells them the aggregate assessment of the value of the
new product. In the case where there are an in"nite number of buyers, of course,
it is su$cient for the buyers who are negligible in size to look only at the

 Earliear papers in this spirit are those by Aghion et al. (1991) and Bolton and Harris (1993),
together with Felli and Harris (1994).

A.P. Kirman, N.J. Vriend / Journal of Economic Dynamics & Control 25 (2001) 459}502 465

aggregate signal. Firm prices in their model are adjusted over time as a result of
experience. If the buyers have a strategic e!ect, that is, if their presence in the
past as buyers at a particular "rm has some in#uence over what the "rm should
do in the future, then the situation is very complicated.
The limitations of the case which Bergemann and Valimaki are able to
analyze are indicated by the fact that they have only two products (sellers), one
of which is of known value, and in most of their analysis there are very simple
restrictions such as that if every consumer chooses one product then its quality
turns out to be high whereas if fewer than a full measure of consumers choose
that product then its value turns out to be low. These sort of extreme restrictions
are imposed in order to obtain analytic results. Although their model allows for
a high level of rationality on the part of individuals, it is very restrictive in terms
of the cases it is able to consider. Thus, what we have here is a situation in which
a complete model with completely rational individuals becomes analytically
intractable as soon as we try to relax some of the restrictions. Nevertheless, even
within their structure we see certain features which recur in our model. In
particular, the idea that as the partners learn their prices &track' each other
occurs in both models. However, as we will see, our less rational individuals
reverse direction as they learn, whereas in the Bergemann and Valimaki setup
the learning is monotone.
As we will explain in detail in Section 3, what we will do instead is something
very simple. We will build an ACE model of the Marseille "sh market. With
respect to the problems sketched above, an advantage of this ACE approach is
that the analysis of the evolutionary aspects of the model might o!er some
insights as to which of the possible equilibria of a corresponding multi-stage
game might be more likely to occur. With respect to quality, we will focus on one
observable quality aspect, the seller's service rate, and analyze its role in the
market. With respect to implicit contracts, we will keep things really implicit.
That is, keeping aggregate demand and supply conditions constant (although
individual supply and demand decisions may vary), we will analyze whether
long-lasting trading relationships can be explained by the ACE model, and we
will analyze their characteristics, and with respect to the possibility of a mixedstrategy Nash equilibrium, we will not study how introspection may lead to
equilibria, but we will instead look for the emergence of patterns in the behavior
of adaptive agents.
3. An ACE model of the Marseille 5sh market
3.1. ACE modeling
Social theory is the explanation of social phenomena, where explanation is the
modeling of the events to be explained. In contrast to the natural sciences, in the
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social sciences `(e)xperimentation is impossible, and we have therefore no
knowledge of de"nite regularities in the complex phenomena in the same sense
as we have in the natural sciencesa (Hayek, 1948b, p. 126). Although in the
meantime experimental economics has been established as a well-developed
research "eld, what still sets economics apart from, for example, physics is that,
with or without experiments, economics yields no natural laws or universal
constants. Therefore, as Hayek (1948a) put it, what we need to do is, `construct
hypothetical models in an attempt to reproduce the patterns of social relationships which we know in the world around usa (p. 68). These theoretical models,
then, can be &tested' only in the sense that we check the consistency of our model
with our knowledge of these social phenomena.
Such theoretical models can be presented in various forms. They could be
either purely informal (verbal) or formal (mathematical or computational). In
other words, a computer program as used in ACE constitutes in itself a model,
i.e., an explanation of social phenomena. Notice that this implies that the
following view of ACE research is incorrect. According to some people, reality
produces facts (which need to be explained), and a computer program generates
artifacts (which, in turn, need to be explained). The alleged objective, then, would
be to show that the explanation for the facts could be the same as the explanation for the artifacts. As we explained, the output of an ACE computer program
are not artifacts to be explained. The computer program itself is the model that
explains the social facts. In fact, an ACE model stands to executing its program
as a mathematical model stands to solving its equations. The only, and essential,
reason to execute the computer program of an ACE model is to carry out the
consistency checks; both with respect to reality and with respect to the expected
behavior of the model. An advantage of quantitative models in general is that
they can be analyzed more precisely. Such a consistency analysis can be
a formal, mathematical analysis, or it could be a numerical analysis. A great
advantage of ACE models, then, is that one can do very extensive and elaborate
consistency checks.
The idea that it is not possible to test the truth of a social theory, and that the
best we can aim for is doing consistency checks, resembles Friedman's (1953) &as
if ' argument. As Hayek (1967) put it: `We may not be able directly to con"rm
that the causal mechanism determining the phenomenon in question is the same
as that of our model. But we know that, if the mechanism is the same, the
observed structures must be capable of showing some kinds of action and
unable to show others; and if, and so long as, the observed phenomena keep
within the range of possibilities indicated as possible, that is so long as our

 See the editorial in The Economist (1999) for a recent discussion of this issue. Another way to
suggest a profound di!erence between physics and economics is the following comment attributed to
Nobel Prize winner in physics Murray Gell-Mann: &Imagine that electrons could think'.
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expectations derived from the model are not contradicted, there is good reason
to regard the model as exhibiting the principle at work in the more complex
phenomenon. ( ) Our conclusions and predictions will also refer only to some
properties of the resulting phenomenon, in other words, to a kind of phenomenon rather than to a particular eventa (p. 15). Every model is by de"nition an
abstraction, and if enough data can be collected, statistical testing will reject any
model. The only way to avoid this would be to create a copy of the real market.
Therefore, we will not try to build an ACE model "tting all aspects of the
Marseille "sh market. We will only consider speci"c questions concerning the
stylized facts of the real market that appear remarkable or important. We will
build an ACE model that explains those stylized facts, suggesting ways to
understand those phenomena.
3.2. The setting
The place of action in our ACE model is the market hall. The actors are 10
initially identical sellers, and 100 initially identical buyers. They meet in the
market hall for 5000 days, for a morning and afternoon session (see below). The
commodity traded is indivisible, and perishable. On each day the sequence of
events is the following.
In the morning, before the market opens, the sellers buy their supply
outside the market for a given price that is identical to all sellers, and
constant through time (p "9). The market opens, and the buyers enter
the market hall. Each buyer wants one unit of "sh per day. All buyers simultaneously choose the queue of a seller. The sellers, then, handle these queues
during the morning session (see below). When all queues have been handled, the
end of the morning session is reached. In the afternoon, the market re-opens. All
still unsatis"ed buyers choose the queue of a seller. Notice that each buyer can
visit at most one seller in the morning plus one seller in the afternoon, but the
model could be extended to allow for any "nite number of sessions in the day.
The sellers then serve the people in their queue in an order that they choose,
after which the end of the afternoon session is reached. All unsold stocks perish.
The buyers, then, resell their "sh outside market at a given price that is identical
for all buyers, and constant through time (p"15). In a variant of the base
model we introduce heterogeneity of the buyers. In particular, we consider
a market with three types of buyers; 33 buyers with p"12, 34 with p"15,

 See Baillie and Bollerslev (1997) for similar arguments. Since ACE models are abstractions from
reality, and are not aimed at replicating reality, the term &simulation' to describe ACE models might
create confusion. ACE models do not try to simulate reality as such, but only to explain some
general phenomena, the stylized facts.
 See the appendix for the pseudo-code of the model.
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Fig. 1. Sketch of the market: (a) Buyers enter the market hall; and (b) each buyer has chosen a seller.

and the remaining 33 buyers with p"18. Fig. 1 presents a sketch of the
market.
3.3. Adaptive behavior
On each day, the buyers need to make the following decisions. First, they
choose a seller for the morning session. Second, they decide which prices to
accept or reject during the morning session. Third, if necessary, they choose
a seller for the afternoon. And fourth, they decide which prices to accept or reject
during the afternoon. The sellers face four decision problems as well. First, they
decide the quantity to supply. Second, they decide how to handle their queues.
Third, they decide which prices to ask during the morning. And fourth, they
decide which prices to ask during the afternoon.
Each single-decision problem is modeled separately for each individual agent
by means of a classi"er system (see Holland, 1975, for early ideas on this, or
Holland et al., 1986, for a more elaborate treatment). Considering a classi"er
system as a &black box' for the moment, this implies that in our ACE model each
single buyer, and each single seller has four decision boxes in his head. Hence,
with 10 sellers and 100 buyers we model explicitly 440 decision boxes by
separate classi"er systems. Fig. 2 presents one such stylized classi"er system.
A classi"er system consists of a set of rules, each rule consisting of a condition
&if2' part, and an action &then2' part, plus to each rule attached a measure of
its strength s. The classi"er system does two things. First, it decides which of the
rules will be the active rule at a given time t. Hence, it checks the condition part,
and each rule j satisfying the &if2' condition makes a &bid' b as follows:
b (t)"s (t)#,
H
H
where
KN(0, ).

