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Abstract

We study an evolutionary model in which strategy revision protocols are based on agent spe-
cific characteristics rather than wider social characteristics. We assume that agents are primed
to play mixed strategies. At any time, the distribution of mixed strategies over agents in a
population is described by a probability measure. In each round, a pair of randomly chosen
agents play a game, after which they update their mixed strategies using certain reinforcement
driven rules based on payoff information. The distribution over mixed strategies thus changes.
In a continuous-time limit, this change is described by non-linear continuity equations. We
provide a general solution to these equations, which we use to analyze some simple evolutionary
scenarios: negative definite symmetric games, doubly symmetric games, generic 2 X 2 symmetric
games, and 2 x 2 asymmetric games. A key finding is that, when agents carry mixed strate-
gies, distributional considerations cannot be subsumed under a classical approach such as the

deterministic replicator dynamics.
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1 Introduction

It has long been recognized that the strong rationality assumptions on which modern economic
theory is founded are unrealistic as a representation of actual human behavior (Simon, 1956, 1957),
and the increasingly urgent challenge to rework these foundations has prompted much research
towards shifting the emphasis from substantive to procedural rationality; i.e to the way people ac-
tually make economic decisions. This research has in common the downgrading of hyper-rationality,
with its associated superhuman cognitive demands, in exchange for the upgrading of certain kinds
of psychological complexities that are claimed to better characterize the behavior of real people
in decision making contexts. One strand of this response is the ‘behavioral economics’ movement
- the attempt to account for empirically observed deviations from standard rationality assump-
tions by building into utility functions various inferred psychological dispositions (Camerer, 2003).
Another strand is ‘bounded rationality’, both in the original ‘satisficing’ sense of Herbert Simon
(1956, 1957, 1983)!, and in the more recent ‘adaptive toolbox’ perspective on human decision
making, which rejects optimization in favor of the ‘rules of thumb’ said to be part of the human
species-specific evolutionary heritage (Gigerenzer and Selten, 2001).2 Within bounded rationality,
there has emerged a substantial literature on learning in a game theoretic context.® This is the
attempt to explain convergence to equilibrium by boundedly rational players through the use of
simple behavior-modifying mechanisms such as reinforcement learning (Borgers and Sarin, 1997,
2000; Erev and Roth, 1998), regret matching (Hart and Mas-Colell, 2000) and stochastic fictitious
play (Fudenberg and Levine, 1995).

A related response to the rationality challenge emphasizes learning in a social context through
repeated experience, but by boundedly rational agents using simple procedures of trial-and-error
or imitation through which players learn that some behaviors perform better than others. This is
the approach of ‘evolutionary game theory’, which studies the processes through which populations
of interacting agents find their way (or not) to an equilibrium.* The assumption that agents do
not have hyper-rational cognitive abilities is reflected in the simple strategy adjustment procedures
that are designed to reward better performing behavior; analogously to the way a competitive
market rewards behavior leading to higher profits (Samuelson, 1997, Chapter 1). Thus, most recent
evolutionary models assume that each agent is primed to play, unreflectively, a pure strategy, which
is retained until a revision opportunity becomes available. Any cognitive sophistication is subsumed
under the revision protocol that agents use.

Evolutionary game theory potentially has great application in studying the impact of individual
level boundedly rational behavior on aggregate social outcomes. However, there has also been a

sharp dichotomy between evolutionary game theory and the larger game theoretic literature on

!See also Rubinstein (1998) for a more ‘rationalistic’ approach to bounded rationality.

2This approach has been dubbed ‘ecological rationality’, through its emphasis on fast and frugal heuristics that
are matched to specific environmental characteristics (Gigerenzer et al., 1999).

3See Young (2005) for a review of this literature.

“See Weibull (1995), Hofbauer and Sigmund (1988, 1998), Samuelson (1997), and Sandholm (2009) for book level
studies of evolutionary game theory.



learning through boundedly rational rules that has prevented the realization of this potential. Our
primary aim in this paper is to construct a theoretical framework that can resolve this dichotomy
and allow the study of boundedly rational learning in the context of large population models. The
source of this dichotomy lies in the nature of the rules that individual agents use to revise their
actions in the two contexts. In the learning literature, a finite set of individuals repeatedly interact
in a game by conditioning their current strategic behaviour on the experience they have accumu-
lated in previous rounds of the game. The strategy revision rules in this context are therefore
history dependent, allowing the players to ‘learn’ from their previous experience. For example,
in reinforcement learning, actions which have been more successful in the past are employed with
higher probability in the present. In contrast, the revision protocols in evolutionary game theory
are generally conditioned on the current social state, which is the proportions of agents in a popu-
lation (or populations) playing different pure actions. For example, in imitative revision protocols
(Bornerstedt and Weibull, 1996; Schlag, 1998) that generate the replicator dynamic (Taylor and
Jonker, 1978), an agent may randomly select and imitate the strategy of a rival member of the

