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1. Introduction

There is a significant literature that models human behavior in strategic situations through a process of experience-based
(or heuristic) learning (see Young, 2005 for a review of this literature). Such learning models are not forward looking in the
sense that agents employing them do not seek to influence the future play of their current rivals. Much of this literature,
with certain exceptions like Hopkins (1999) and Fudenberg and Takahashi (2011), is framed in the context of “global infor-
mation” models (Fudenberg and Takahashi, 2011). Fudenberg and Takahashi (2011) give examples of such models. Among
them are models in which the same players are repeatedly matched (for example, Fudenberg and Kreps, 1993; Borgers
and Sarin, 1997), or a random matching large population model, but in which agents observe all matchings in the popu-
lation (Ellison and Fudenberg, 2000). Such models have, of course, yielded significant insights into whether the dynamics
of heuristic learning can lead to equilibrium behavior. However, there is an inherent incompatibility in the use of heuristic
learning under the assumption of global information. Agents can exploit such an information structure to employ more
strategic forward looking behavior instead of being content to let their past experience guide them.

One way to resolve this incompatibility is to adopt the idea originally put forward by Fudenberg and Kreps (1993), and
subsequently applied by Hopkins (1999) and Fudenberg and Takahashi (2011). In order to justify the myopia inherent in
heuristic learning, they appeal to the setting of a large population of agents who are randomly matched to play a game.
Each agent has a sequence of different opponents and almost certainly never encounters the same opponent twice. Also,
agents only possess “local information” (Fudenberg and Takahashi, 2011) in the sense that they only observe the outcomes
of their own matches. Therefore, there is little incentive for them to develop more sophisticated strategies. This paper
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develops a general framework to formalize this setting for heuristic learning models and analyzes the population dynamics
resulting from such individual behavior. We then apply this framework to analyze reinforcement learning which is perhaps
the simplest and most extensively studied form of all formal heuristic learning models.

Under reinforcement learning, an agent carries an internal mixed strategy, construed as the agent’s behavioral disposition.
If an action has yielded a high payoff in the past, then the probability assigned to it increases in the current round; or the
behavior associated with the action gets reinforced. Reinforcement protocols have considerable empirical support (e.g. Erev
and Roth, 1998). In this paper, we apply one particular form of reinforcement learning—the Cross (1973) rule of learning.
Under this rule, the decision maker increases the probability of the action he chose in the last round in proportion to the
payoff received, while reducing the probability of the other actions proportionately. The Cross rule has since been analyzed
by other authors including Bérgers and Sarin (1997, 2000) and Borgers et al. (2004) who characterize this rule as the
prototype of a whole class of reinforcement learning schemes. Further, the Cross rule has an interesting implication, as
shown in Bérgers and Sarin (1997), which we use in this paper. Under this rule, the expected change in the mixed strategy
weight of an action is identical to the replicator dynamic from evolutionary game theory.

In order to apply reinforcement type learning to population games, we need to assume that agents use individual mixed
strategies. We then define the population state as a probability measure over the space of mixed strategies. This population
state changes over time in response to agents’ learning. The main challenge is to develop techniques to analyze the evolution
of the population state. To resolve this question, we consider random matching in a two player symmetric game. Matchings
last for one period and in each new matching, players revise their mixed strategies using reinforcement learning. This
changes the population state. By making the time difference between successive matches go to zero, we can track the
change in the population state by using a generalization to a probability measure setting of a first-order partial differential
equation system akin to the continuity equations commonly encountered in physics in the study of conserved quantities,
such as bulk fluids.> When applied to the Cross learning rule, this generates the replicator continuity equation, the name
reflecting the connection between this learning rule and the replicator dynamic as shown by Boérgers and Sarin (1997).

As a first application of this approach, we establish techniques to follow the evolution of the mean of the population
state. The mean population state is simply the distribution of agents across different actions and, therefore, corresponds to
the classical definition of population state in evolutionary game theory. We show that this mean dynamic, which we call
the mean replicator dynamic, is the classical replicator dynamic adjusted by the addition of a covariance term. We also use
the mean dynamic to show convergence to Nash equilibria of the mean population state in negative definite games and
doubly symmetric games.

Furthermore, generalizing the notion of a population state to a distribution over mixed strategies allows us to address
a very specific question—the impact of heterogeneity in agents’ behavior on social evolution. This extends the classical evo-
lutionary setting of homogeneity in which all agents use a fixed mixed strategy or, equivalently, a fixed mixture of pure
strategies. Indeed, this approach allows us to establish the classical replicator dynamic as a very particular case of the
replicator continuity equation, generated when the initial population state is homogeneous. We also show, using simple
examples of 2 x 2 games and 3 x 3 pure coordination games, that heterogeneity has significant implications on social evolu-
tion. For 2 x 2 games, introducing heterogeneity slows down the speed of evolution but does not affect the long-run mean
population state. But for 3 x 3 pure coordination games, heterogeneity even influences equilibrium selection. In these and
more general games, from the same initial mean state, the population may converge to different pure equilibria depending
upon the initial distribution over strategies. We have already noted the equivalence of the imitation based classical repli-
cator dynamic to the particular case of an initially homogeneous population of Cross reinforcement learners. Our examples
therefore reveal that evolutionary conclusions based on the classical replicator dynamic do not necessarily generalize if
there exists a significant degree of heterogeneity in the population.

Hines (1980) and Zeeman (1981) are two of the pioneering papers in the biology literature to use the replicator dynamic
to study the evolution of mixed strategies. In the literature on heuristic learning, the paper that is most closely related to
our work is Hopkins (1999). Hopkins (1999) also applies reinforcement learning in a local information context. In fact, that
paper anticipates our results on the dynamics of the population mean. Hopkins (1999) uses the relationship between the
replicator dynamic and Cross reinforcement learning (Borgers and Sarin, 1997) to obtain the mean replicator dynamic and
also establishes convergence of the mean population state to an evolutionarily stable state. Our approach in this paper is
more general since we first derive the dynamics of the probability measure and then derive the mean replicator dynamic
as a corollary of the replicator continuity equation. Hopkins (1999) establishes a local convergence result to evolutionarily
stable states for negative definite games. In contrast, we establish global convergence of the mean population state to Nash
equilibrium in negative definite games.

Our more fundamental approach also allows us to compute the asymptotic distribution to which a population state may
converge. Of course, in the case of convergence of the mean population state to a pure Nash equilibrium, the asymptotic
distribution is trivial. However, in case of convergence of the mean to a mixed equilibrium, the asymptotic distribution may

3 In physics, the continuity equation is a linear partial differential equation that describes the rate of change in the mass of fluid in any part of the
medium through which it is flowing. See, for example, Margenau and Murphy (1962). However, our continuity equations concern the change in probability
mass of agents in any part of the mixed strategy space, and differ from classical versions encountered in physics in that they contain non-linearities. See
Ramsza and Seymour (2010) for an application of continuity equation techniques to track the evolution of fictitious play updating weights in a population
game. Our paper provides a more general method of constructing continuity equations that can be used for a variety of learning algorithms.
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