(1)
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Fig. 2. A classi"er system.

The rule with the highest &bid' in this &stochastic auction' wins the right to be
active. Second, the classi"er system updates the strength s of a rule j that has
been active and has generated a reward  from the environment on a given day
t!1 as follows:
s (t)"s (t!1)!cs (t!1)#c(t!1),
H
H
H
where
0(c(1.

(2)

Hence, s (t)"c[(t!1)!s (t!1)]. In other words, as long as the payo!
H
H
generated by a rule on day t!1 is greater than its strength at t!1, its strength
will increase. Hence, the strength of each rule converges to some weighted
average of the rewards from the environment generated by that rule. In our
implementation of this model, the strengths of all rules are equal at the start.
Classi"er systems are a form of reinforcement learning (see, e.g., Bush and
Mosteller, 1955; Sutton, 1992; or Roth and Erev, 1995). Reinforcement learning
is based on two principles. First, agents try actions. Second, actions that led to
better outcomes in the past are more likely to be repeated in the future.
Reinforcement learning is among the most basic forms of learning. It is a minimal form of modeling learning, in the sense that one does not need to make many
assumptions about the reasoning procedures followed by the agents. One would

 Besides through the noise added to the &bids', the agents in our model will experiment through
some kind of &trembling hand', e!ectively disregarding any &bid' with a given small probability.
 We presented this speci"c learning model in Kirman and Vriend (1995). Sarin and Vahid (1997)
analyze some theoretical properties of this model, relating it also to evolutionary explanations.
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expect more elaborate learning models to share many of the behavioral features
of reinforcement learning models.
A closely related contribution to the literature on learning in economics is
Easley and Rustichini (1999). Easley and Rustichini look at a situation in which
individuals do not know the full structure of the model and are simply aware of
the payo!s they receive from their own actions, which depends on the realized
value of the state of the system. These states are identically and independently
distributed but the individual does not know this distribution. They, then,
impose a set of axioms which shows that the adaptive learning procedure of this
type will lead to the Nash equilibrium which would have occurred had all
individuals been aware of the full structure of the model.
The major di!erence between game-theoretic models and models such as
ours, which is related to that of Easley and Rustichini, is the following. In a full
blown game-theoretical setup we have a situation in which individuals contemplate their strategies in the light of the strategies of other people, and then work
out which strategy is best to adopt. That is, game-theoretic models are based on
the notion that one anticipates what opponents will do in the future given their
rational behavior, and therefore one plays in function of this anticipation. That
the individuals are aware of the strategies of the other players, and of the
relationship between the strategies and the payo!s that they receive, is even true
in dynamic approaches, such as &best-response' behavior, or &xctitious play'. With
&best response' dynamics, players choose their best response to what they
anticipate their opponents to be about to play or to their previous choices or
strategies. With &xctitious play', one plays a best response to the average or to the
mixed strategy which is generated by the frequencies of the players' strategies in
the past. All of this relies on some sort of comprehensive knowledge of the
underlying model. On the other hand, in the sort of reactive or primitive
learning models such as Easley and Rustichini (1999) or the one which we use,
no such strategic re#ection takes place.
We will now specify in a more detailed way the contents of each decision box
for each of the types of decisions to be made by the buyers and the sellers.
3.4. Individual decisions: Buyers
As said above, a buyer needs to make four types of decisions. First, the buyer
must make the choice of a seller for the morning session. The rules have no
condition. The actions are simply: choose seller 1, choose seller 2,2, up to
choose seller 10. To evaluate the bene"t of each of these rules, the buyer keeps
track of the average payo! he experienced when visiting a given seller. The
strength of each activated rule is updated every day using the following payo! as
reward from the external environment: payo!"maxp!p, 0 if a transaction takes place or the price is rejected, and payo!"0 if the buyer is not
served, "nding only empty shelves during the morning session. Note that the
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payo! is greater or equal to zero because whichever seller he chose to visit, and
whatever price this seller asks him, he always has the fall-back option of
rejecting the price. In other words, if a buyer accepts a price giving him
a negative payo!, he should not blame the seller he chose to visit, but his
decision to accept that price.
Second, there is the choice of a seller for the afternoon session. This decision
box is speci"ed analogously to the one for the morning session. Note, however,
that it is a separate decision box. Some sellers might be good sellers to visit in the
morning, but not in the afternoon, or the other way round. Sellers that are sold
out during the morning session simply close for the afternoon, and will not be
visited by buyers. The strengths of the rules for the afternoon session are
updated using the following payo!s: payo!"maxp!p, 0 if a price
o!er has been received, and 0 if the buyer arrives late.
Third, a buyer needs to decide the prices to accept or reject during the
morning session. We assume that there are 21 possible prices: 0, 1, 2,2, 20.
The rules are of the form: if p"0 then reject, if p"0 then accept,
if p"1 then reject,2, if p"20 then accept. Thus, we have a set of
21;2"42 price acceptance/rejection rules. For the daily update of the
strengths of the rules, the following payo! from the environment is used as
a reward. If the price is accepted, then a buyer receives a payo!"p!p  .
Note that this payo! will be negative if p  'p. If the price during the
morning session is rejected, then the reward for that rejection depends upon
what happens during the afternoon session. If, during the afternoon session, this
buyer does not transact, then the rejection during the morning eventually led to
a zero payo!. If, however, the rejection during the morning is followed by
a transaction during the afternoon, the reward for the rejection during the
morning will be determined as follows: payo!"maxp!p , 0 . Analogous to the reward for the choice of a seller, this payo! is never negative as the
buyer has, after a rejection during the morning, always the fall-back option of
not buying during the afternoon. In other words, if a buyer decides to purchase
at a loss in the afternoon, he should not blame his rejection decision of the
morning session for this.
Fourth, there is the choice of which prices to accept or reject during the
afternoon session. This is analogous to the morning acceptance/rejection decision, but modeled separately. After the morning session, buyers can retry during
the afternoon session, but after the afternoon session the trading day is over.
Hence, prices that are unacceptable during the morning session might be
acceptable during the afternoon. The reward for the price acceptance/rejection
decision during the afternoon is determined by the following payo!:
payo!"p!p  if the price is accepted, and payo!"0 if no transaction
takes place, i.e., if the buyer rejects or is not served.
Some readers might wonder, if the buyers know p, they should know which
prices to accept or reject during the afternoon session, and which prices are
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de"nitely unacceptable during the morning session. Hence, why do we model
buyers who still have to learn this? First, this may be considered as a step
towards a more general setting in which p is not given, and in which the
buyers may not know the price for which they can resell outside the market.
Second, if the buyers would know which prices to accept/reject, and would
actually follow that knowledge, the sellers could work out which prices they
should propose. Note that when a seller proposes a price to a buyer during the
afternoon session, the situation resembles that of an ultimatum game (see, e.g.,
GuK th and Tietz, 1990), with cake size p. Although the subgame-perfect equilibrium of that game in extensive form is o!ering the minimum slice size, we know
that in laboratory settings most human subjects deviate from the game-theoretically &correct' actions, and that, in general, the outcomes do not converge to this
equilibrium. Therefore, we do not want to impose which actions the players choose.
Instead, we will analyze which actions emerge, as they happen to have led to better
outcomes. We will come back to this point in Section 4, when analyzing the model
in detail.
3.5. Individual decisions: Sellers
Now we turn to the sellers. First, they decide, before the market opens,
which quantity to supply. The rules do not have a condition, and specify
simply a quantity to supply: supply 0 units, supply 1 unit,2, up to
supply 30 units. The strengths are updated daily, using as a reward from the
environment: payo!"net pro"t.
Second, the sellers have to decide how to handle the queues they face.
Basically, facing a crowd of customers, the seller has to decide at any moment
which potential buyer to serve next. Note that we assume the queues to be
&Italian' rather than &British'. Besides &reshu%ing' queues, sellers can obtain the
same result, for example, by putting some of their "sh aside for some customers;
a common practice for many shop keepers, but not one which is practiced in the
Marseille "sh market. We assume that the buyers di!er among each other, as
seen by the sellers, in the sense that their faces will have a di!erent degree of
familiarity for the sellers. More speci"cally, this degree of familiarity of the face
of buyer i to seller j on day t is modeled by a variable ¸ (t) as follows:
GH
R r (t!x)
¸ (t)"  GH
GH
(1# )R\V
V
 After the buyers' choice of sellers, this is a another example of a decision related to the &who is
going to interact with whom?' question. Some other papers dealing with this issue are Mailath et al.
(1993), Stanley et al. (1993), Durlauf (1995), and Vriend (1995).
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with
r (t!x)" if buyer i visited seller j on day x,
GH
r (t!x)"0 otherwise,
GH