5 Revision protocols of this form, which emphasize social imitation, therefore fail to

population.
take into account a very significant part of the cognitive abilities of human agents—the ability to
learn from personal experience (albeit in a social context). There is however considerable evidence
that such learning does take place and that past experience has a significant bearing on future
course of action; for example, Erev and Roth (1998) document empirical evidence in support of
reinforcement learning. In this paper, we resolve this dichotomy by developing a general theoretical
framework that allows agents to apply history dependent learning procedures in the setting of large
population games and analyze one particular such procedure, reinforcement learning, in detail.
The conditioning of revision protocols in evolutionary game theory on the social state is a legacy
of the origins in biology. The evolutionary process in biology is modeled as an automatic process,
driven by births and deaths, working to increase the frequency of better performing strategies.
While the motivation of an evolutionary process in economics is the same, it requires to be micro-
founded on decision behavior by agents, given the higher (relative to animals) cognitive abilities
of humans. This has led to a variety of revision protocols conditioned on the current social state
(see footnote 5). However, it is unlikely that in a decentralized environment agents would be
privy to such detailed information about the social state, thereby rendering the implementation
of such revision protocols essentially unfeasible. Some characterizations of revision protocols that
generate the classical replicator dynamic can, of course, be much more parsimonious in their level

of information requirement. For example, agents are required to observe only their immediate

50Other examples of the difference between revision procedures in the two fields can be cited. In learning under
regret matching, actions which would have reduced aggregate past regret become more probable. Thus, if r; is the
aggregate average regret of not always having played strategy i, then under the Hart and Mas-Colell (2000) regret
matching rule, the current probability of playing ¢ is proportional to max{0,r;}. In contrast, the revision protocol
to generate the ‘Brown-Nash-von Neumann’ (BNN) dynamic (Sandholm, 2005) assigns probabilities proportional to
the excess of the payoffs over the mean population payoff, with payoffs calculated as expectations over the current
social state. Note that the functional forms of the two revision procedures are similar but the state variable each is
conditioned on differ. Similarly, in evolution under perturbed best response agents play a near best response to the
current social state (Hofbauer and Sandholm, 2005).



payoff against a randomly matched opponent, rather than the expected payoff against the current
social state®, as long as they can also imitate the current (pure) strategy of some other randomly
selected agent. However, in some contexts, this assumption of the observability of a potential rival’s
strategy may be a very strong informational assumption; for example, traders in a stock market
would normally take care to conceal their planned strategies from rivals. Nevertheless, in most
scenarios in evolutionary game theory it remains the case that, for behaviors more sophisticated
than random imitation, the informational requirements are significantly more onerous, thus severely
compromising their feasibility.

In contrast, the evolutionary framework that we construct is free from such onerous infor-
mational requirements, being based on strategy revision protocols that require only knowledge
of agent-specific characteristics rather than of wider social characteristics. This allows a greater
range of behaviors — whether resulting from conscious deliberation or from essentially subcon-
sciously processes — to be feasibly implemented, thereby doing justice to a greater range of the
cognitive abilities of human agents. In particular, we use revision protocols based on reinforcement
learning, since these are both simple and extremely parsimonious in the information required for
their implementation.

We focus on reinforcement learning since it is the simplest and most widely studied class of
learning rules, and also has significant empirical support (Erev and Roth, 1998). However, our
general theoretical framework can be adapted to other learning mechanisms like regret matching
or stochastic fictitious play.” To allow the application of procedures like reinforcement learning, we
postulate that each agent in a population game is primed with a mixed strategy, which we interpret
as the agent’s behavioral disposition, expressing her intrinsic uncertainty about what pure action
to take in the game when called upon to play. In this approach, the population state is specified
by a probability measure over the set of mixed strategies, defining the ‘mass’ of agents using a
particular mixed strategy. We note that this introduces a radical form of agent heterogeneity into
the population, extending the classical setting in which all agents use a fixed mixed strategy or,
equivalently, a fixed mixture of pure strategies. As players revise their individual mixed strategies in
the light of experience using some learning protocol such as reinforcement learning, the population
state changes. We track the changes in population states using a generalization to a probability
measure setting of a first-order partial differential equation system akin to the continuity equations

used in physics in the study of conserved quantities, such as bulk fluids.® These evolutionary

5Tf agents are being randomly matched to play a symmetric normal form game with payoff matrix U, they are
required only to observe the realized payoffs u;; rather than the expected payoffs of the form » ; wi;T;, where z; is
the proportion of agents playing pure action j.