(3)

where is a parameter, with 0( (1.
Hence, this degree of familiarity of a face of a buyer for a seller is a weighted
average of the past appearances of this buyer in the seller's queue, assigning
more weight to recent visits. As we see, 04¸ (t)41, with a value of one
GH
applying to perfectly loyal customers, and zero for a buyer never seen. The
question, then, is, should a seller serve familiar faces "rst, later, or should he be
indi!erent? Assume that a seller uses a roulette wheel that he spins each time he
needs to decide which buyer to serve next, and that the slot size for each buyer
i in the queue of seller j is equal to (1#¸ )@. If the seller were indi!erent between
GH
serving loyal or casual customers, he would use a roulette wheel with equal slot
sizes for all buyers, which is achieved by setting b"0. If the seller wanted to give
advantage to loyal customers, he would assign larger slot sizes to more loyal
customers, which is achieved by setting b'0. Finally, disadvantage to loyal
customers can be given by assigning them smaller slot sizes, setting b(0.
Hence, given the degree of familiarity of the buyers' faces to a seller, the only
decision variable for a seller to determine whether to give advantage or disadvantage to loyal buyers, is this variable b, which we assume is chosen only once
a day. The decision box to decide upon the value for b looks as follows. The rules
have no condition, and the action part is simply a value for b: b"!25,
b"!20,2, b"0,2, up to b"25. The strengths of these rules are
updated daily by using the following reward from the environment:
payo!"(gross revenue on the day)/[(highest possible price) ' supply]. Note that
once the supply decision has been made, supply costs are sunk costs, and the
seller's objective is to maximize gross revenue.
We do not presume that real sellers actually carry out such calculations and
spin roulette wheels, but casual empiricism suggests that sellers are able to
distinguish between their customers on the basis of their degree of familiarity,
and it is a well-known fact in social psychology that face recognition is a crucial
determinant of how people treat each other in direct exchange contacts. If this
behavior is consistent with that of the agents in our model, this might suggest
that they are behaving &as if ' they carry out calculations similar to those
modeled. The idea is not that a seller has an &optimal' way of choosing buyers,
but simply that his probability of choosing a buyer increases with familiarity if
familiar buyers have turned out to be pro"table in the past.
Once a seller has picked his next customer to be served, his third decision to
make is the price to ask from that customer. As mentioned above, there are 21
possible prices: 0, 1, 2,2, 20. The condition part of the rules takes account of
the following three state variables: the loyalty of the buyer (distinguishing the
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three classes &low', &middle', and &high'), the remaining stock of "sh, and the
remaining queue. In fact, to diminish the number of conditions, we take the ratio
of these last two variables, again distinguishing three classes as above. This leads
to the following set of 3;3;21"189 price rules: if loyalty"&low' and ratio"&low' then p  "0, if loyalty"&low' and ratio"&low' then p  "1,2,
if loyalty"&high' and ratio"&high' then p  "20. Notice that di!erent customers may get di!erent prices for the following two reasons. First, they may
expect di!erent prices since the conditions vary from customer to customer.
Second, for given conditions prices may di!er across customers because there is
a stochastic element in the seller's decision, and sellers decide upon the price for
each customer separately. Just as with all other decisions, we assume that the
strengths of these rules are updated once a day. This is done using the following
reward from the environment: payo!"(total revenue obtained using that
price rule)/[price ' (number of times rule used during that session)].
The fourth decision for a seller is the prices to ask during the afternoon. This
decision box is analogous to the one for the morning session. But again, note
that this is a separate decision box, since sellers may learn that it is pro"table to
charge di!erent prices in the afternoon from those that they choose in the
morning.
3.6. Discussion
The model we have sketched is a simple model, abstracting from various
aspects of the real "sh market. The price p  for which the sellers buy their
supply is assumed to be identical for all sellers, and constant through time.
The same applies to the price p for which the buyers can resell outside the
market in the base version, whereas in the variant we consider three di!erent
prices p. All buyers, and all sellers are always present on the market. There is
only one homogeneous good, of which each buyer wants one unit per day only.
There is a strict division of days into morning and afternoon sessions, and
buyers can make only one visit per sub-period. These are all abstractions from
reality.
Besides these simpli"cations of the environment, the model is also simple
as far as the speci"cation of the behavior of the individual agents is concerned.
The most basic assumption we made is that the adaptive agents have to
"nd out themselves what actions are good ones, and the reinforcement
learning algorithm used simply corresponds to the economic idea that agents
are seeking to do the best they can, without imposing certain reasoning procedures or heuristics. Note that little of the agents' actions is predetermined by
standard conditions of economic rationality. We do not assume a reservation
price property, and there are no adjustment rules of the form: if demand'supply then p  increases. Also, the treatment of loyal customers is not
predetermined.
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The question, then, is whether the behavior of this simple ACE model is
consistent with the stylized facts of the real market.

4. Analysis of the ACE model
In the analysis of the properties of our ACE model we will concentrate on one
single, randomly selected, execution of the model. Extensive experimentation
with the model showed that the main properties reported here are representative, and we will indicate below the relevant places where this is not the case. The
model is also robust in the sense that it does not seem to be overly sensitive to
the exact algorithm used. We analyzed alternative speci"cations of the model
with genetic algorithms, hill climbing, and annealing schedules for the sellers'
decisions, without observing any signi"cant qualitative changes in the behavior
of the model.
In Sections 4.1 and 4.2 we focus on the base model with one type of buyer with
p"15. The properties of the variant with multiple types of buyers will be
analyzed in a separate section (Section 4.3).
4.1. Prices
Fig. 3 presents the time series of all prices asked and all prices accepted during
the morning sessions. For presentational reasons, each observation in the graph
is the average of 20 market days. Note, "rst, that the series start just above 10,

Fig. 3. Time-series average prices asked and accepted during morning sessions.
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the middle of the range of possible prices. Second, the prices asked increase more
than the prices accepted. Third, at some point, the latter start &pulling' down the
prices asked. Fourth, prices accepted, then, decrease too much, and at some
points are &pulled' up again. Fifth, in the second half of the history presented
there is almost perfect convergence of prices asked and prices accepted. Sixth,
average prices are relatively stable at a level of 10.3 during that period, with
a weak downward trend implying that it would take another 5000 market days
to reach a price level of 10.
A simple demand and supply analysis shows that since market supply is
perfectly elastic at p "9, and market demand is perfectly inelastic up to
p"15, the market clearing equilibrium price equals 9. A game-theoretic
analysis, on the other hand, would predict a very di!erent price level, a price
equal to p!1. As mentioned above, during the afternoon, when a buyer faces
a seller, the situation resembles that of an ultimatum game. The subgameperfect equilibrium of that game implies proposing the minimum slice size of the
given cake to the receiver. This would correspond to p "p!1"14.
Backward induction, then, leads to p  "p "14.
Since we are not attributing strategic behavior to the individuals, one would
not expect the model to determine such prices from the outset. However, it
might be that the agents in our model learn to play such an equilibrium. Fig. 3
shows that the sellers do try to drive the prices up towards this level of 14.
Although this disappears in the graph because of the averaging over 20 market
days, there are occasional market days in which the average price asked is above
14, and in about 16% of the "rst 500 days the average price asked is above 13.
However, before the buyers learn to accept those prices, the sellers learn not to
try them anymore, because they get rejected too often. This conforms to the
general experience with laboratory experiments of the ultimatum game. Even
with perfect information, there is in general no convergence to the subgameperfect equilibrium. As both Gale et al. (1995) and Roth and Erev (1995) explain,
this is related to the o!-the-equilibrium-path incentive structure of the game.
Suppose, for example, that an o!er just above the subgame-perfect equilibrium
is made in an ultimatum game, and the receiving player rejects. The result of this

 A di!erence with the ultimatum game is that the interactions between the buyers and sellers are
repeated. However, it is not simply a repeated ultimatum game, because the repetition is not
enforced; both sellers and buyers can refuse to play the game again with each other. Hence, we have
a more complicated dynamic game in which the e!ect of repetition is much weaker than in
a standard repeated ultimatum game. Moreover, the players in our model do not use dynamic
strategies looking forward beyond the current market day.
 According to Ramsauer (1998) it is the &take-it-or-leave-it' aspect of the prices asked, just as in
the ultimatum game, that is also the essential explanation of Diamond's (1971) paradoxical result of
prices converging to the monopoly level.
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&mistake' is that he will himself forgo only a small payo!, whereas the other
player, who made the proposal, loses almost the entire cake. In other words, the
feedback received through these payo!s puts much more pressure on the
proposer than on the receiver to change his behavior.
Hence, as far as the modeling of the individual players is concerned, there are
two extreme possibilities. First, impose on all agents to play right from the start
the game-theoretically &correct' actions, although this would be at odds with
empirical evidence. Second, do not tell the agents anything about which prices
to ask, accept, or reject, let the agents learn about this all by themselves, and
analyze which actions emerge. In the spirit of ACE modeling, we choose this
second option. Clearly, if we had imposed on the buyers or sellers which prices
to propose, accept, or reject, the resulting price patterns of the model would have
been very di!erent.
Fig. 4 presents a similar graph for the afternoon. The average prices asked and
accepted slowly approach each other, although the pattern is much more erratic
than for the morning sessions. This is related to the much smaller number of
meetings during the afternoons, implying a larger in#uence of individual prices
on the average price series, and also implying a slower learning process. At an
average level of 11.2, the transaction prices in the periods 2501}5000 do not
show a trend. Notice that the average prices paid in the afternoon sessions are

Fig. 4. Time-series average prices asked and accepted during afternoon sessions.

 Bergemann and Valimaki (1996) impose strategic behavior and Bayesian updating, and it
would be worth comparing the evolution of the prices in their model with that in ours.
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somewhat higher than in the morning sessions; 11.2 against 10.3. This is
consistent with the real market.
Some readers might wonder, if prices are higher in the afternoon than in the
morning, then buyers must be boundedly rational in an extreme way. But that
would be a wrong observation. Suppose that there is exactly the same distribution of prices asked in the morning and in the afternoon, and suppose that those
buyers that encounter prices in the upper tail of the distribution reject in the
morning. The result will be that the average price paid in the morning will be
lower than the average price paid in the afternoon (and it is only these prices
actually paid that are available in the real market data). Now, suppose that we
shift the morning price distribution somewhat to the left. The same argument
just used implies that we could even have that the average price asked in the
morning is lower than the average price asked in the afternoon, with some
rational agents rejecting prices in the morning. The point is that it is not the
average price that gets rejected.
What is the distribution of prices generated underlying the time series presented above? Fig. 5 presents the frequency distribution of the prices paid in the
market during the last 2500 days of the ACE model. As we see, the most
frequently realized price is 11 (49.4%), followed by 10 (28.8%). But even a price
of 9 occurs with a frequency of 14.5%, whereas 3.7% of the prices are in the
range from 12 to 15.
4.2. Loyalty
The second stylized fact of the real "sh market is the high loyalty of buyers to
sellers. In Section 3, we presented a measure of the loyalty of a given buyer i to
a given seller j: 04¸ (t)41. Hence, for every buyer i, we can construct the
GH
 Although in the real "sh market there is some falling o! of the prices at the very end of the day,
when there are mainly very small transactions. In our model, all transaction have a unit size.
 A sharper observation would be that if buyers are rational, then one should get that the average
price rejected in the morning should be higher than the average price asked in the afternoon
(neglecting for the moment the possibility of arriving late). But even that observation turns out to be
incorrect. Suppose that the distribution of prices asked by the sellers adapts to the acceptance
behavior of the buyers such that prices in the morning that are typically rejected are no longer asked,
and all prices asked in the morning will usually be accepted. But the buyers experiment every now
and then. Sometimes they reject a low price, although they know that on average accepting it had
been better in the past, and sometimes they accept too high a price. In both cases, this brings the
average price rejected in the morning down. Note that experimentation is not irrational. Its payo! is
partly in the form of information. But the result of the adaptation by the sellers, plus the
experimentation by the buyers is that there is a bias which means that the average price rejected in
the morning may be lower than the average price asked in the afternoon.
 Remember that the price for which the sellers buy outside the market, p , equals 9, while the
price for which the buyers resell outside the market, p, is 15.
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Fig. 5. Price distribution during the last 2500 days.

following loyalty index
G

G

:


[¸ (t)]
(t)"   H GH
.
[
¸ (t)]
  H GH

(4)

This loyalty index (t) will have a value equal to 1 if the buyer is perfectly loyal
G
to one seller, and a value equal to 1/(number of sellers) if the buyer has &avoiding'
behavior, visiting all sellers in a "xed sequence.
In Fig. 6, we present the time series for the morning sessions of this measure of
loyalty averaged over all buyers, and the same series for the buyers that make up
the 5th and 95th percentile on that market day. Each observation is the average
of 20 days. We observe that loyalty does develop, but slowly, and with considerable variance among the buyers, as indicated by the 5th and 95th percentiles.
Whereas the "rst has an average of 0.45 in the last 2500 days, for the 95th
percentile this is 1.00. Another way to measure the signi"cance of this emergent
loyalty is to look at the percentage of buyers that realize more than 95% of their
monthly purchases from one single seller. In the last 25 days of our model, this is
the case for 41% of the buyers.

 Because of the discounting of past experiences, putting a greater weight put on more recent
visits, this avoiding behavior would lead to a loyalty index slightly above 0.10.
 In the real market these percentages vary somewhat for the di!erent types of "sh, but typically
they are between about 25 and 50.
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Fig. 6. Time-series average loyalty during morning sessions.