" Among the well known learning rules, reinforcement learning and regret matching require an agent to remember
only the actions he has played in the past. Stochastic fictitious play requires agents to remember the actions of the
opponents they encountered in the earlier rounds of the game. The application of these rules in large population
models would therefore require agents to know only their own actions or the actions of those opponents they personally
encountered in the past. It is of course not necessary that in applying a rule such as reinforcement, agents are
consciously increasing the probability on some action. It may be equally true that they are responding to some
subconscious cues that incline them towards adopting some actions with greater likelihood. We discuss this point in
greater detail in Section 12. Our technical framework is general enough to accommodate both interpretations.

81n physics, the continuity equation is a linear partial differential equation that describes the rate of change in the



dynamics can also track the change in the mean of the population state which is the proportion
of agents playing different pure actions thereby permitting comparison with the results from the
classical approach to evolutionary game theory. We use this approach to study the impact of
heterogeneity on the long run population state in Sections 10 and 11.

To illustrate the application of these evolutionary ideas in an economic context, consider a
simple pricing game in which a population of homogeneous sellers interact with a population of
homogeneous buyers. The sellers can quote one of three prices; pg, p1,pe with 0 < pg < p1 < po.
A consumer randomly matches two suppliers and asks them to submit quotations. Consumers are
of two types: a proportion y; simply pick one of the two quotations at random and pays whatever
price it asks to the supplier, and the remaining proportion ys compares both quotations and buys
at the lower price, breaking ties with a random choice. This situation defines a 2-player, 3 x 3
symmetric game between suppliers.® Under certain conditions, it is easy to show that the game has
a unique mixed strategy equilibrium. A conventional equilibrium-focused approach would therefore
predict price dispersion as an equilibrium in this model.

However, evolutionary models studied in Hopkins and Seymour (2002) (using the replicator
dynamic) and Lahkar (2009) (using the logit dynamic — Fudenberg and Levine, 1995) show that
under standard evolutionary adjustment procedures, the mixed equilibrium is unstable; a conclusion
that is validated by evidence both from the field (Lach, 2002) and the laboratory Cason et. al.
(2005). These evolutionary models are based on sellers conditioning their behaviour on the current
social state. We have already expressed our reservations about how feasible it is to implement these
protocols (see footnote 9); particularly one as onerous as the logit best response where sellers would
actually need to observe the social state in order to update their actions. In contrast, to apply
reinforcement learning in our framework, sellers are construed as (heterogeneous) carriers of mixed
strategies over possible prices, and simply need to update their probability of charging a particular
price on the basis of whether or not the presently quoted price results in a sale. Note that in this
strategy revision process, a seller need not even observe the price charged by the opponent with
whom he is currently matched. This is certainly a far less onerous requirement than that imposed
by even the simplest imitation revision protocol, where the seller would need to observe the price
that a randomly selected rival seller would charge were that seller invited to submit a quotation.

We derive our evolution equations for two models of population games, asymmetric and sym-

mass of fluid in any part of the medium through which the fluid is flowing. See, for example, Margenau and Murphy
(1962). However, our continuity equations differ from classical versions encountered in physics in that they contain
non-linearities. See Ramsza and Seymour (2009) 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.

9This is a simplified case of the finite dimensional Burdett and Judd (1983) model studied in Lahkar (2009). The
payoff matrix of the game is as follows. Matched with a seller charging price p;, the seller charging p; obtains expected
payoff

) 3Dy, . ifpi>p
spi(y1 +y2) = 5pi,  if pi = py,
$pi(y1 + 2y2), if p; < pj.

Let x; be the proportion of sellers charging price p;,. The expected payoff from charging p; is then m =
%pi (yl + 2y2 (% +Zj>i=’17j>>-



metric. In the asymmetric case, there are two populations of agents with one player from each
population randomly matched in each round to play a two-player asymmetric normal form game.
If we let the time interval between each round of play go to zero, we obtain a coupled pair of
non-linear continuity equations, one for each population. In symmetric games, agents are matched
with members of their own population leading to a single continuity equation tracking the change
in the probability measure of that population.

From the general continuity equation, we generate one particular form—the replicator continuity
equation—using two reinforcement learning based updating rules, one from Borgers and Sarin
(1997) and a second that we propose as an alternative. When applied in the context of learning,
the expected change in mixed strategy of an agent under either of these rules is given by the classical
replicator dynamic. Such a relationship between reinforcement rules and the replicator dynamic has
been established in Borgers and Sarin (1997) and Hopkins (2002). However, by applying learning
algorithms explicitly to large population models, our work provides a more general perspective on
the link between learning and evolution.