The emergence of this loyalty occurs although the buyers do not even know
what the concept of &loyalty' means. During every morning session, they simply
choose a seller, and they do not even remember which seller they visited the
previous day. The sellers know the concept of &loyalty', in the sense that they
recognize which faces they have seen more often than others recently. But at the
start they are indi!erent towards loyalty. That is, they have no initial bias
towards giving advantage or disadvantage to loyal customers in their queue,
and no bias towards charging higher or lower prices to loyal buyers.
Hence, the "rst question to ask is, how come the buyers learn to become loyal?
Fig. 7 presents for all 100 buyers the di!erence in payo! they experience,
averaged over the last 2500 mornings, when returning to the same seller as the
previous morning, or when switching to a di!erent seller. As we see, 74% of the
buyers experience, on average, that they are o!ered a more advantageous deal
when returning to their seller than when switching to another seller, where the
payo! to a buyer depends upon the prices proposed to him and the service rate
he gets. Hence, we observe that, typically, visiting a seller where a buyer is
loyal simply happens to be more reinforced than visiting a di!erent seller.

 Note that this graph is based on a simpli"cation. Loyalty is not a binary variable determined
exclusively by the buyer's last visit, but a real-valued index between 0 and 1 depending on a buyer's
entire shopping history.
 The 74% shown is robust in the sense that it is always a large majority of buyers for whom this
is the case, but it is relatively low as very often about 90% of the buyers are on average better o!
when returning to the same seller.
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Fig. 7. Average payo! advantage for buyers, returning to same seller compared to switching seller.

The next question is, how come the sellers o!er a higher payo! to repeat
customers than to other customers? Initially, sellers are indi!erent in this
respect. Fig. 8 presents for all 10 sellers the di!erence in payo! they experience,
averaged over the last 2500 mornings, when dealing with a repeat customer or
when dealing with a newcomer. As we see, all sellers realize higher gross
revenues when dealing with repeat customers, where revenue depends upon the
prices accepted and the rejection rate. Hence, o!ering a higher payo! to repeat
customers makes sense.
In some sense what emerges here is remarkable. Both buyers and sellers are
better o! in loyal trading relationships. How is this possible? If two traders have
decided to make a transaction, then the determination of the price is a constantsum game. Given the cake size of p"15, the gross payo! for a buyer is
p!p , whereas the payo! for a seller is p . Hence, if, for a given
number of transactions, a certain group of customers is better o! on average
than other customers, then sellers dealing with such customers are necessarily
worse o!, on average, than when dealing with other customers. This is

 One seller o!ered such poor service that he did not get any repeat buyers in this period. The
enormous disparity of the sellers' performance over a given period of time is a general "nding, of
which this one seller provides an extreme example.
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Fig. 8. Average payo! advantage for sellers, dealing with repeat customers compared to switching
customers.

Table 1
Average (gross) payo! per transaction to buyers and sellers

Repeat customers
Switching customers

Avg. payo!
to sellers

Avg. payo!
to buyers

Sum

10.35
10.31

4.65
4.69

15.00
15.00

con"rmed in Table 1, presenting the average gross payo! per transaction to
buyers and sellers.
However, this is not the proper measure of the interest buyers and sellers may
have in loyal trading relationships. The game of choosing a potential trading
partner is not a constant-sum game, as the number of cakes to be divided
depends upon the players' actions. In some cases, a buyer chooses a seller, or
a seller chooses a buyer with no transaction taking place in the end, because

 In this example, when a transaction takes place, switching customers pay slightly less than
repeat customers. This is, however, neither a robust nor an essential feature of the model. The prices
paid by switching and repeat customers are always very close on average, with sometimes repeat
customers paying slightly more, and sometimes slightly less.
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sellers may sell out before serving a buyer, and buyers may refuse prices
proposed by sellers. Therefore, the correct measure of how wise it is to choose
a certain seller needs to take account of the service rate o!ered by this seller, and
the proper measure of the pro"tability of proposing a transaction to a certain
buyer in a seller's queue needs to include the acceptance rate.
Hence, the average payow owered to a buyer when choosing a seller can be
written as follows, where the last factor on the right-hand side is simply the
average service rate o!ered by the sellers chosen by the given buyer:
(p!p  ) (p!p  ) Cproposals
"
.
Cvisits
Cproposals Cvisits

(5)

Similarly, the average payow for a seller when proposing a price to a buyer in his
queue can be written as follows, where the last factor on the right-hand side is the
average acceptance rate of the buyers served by the given seller:
(p )
(p ) Ctransactions
"
.
Cproposals Ctranscations Cproposals

(6)

Notice that a high service rate bene"ts the buyers without directly hurting the
sellers, whereas a high acceptance rate bene"ts the sellers without directly
hurting the buyers. As it turns out, on average over the last 2500 mornings,
sellers experience that repeat customers have a higher acceptance rate (0.92)
than switching customers (0.88), whereas these repeat customers experience
a higher service rate (0.97) than switching customers (0.93). The combined e!ect
of this with the prices asked and accepted is summarized in Table 2. The table
illustrates that the fact that the repeated interactions are characterized, on
average, by higher acceptance rates and higher service rates implies that the
total surplus that can be realized is indeed greater with loyal trading relationships, and that hence both sides can be better o! through loyalty.
Thus, an important factor of the model is that both sides are learning about
a situation which is changing precisely because their counterparts are also
learning. There have been few studies in which analytic results are obtained for
such situations, although the reinforcement learning models used in game
theory have this feature (see Roth and Erev, 1995 for a discussion). Fig. 9
Table 2
Average (gross) payo! per interaction to buyers and sellers

Repeat customers
Switching customers

Avg. payo!
to sellers

Avg. payo!
to buyers

9.50
9.09

4.50
4.25
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Fig. 9. Coevolution: emergence payo! advantages of loyalty to buyers and sellers, and loyalty.

presents the coevolutionary process, graphing the simultaneous emergence of
the payo! advantage from loyal trading relationships to both buyers and sellers,
and the emergence of this loyalty itself. Each observation is again the average of
20 mornings, and we smoothed the series of the payo! advantages by taking 25
period moving averages. Note that, "rst, in the beginning sellers get a lower
payo! from repeat customers than from new customers. Second, simultaneously,
the payo! advantage to repeat customers quickly disappears. Third, only when
a payo! advantage to sellers dealing with repeat customers emerges does the
payo! advantage to these repeat customers start to rise again. Fourth, in the
meantime, repeat customers had always experienced a positive payo! di!erence,
and loyalty emerged. Fifth, apart from the initial phase, the advantage of loyal
relationships is positive to both buyers and sellers, and loyalty develops at
a steady level around 0.79.
4.3. Model variant with multiple types of buyers
One of the simpli"cations we made in our base model was that all buyers
could resell their "sh outside the market for the same price p"15. In the real
market some obvious heterogeneity exists as some buyers are retail "sh sellers,
while others are restaurant owners. In this section we analyze a variant of our

 In the market data all buyers are only identi"ed by a code. Hence, we do not have information
as to the various types of buyers.
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ACE model, in which there are three types of buyers: 33 buyers can resell
their "sh outside the market for a price of p"12, 34 can do so with p"15,
and another 33 for a price of 18. In line with the base model, neither the
sellers nor the buyers are aware of this heterogeneity ex ante. The only di!erence
with the base model is that the di!erent types of buyers will experience di!erent
pro"t levels for given transactions. The question, then, is how this is going to
in#uence the market outcomes, and in particular how this is related to loyalty
and prices.
Table 3 presents the prices that are found, and those that are accepted by the
three types of buyers during the last 2500 days. The "rst two lines show that the
buyers with a higher p are prepared to accept higher prices in the market, both
in the morning and in the afternoon, which is, in particular for the afternoon
sessions, not surprising. More interesting is the fact that di!erent types of buyers
actually "nd di!erent prices in the market, and this applies to the morning
sessions as well as to the afternoon sessions, with buyers with a higher p on
average "nding higher prices. This is somewhat remarkable as the sellers do not
recognize the various types of buyers as such. They only recognize the familiarity of a buyer's face. If di!erent types of buyers "nd di!erent prices, it must be
that they develop distinct shopping patterns, which are (implicitly) recognized
by the sellers. Before we analyze the e!ects of di!erent shopping behaviors, we
"rst have a look at these shopping patterns as such.
A "rst dimension in which shopping patterns might di!er is the timing of
purchases. In our model, all buyers enter the market simultaneously in the
morning, but how many of them leave the market after the morning session, and
how many return for the afternoon session is determined endogenously in the
market. Table 4 shows the average experience for each type of buyer during the
last 2500 morning sessions. Buyers with a higher p are more likely to realize
their purchase during the morning sessions. Not only do buyers with a low
p reject a price more often, but they are also served late more frequently. As
a result of this endogenous shopping timing, the population mix of buyers in the

Table 3
Prices found and accepted by three types of buyers
Type of buyer
&12'
Price accepted (morning)
Price accepted (afternoon)
Price found (morning)
Price found (afternoon)

&15'

&18'

9.34
9.74

9.61
10.86

(#2.9%)
(#11.5%)

9.78
11.20

(#4.8%)
(#14.9%)

9.41
11.30

9.64
11.67

(#2.5%)
(#3.3%)

9.82
11.71

(#4.3%)
(#3.6%)
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Table 4
Shopping experience of three types of buyers during morning sessions
Type of buyer
&12'
Purchase
Reject price
Late
Sum

&15'

80.6%
13.4
6.0
100.0

&18'

90.1
5.1
4.8

91.9
4.1
4.0

100.0

100.0

Table 5
Shopping behavior by three types of buyers during morning sessions
Type of buyer

Avg. loyalty ¸
GH
Rel. freq. switching seller
Avg. loyalty
G
Avg. C sellers visited

&12'

&15'

&18'

0.96
7.8%
0.75
7.4

0.93
8.2%
0.82
5.7

0.92
9.1%
0.83
6.0

afternoon sessions turns out to be very di!erent from the morning sessions. In
the afternoon, 51.5 % of the buyers in the market has a p of 12, 27.0% a p of
15, and only 21.5% a p of 18, whereas during the morning sessions the
proportion of each type of buyer is one-third.
Since we saw above that even during the morning sessions the di!erent
types of buyers encounter di!erent prices, we now focus on these morning
sessions. Table 5 summarizes the shopping behavior of the three types of buyers
during the morning sessions in the last 2500 days. The loyalty index ¸ reported
GH
in Table 5 measures the loyalty of a speci"c buyer to a speci"c seller, averaged
over those visits that are actually made during the morning sessions. This
loyalty index ¸ is used by the sellers when they decide whom to serve next, and
GH
which price to charge. As we see, buyers with a higher p tend to be less loyal
with their visits. This is con"rmed by the fact that they switch seller more
frequently than those with a lower p. However, the last two lines of Table
5 indicate that we need to qualify this. The loyalty index , measuring the
G
loyalty of a speci"c buyer i with respect to the population of sellers as a whole
(see Eq. (4)), shows that the buyers with a higher p are not the less but the more
loyal buyers. In other words, the shopping behaviors that the three types of
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buyers develop di!er in a subtle way. Some types are in some sense more loyal,
but in another sense less loyal at the same time. What happens, among other
things, is that the buyers with a higher p switch more frequently between
sellers, but they do so within a more restricted group of sellers, as the last line of
Table 5 also indicates.
The question, then, is how these di!erences in shopping behavior lead to
di!erent market outcomes for the three types of buyers. Apart from the buyers'
own actions, this depends on how they are treated by the sellers. Sellers use the
loyalty index ¸ to decide the order in which buyers are served, and to decide
GH
which prices to ask. The serving order may in#uence the prices to be asked as
well, through the stock/queue ratio at the moment a price has to be announced.
Moreover, both the serving order and the prices asked in#uence whether buyers
conclude their transactions in the morning, or whether they have to go for a last
chance in the afternoon session.
We "rst look at how sellers treat di!erent types of buyers as far as the serving
order is concerned. Seven out of ten sellers on average choose values of the
treatment parameter that imply putting loyal customers more towards the end
of the queue. However, since this function is non-linear, and since di!erent
sellers have di!erent sales levels, and both treatment parameter values and sales
levels vary over time, it is di$cult to interpret the direct consequences of this for
the three types of buyers. Therefore, we focus on the probability that the various
types of buyers are served late, "nding only empty shelves, during the morning
sessions in the last 2500 days.
As we saw in Table 4, the buyers with a high p were less likely to be denied
service. How is this related to the behavior of the sellers (who do not observe this
p)? A seller j observes the loyalty index ¸ of all buyers i in his queue.
GH
Computing the correlation coe$cient between ¸ and the probability of being
GH
late shows that more loyal customers are somewhat less likely to be late (the
coe$cient is !0.27, with a t-statistic of !2.8). This seems somewhat puzzling,
because we had seen above that it was the group of buyers with a p of 12 that
developed, on average, the highest values of this loyalty variable ¸ . Fig. 10
GH
gives a "rst indication of what is going on. The graph shows how the three types
of buyers form three separate clusters located from the top-right corner (where
we "nd the buyers with p"12) to the bottom-left corner (buyers with
p"18), within each cluster and in the three clusters combined a negative
relationship between the probability of being late and average loyalty ¸ .
GH
Hence, the question is what it is in the buyers' shopping behavior that
separates them so neatly into these three clusters. We saw already above that

 Remember that a seller j only knows ¸ and not . That is, a seller j knows how familiar
GH
G
a buyer i looks to him, but this seller j has no idea as to what his shopping behavior has been in all
those periods in which this buyer i did not show up in his own queue.
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Fig. 10. Average loyalty ¸ and service for all buyers.
GH

Fig. 11. Average loyalty

G

and service for all buyers.

the average loyalty ¸ of buyer i does not fully capture the pattern of his
GH
shopping behavior, and that ¸ and measure in fact di!erent aspects of such
GH
G
behavior. How, then, does the service rate relate to this loyalty of the buyers?
Fig. 11 shows that the correlation between and the probability of being late is
clearly negative (the correlation coe$cient is !0.76, with a t-statistic of
!11.5). Hence, the average value of a buyer's variable turns out to be a good
predictor of his probability of being late.
Further illustration of the fact that captures some important aspects of the
buyers' shopping behavior is provided by the following. Just as in the base
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Table 6
Service for three types of buyers
Type of buyer

Late repeat customers
Late switching customers

&12'

&15'

&18'

5.8%
10.9

4.5
8.7

3.8
7.8

model, the service rate for repeat customers is higher than for switching customers. The "rst are served late on average 4.6% of the time, and the latter 8.4%.
Now, we had observed that buyers with a higher p tended to switch seller more
often. How come, then, that they nevertheless experience better service? Again,
this seems related to the buyers' loyalty as measured by . As Table 6 shows, for
both repeat and switching customers the service rate increases with the p of
the buyers ( just as the loyalty ). As a result, switching customers with a p of
12 are almost 3 times as likely to be denied service as repeat customers with
a p of 18 (10.9% against 3.8%).
Next, we look at the prices. As indicated above, the di!erent types of buyers
"nd systematically di!erent prices in the market. The question, then, is how this
is related to their shopping behavior. When deciding upon prices, the sellers,
besides distinguishing morning from afternoon sessions, look at the loyalty
index ¸ , and at the actual stock/queue ratio, in both cases distinguishing three
GH
levels (high, middle, and low). Fig. 12 shows the pricing function learned on
average by the sellers with respect to loyalty ¸. As we see, on average the sellers
learn to charge lower prices to customers who demonstrate a higher loyalty
¸ towards them. Hence, the buyers with a lower p are charged lower prices,
since they develop a higher loyalty ¸ (see Table 5).
However, the di!erent experiences by the di!erent types of buyers is not only
due to the fact that individual sellers learn to distinguish these types implicitly.
In part, these di!erences are due to the emergence of heterogeneity among the
sellers, as di!erent individual sellers learn to cater to di!erent types of buyers.
Fig. 13 shows the numbers of visits during the last 2500 mornings for each seller,
distinguishing the three types of buyers. As we see, some sellers are rather small,
focussing on one type of buyer, whereas the largest seller caters for all three types
of buyers in approximately equal shares. If we focus, for example, on seller 3 on
the one hand, and sellers 5 and 6 on the other hand, we see that for the "rst fewer
than 8% of the customers have a p of 18, whereas for the latter two this is

 This is conformed by a positive correlation between the buyers' loyalty
"nd (the correlation coe$cient is 0.26, with a t-statistic of 2.71).

and the prices they
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Fig. 12. Average pricing function learned during the last 2500 days.