We solve the replicator continuity equation using standard methods based on Liouville’s for-
mula.'® To characterize solutions explicitly requires us to derive an associated ODE system whose
solutions describe trajectories of certain aggregate quantities associated to the population means.
We call this ODE system the distributional replicator dynamics. We show that the continuity
replicator dynamics has many stationary solutions, in particular any probability distribution over
mixed strategies having mean that is a Nash equilibrium. Thus, equilibrium populations can be
very heterogeneous, with individuals playing any mixed strategy with positive probability, but with
population mean a Nash equilibrium. However, in contrast to the classical case, the population
mean itself is construed as a mixed strategy, not as a mixture of pure strategies. We then analyze
some simple evolutionary scenarios: negative definite symmetric games, doubly symmetric games,
generic 2 X 2 symmetric games, and 2 X 2 asymmetric games, focusing on the convergence properties
of the mean of the population state since this is the observable aggregate social state. For negative
definite symmetric games (for example, games with an interior evolutionary stable state, or ESS)
and doubly symmetric games (for example, coordination games), we show global convergence of
the mean of the population state to a Nash equilibrium, although, importantly, this need not imply
that the asymptotic population state itself is a point mass on the globally attracting mixed Nash
equilibrium. In 2 x 2 symmetric games, we find that the aggregate social state is the same pure
strategy Nash equilibrium that would result under the classical replicator dynamic, provided the
initial point in the latter case is identical to the initial aggregate state in the former case. However,
this conclusion does not hold either for n x n symmetric games with n > 2, or for 2 x 2 asymmetric

games, where we provide counter-examples in which the two dynamics converge to different pure

10T his formula expresses the time evolution of the probability density function as a function of the initial probability
density and the deterministic trajectories of the underlying characteristic ODE system, which describes the motion
of individual agents in the population— see, section 4 below. The classical Liouville formula describes the change in
volume along flow lines of an underlying dynamical system see, for example, Hartman (1964). Related versions are
discussed in Weibull (1995) and Hofbauer and Sigmund (1998).



equilibria. Hence, expanding the behavioural flexibility of agents to allow use of mixed strategies
in evolutionary contexts has real consequences, in that it can lead to radically different conclusions
about the equilibrium social state.

In some ways, our paper revives some of the early work in biology (Hines, 1980; Zeeman, 1981)
concerning the evolution of mixed strategies. These papers use straightforward adaptations of dif-
ferent versions of the replicator dynamic (see footnote 24) to study the evolution of mixed strategies
using the standard biological motivation that the growth of the population share using a strategy
is proportional to the advantage of that strategy over the mean strategy. The analogous motiva-
tion in the context of human interaction and learning, that agents imitate successful strategies is,
however, not applicable to mixed strategies since such strategies are not directly observable. We
therefore cannot directly apply the functional form of the replicator dynamic to mixed strategies.
Hence the necessity to use the continuity equation approach for this purpose. Nevertheless, our
result on the convergence of the mean of the population to the Nash equilibria in negative definite
games is comparable to the results of Hines (1980) and Zeeman (1981) on convergence of the mean
to an ESS. This paper is also related, though in a more peripheral manner, to the literature on
evolutionary dynamics in games with continuous pure action space.'’ However, while these papers
focus on the evolution of probability measures over pure actions, our concern is the evolution of
probability measures over mixed strategies in finite games.

The remainder of this paper is organized as follows. In section 2, we derive the general, nonlinear
continuity equations for 2 player asymmetric and symmetric games. Section 3 presents two updating
rules that generate continuity equations based on the classical replicator dynamic, and we consider
equilibrium conditions for distributions under these dynamics. In section 4, we introduce Liouville’s
formula in a general context, and use this formula to solve a generalized form of the replicator
continuity equation in section 5. In section 6, we introduce the distributional replicator dynamics, a
system of autonomous ODEs whose solutions determine the distributional solutions of the replicator
continuity equations. Section 7 shows stability in the mean for negative definite and semi-definite
games, and section 8 proves that expected payoff increases along non-equilibrium trajectories for
doubly-symmetric games. Sections 9 and 11 contain analyses of generic 2 x 2 symmetric and
asymmetric games respectively, while section 10 presents a 3 x 3 symmetric game for which classical
and distributional trajectories convergence to different equilibria. Section 12 contains a discussion
of the paper and concludes. Certain proofs and additional technical material are presented in the

appendix.