Fig. 13. Average number of visits for each seller during the last 2500 days.

around 60%, and for seller 6 only 1% of the customers has a p of 12. What
distinguishes seller 3 from these other two, is that seller 3, the one basically
without high-value customers, asks lower prices, has a lower supply to sales
ratio, puts loyal customers towards the end of the queue, and o!ers a lower
average service rate, while facing a higher rejection rate.
Hence, this variant of our ACE model explains how price dispersion
and loyalty may be related to di!erent types of buyers (who have di!erent
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opportunities to resell the "sh outside the market). We observed that the buyers
who can resell outside the market for a higher price develop a pattern of
shopping behavior characterized by higher loyalty (as measured by ) such that
they "nd higher prices in the market, and experience a better service.

5. Concluding remarks
Our ACE model of the Marseille "sh market, focussing on an explicit
consideration of the market interactions between the individual agents, explains
both stylized facts price dispersion and loyalty as the outcome of a coevolutionary process, in which both sides adapt to their changing environment. Buyers
learn to become loyal, as sellers learn to o!er a higher payo! to loyal buyers,
while these sellers, in turn, learn to o!er a higher payo! to loyal buyers, as they
happen to realize a higher payo! from loyal buyers.
In some sense, the basic problem is one of coordination, and loyalty works as
a coordination device. This suggests that developing loyalty has some similarity
with sending intrinsically meaningless signals, say, like wearing a blue shirt. The
similarity lies herein that there is nothing intrinsic in loyalty that makes it pay,
as there are no real switching costs in our model (cf. Klemperer, 1995). Hence, at
"rst sight one might conjecture that our explanation could as well have gone the
other way around: &Buyers learn to become non-loyal, as sellers learn to o!er
a higher payo! to non-loyal buyers, while these sellers, in turn, learn to o!er
a higher payo! to non-loyal buyers, as they happen to realize a higher payo!
from non-loyal buyers.' However, although there is some similarity with intrinsically meaningless signals, there are also some important di!erences. Loyalty,
whatever its degree, develops automatically as a result of market behavior,
without explicit additional non-market decisions like the color of one's shirt.
Moreover, being loyal or non-loyal has a direct economic meaning. Suppose, for
example, that there appears to be some serial correlation in a seller's decisions,
and that a buyer is satis"ed with that seller. Loyalty would bene"t that buyer,
but continuing to dress blue while shopping around randomly would not. Or
suppose that a seller o!ers a poor service. One of his buyers becoming non-loyal
would hurt, but that buyer merely changing the color of his shirt would not.
Loyalty means continuity, and allows buyers and sellers to avoid unproductive
meetings.
A variant of the model with multiple types of buyers explains how buyers who
can resell outside the market for a higher price develop a pattern of shopping
behavior characterized by higher loyalty such that they "nd higher prices in the
market, and experience a better service. The sellers do not explicitly recognize
di!erent types of buyers (cf. Borenstein, 1991). But this price and service
discrimination emerge as, in coevolution with the development of shopping
patterns which di!er in a subtle way among the buyers, the sellers on the one
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hand learn to recognize these di!erences implicitly, whereas on the other,
di!erent types of sellers emerge. Hence, the underlying incentive, that missing
out on a transaction is more costly for those buyers with a higher resell price,
does not only lead those buyers to accept more prices, but it also leads to
di!erences in shopping patterns and to di!erences among the sellers in ways that
seem consistent with real markets.
To conclude, let us stress how simple our ACE model is, and which factors do
not play a role in our model. We did not assume any real switching costs or
search costs, and we show that to explain loyalty and price dispersion, there is
no need to assume given social networks, direct personal relations, or cultural
factors (cf. Richardson, 1960). In fact, in our model all sellers and all buyers are
identical ex ante. In a variant of our base model, there are three types of buyers,
but even there, our ACE model explains that for price and service discrimination
to occur (plus the related loyalty), it is not necessary that the sellers explicitly
recognize these di!erent types of buyers. All agents in our model have very
limited cognitive capabilities, and they cannot engage in sophisticated reasoning
processes. The buyers do not even know what the concept of loyalty means, and
sellers only recognize how familiar faces look to them, but do not recognize the
identities of individual buyers as such. As the agents are not looking forward
(and reasoning backward) beyond the end of the day, they do not play dynamic
strategies. Each agent simply learns through reinforcement only. Hence, our
ACE model of price dispersion and loyalty highlights the role of the evolving
incentive structure of the market.

Appendix. Pseudo-code
program MAIN;
begin
INITIALIZE}BUYERS; (see procedure below)
INITIALIZE}SELLERS; (see procedure below)
for all 10000 periods (5000 mornings ; 5000 afternoons) do
begin
for all buyers i do for all sellers j do if morning then loyalty[i, j] "
:
loyalty[i, j]/1.25;
for all buyers do
begin

 Obviously, this is not to say that all these additional factors cannot or do not play a role in
reality. But what our ACE model explains, is that they are not essential to explain phenomena like
loyalty and price dispersion.
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CHOOSE}A}SELLER; (see procedure below)
ACCEPT/REJECT}PRICES (see procedure below)
end;
for all sellers do
begin
if morning then
begin
CHOOSE}SUPPLY}LEVEL; (see procedure below)
CHOOSE}TREATMENT}PARAMETER}VALUE; (see procedure below)
end;
QUEUE}HANDLING; (see procedure below)
if afternoon then REINFORCEMENT}SELLERS; (see procedure below)
end;
for all buyers i do for all sellers j do
if i was in queue j then loyalty[i, j] "loyalty[i,
:
j];0.25;
for all buyers do REINFORCEMENT}BUYERS; (see procedure below)
end;
end.
procedure INITIALIZE}BUYERS;
begin
for all buyers do
begin
p}out "12
:
(15, 18);
with all sellers do
begin
fitness}choice}morning "1.00;
:
fitness}choice}afternoon"1.00;
:
end;
with prices from 0 to 20 do
begin
fitness}reject}morning "1.00;
:
fitness}accept}morning "1.00;
:
fitness}reject}afternoon "1.00;
:
fitness}accept}afternoon"1.00;
:
end;
end;
end;
procedure INITIALIZE}SELLERS;
begin
for all sellers do
begin
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p}in "9;
:
with supply levels from 0 to 30 do fitness "1.00;
:
with treatment parameter values from !25 to 25 (in steps of 5) do
fitness"1.00;
:
with all 189 morning price rules do fitness "1.00;
:
with all 189 afternoon price rules do fitness "1.00;
:
end;
end;
procedure CHOOSE}A}SELLER;
begin
if morning then
begin
with all sellers do normalize actual fitness}choice}morning to [0, 1];
for all sellers do
begin
bid "
: normalized}fitness; where K N(0, 0.10);
with probability 0.025 ignore bid;
end;
choose seller receiving highest bid;
end
else if afternoon and no transaction in morning then
begin
with all sellers do normalize actual fitness}choice}afternoon to [0, 1];
if at least one seller open then
begin
for all open sellers do
begin
bid "
: normalized}fitness; where K N(0, 0.10);
with probability 0.025 ignore bid;
end;
choose seller receiving highest bid;
end
else if all sellers closed then no seller chosen;
end
else if afternoon and transaction in morning then no seller chosen;
end;
procedure ACCEPT/REJECT}PRICES;
begin
if morning then
begin
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for prices from 0 to 20 do
begin
bid}ok "fitness
:
}accept}this}price}in}morning;
bid }reject "
: fitness} reject} this }price} in}morning ;  where  K
N(0, 0.10);
if bid}ok'bid}reject then accept this price else reject it;
with probability 0.025 invert acceptance/rejection decision;
end;
end
if afternoon then
begin
for prices from 0 to 20 do
begin
bid}ok "fitness
:
}accept}this}price}in}afternoon;
bid }reject "
: fitness} reject} this }price} in}afternoon; where K
N(0, 0.10);
if bid}ok'bid}reject then accept this price else reject it;
with probability 0.025 invert acceptance/rejection decision;
end;
end;
end;
procedure CHOOSE}SUPPLY}LEVEL;
begin
with all supply levels from 0 to 30 do normalize actual fitness to [0, 1]
for all supply levels from 0 to 30 do
begin
bid "normalized
:
}fitness; where K N(0, 0.10);
with probability 0.025 ignore bid;
end;
choose supply level receiving highest bid;
end;
procedure CHOOSE}TREATMENT}PARAMETER}VALUE;
begin
with all treatment parameter values do normalize actual fitness to [0, 1]
for all treatment parameter values do
begin
bid "normalized
:
}fitness; where K N(0, 0.10);
with probability 0.025 ignore bid;
end;
choose treatment parameter value receiving highest bid;
end;
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procedure QUEUE}HANDLING;
begin
determine queue}length;
check who is in queue;
check their loyalty;
give everybody in queue a weight "(1;loyalty])
:
L (treatment}
parameter}value);
while customers in queue left and stock left do
begin
randomly pick a customer (each with probability of weight/(sum of
weights remaining queue));
with served}customer do
begin
if loyalty("0.20 then loyalty}class "low
:
else if loyalty("0.80 then loyalty}class "middle
:
else
loyalty}class "high;
:
end;
s/q}ratio "remaining
:
}stock/remaining}queue}length;
if s/q}ratio("0.75 then s/q}ratio}class:"low
else
if
ratio("1.25
then
s/q}ratio}class "middle
:
else
s/q}ratio}class "high;
:
if morning then for given loyalty}class and s/q}ratio}class do
with all morning prices from 0 to 20 do normalize actual fitness to [0, 1];
if afternoon then for given loyalty}class and s/q}ratio}class do
with all afternoon prices from 0 to 20 do normalize actual fitness
to [0, 1];
if morning then for given loyalty}class and s/q}ratio}class do
begin
for all morning prices from 0 to 20 do
begin
bid "normalized
:
}fitness; where K N(0, 0.10);
with probability 0.025 ignore bid;
end;
choose price corresponding to rule receiving highest bid;
end;
if afternoon then for given loyalty}class and s/q}ratio}class do
begin
for all afternoon prices from 0 to 20 do
begin
bid "normalized
:
}fitness; where K N(0, 0.10);
with probability 0.025 ignore bid;
end;
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choose price corresponding to rule receiving highest bid;
end;
update remaining queue information;
if price not rejected then update stock information;
end;
end;
procedure REINFORCEMENT}SELLERS;
begin
compute gross revenue of the day;
scaled}revenue "gross
:
}revenue/(maximum}price*supply);
net}profit of the day "gross
:
}revenue } (supply*p}in);
normalize net}profits last 200 days to [0, 1];
with activated supply level rule do fitness "0.95*fitness
:
;0.05*
normalized}profit;
with activated treatment parameter value rule do fitness"0.95*fitness
:
;0.05*scaled}revenue;
for all morning price rules do for number of times rule activated do
begin
reward "(*times
:
accepted * price)/(times}active*maximum price);
fitness"0.95*fitness;0.05*reward;
:
end;
for all afternoon price rules do for number of times rule activated do
begin
reward "(*times
:
accepted * price)/(times}active*maximum price);
fitness"0.95*fitness;0.05*reward;
:
end;
end;
procedure REINFORCEMENT}BUYERS;
begin
if transaction in morning then
begin
utility "(p
:
}out-price}paid)/p}out;
with seller visited in morning do
begin
reward}choice "
: max(0, utility);
fitness } choice } morning "
: 0.95*fitness } choice } morning;0.05*
reward}choice;
end;
with price accepted do
begin
reward}accept "
: utility;
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fitness } accept } morning "
: 0.95*fitness } accept } morning;0.05*
reward}accept;
end;
end;
if reject in morning and transaction in afternoon then
begin
utility}offered "(p
:
}out-price}found}in}morning)/p}out;
utility "(p
:
}out-price}paid}in}afternoon)/p}out;
with seller visited in morning do
begin
reward}choice "
: max(0, utility}offered);
fitness } choice } morning "
: 0.95*fitness } choice } morning;0.05*
reward}choice;
end;
with price rejected in morning do
begin
reward}reject "
: max(0, utility);
fitness } reject } morning "
: 0.95*fitness } reject } morning;0.05*
reward}reject;
end;
with seller visited in afternoon do
begin
reward}choice "
: max(0, utility);
fitness}choice}afternoon "
: 0.95*fitness }choice}afternoon;0.05*
reward}choice;
end;
with price accepted in afternoon do
begin
reward}accept "
: utility;
fitness}accept}afternoon "
: 0.95*fitness}accept}afternoon;0.05*
reward}accept;
end;
end;
if reject in morning and reject in afternoon then
begin
utility}offered "(p
:
}out-price}found}in}morning)/p}out;
with seller visited in morning do
begin
reward}choice "
: max(0, utility}offered);
fitness } choice } morning "
: 0.95*fitness } choice } morning;0.05*
reward}choice;
end;
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with price rejected in morning do fitness}reject}morning "0.95*
:
fitness}reject}morning;
with seller visited in afternoon do
fitness}choice}afternoon"0.95*fitness
:
}choice}afternoon;
with price rejected in afternoon do
fitness}reject}afternoon "0.95*fitness
:
}reject}afternoon;
end;
if reject in morning and late in afternoon then
begin
utility}offered "(p
:
}out-price}found}in}morning)/p}out;
with seller visited in morning do
begin
reward}choice "
: max(0, utility}offered);
fitness}choice}morning"0.95*fitness
:
}choice}morning;0.05*reward}
choice;
end;
with price rejected in morning do fitness}reject}morning "0.95*
:
fitness}reject}morning;
with seller visited in afternoon do
fitness}choice}afternoon"0.95*fitness
:
}choice}afternoon;
end;
if late in morning and transaction in afternoon then
begin
utility "(p
:
}out-price}paid}in}afternoon)/p}out;
with seller visited in morning do fitness}choice}morning "0.95*
:
fitness}choice}morning;
with seller visited in afternoon do
begin
reward}choice "
: max(0, utility);
fitness }choice }afternoon "
: 0.95*fitness}choice}afternoon;0.05*
reward}choice;
end;
with price accepted in afternoon do
begin
reward}accept "
: utility;
fitness}accept}afternoon "
: 0.95*fitness }accept}afternoon;0.05*
reward}accept;
end;
end;
if late in morning and reject in afternoon then
begin
uility}offered "(p
:
}out-price}found}in}afternoon)/p}out;

500 A.P. Kirman, N.J. Vriend / Journal of Economic Dynamics & Control 25 (2001) 459}502

with seller visited in morning do fitness}choice}morning "
:
0.95*fitness}choice}morning;
with seller visited in afternoon do
begin
reward}choice "
: max(0, utility}offered);
fitness}choice}afternoon "0.95*fitness
:
}choice}afternoon ;0.05*
reward}choice;
end;
with price rejected in afternoon do
fitness}reject}afternoon "0.95*fitness
:
}reject}afternoon;
end;
if late in morning and late in afternoon then
begin
with seller visited in morning do fitness}choice}morning "
:
0.95*fitness}choice}morning;
with seller visited in afternoon do
fitness}choice}afternoon"0.95*fitness
:
}choice}afternoon;
end;
end;
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