2 The General Continuity Equation for Population Games

We derive the continuity equations in the setting of population games. First, we consider the case

in which two players, each chosen from a separate population, are randomly matched to play an

Some papers in this field are Cressman (2005), Cressman and Hofbauer (2005), Cressman, Hofbauer and Riedel
(2006), Hofbauer, Oechssler and Riedel (2008) and Oechssler and Riedel (2001, 2002).



asymmetric normal form game.!? Next, we look separately at the case where two players chosen

from the same population are randomly matched to play a symmetric normal form game.

2.1 Two-population Asymmetric Games

Consider a society consisting of the set of populations P = {1,2}. We assume both populations
are of fixed probability mass 1. Let S; be the strategy set and n; be the number of strategies of
population [ € P. We denote by A; the simplex corresponding to population [. Thus,

A= :L’ERT:Z:Q‘Zl . (1)

1€S]

A mixed strategy used by a player in population [ belongs to A;. We will use x and y to denote a
typical mixed strategy of a player in populations 1 and 2 respectively. Then A = A; x Ag is the
set of mixed strategies of pairs of players, one from each population.

Let P be a Borel probability measure defined on the space of mixed strategies for population
1, A1.!3 Thus, if B C Ay is a Borel set, then P(B) can be regarded as the proportion of agents in
population 1 playing mixed strategies in B. The mean strategy in population 1, (z | P) € Ay, is
given by

(x| P) = /A xP (dx). (2)

More generally, given a real vector-valued continuous function ¢(z) on A, we define its expectation

with respect to P by
(0| P) = A ¢(2) P(dx). 3)

Similarly, we denote by ) the Borel probability measure over the space of mixed strategies
for population 2 characterizing proportions of agents using these strategies. The mean strategy
(y | Q) € Ag for population 2 is defined analogously to (2), and the expectation, (¢ | @), of a
continuous function ¥ (y) on Ag, is defined analogously to (3).

We interpret the means ((z | P), (v | Q)) as the aggregate social state generated by the measures
P and Q). Even though agents are actually playing mixed strategies, the observable aggregate social
state is the proportion of agents playing different pure actions. By the law of large numbers, this
distribution over pure actions is equal to ((z | P),(y | @)). We make use of this concept of the
aggregate social state later in our applications of the continuity equation in 2 x 2 games.

Two players, one from each population, are randomly matched to play an asymmetric normal
form game. We denote by P; and (); the measures characterizing the two population states at time

t > 0. Our objective is to track the evolution of the two measures P; and ); over time. We derive

12We confine ourselves to two-player asymmetric games merely for notational convenience. All the ideas involved
can be extended easily to multipopulation asymmetric games at the cost of more cumbersome notation.

13That is, P is a non-negative measure of total mass 1, defined on the o-field of Borel sets in A;, the smallest
o-field containing the closed sets of Ay — see, for example, Dunford and Schwatz (1964), p 137.



the continuity equations for this purpose as follows.
Suppose the two chosen players use the mixed strategy profile (z,y) € A. The probability that
they play the action profile (i,j) € S = S x Sy is given by

mii (2, y) = iy (4)

Of course, >, ;mij(z,y) = 1 for all (x,y). After a play of the game, a player updates his mixed
strategy according to some updating protocol of the following general form. Given that the action
profile (4, j) has been played, the row player updates his strategy x € Ay to 2’ given by an updating

rule of the form:
$/:.’I,'+Tfij (l’), (5)

where 7 is a small time parameter representing the length of a round in which the game is played.
Similarly, the column player updates her strategy y € As to ' given by an updating rule of the

form:
Y =y+79;5 (). (6)

Thus, fi; and g;; are functions, f;; : Ay — IRy* and gi; : Ag — IR(?, where R = {z € R" : ), z; =
We call these the forward state change functions: they specify how the players’ states change going
forward in time, and therefore are rules to update the mixed strategies x and y respectively.

The associated backward state change functions specify where current states came from, going

backward in time. Thus the backward state changes are functions b;; : Ay — IR(* and ¢ : Ay —
IR{? which satisfy:

(x,y) = (u+7fi; (w),v+7g;; (v) = (u,v) = (v — 7bij () ,y — 7¢i5 (y))- (7)

Between times t and t 4+ 7, the two probability measures make the transition from P; and @; to
Py ; and Quy, respectively. Using (4), the relationships between the probability measures at the

two time periods are given by

Prr(dr) = 3 / (& — 7bi; (), 43 Ps (dlz — i (2)]) Quldy), (8)
’L]es yGAz

Quarldy) = 3 [ ity = o), @ dly — s (o)) Pede). (9)
i,jE€S I€A1

In order to derive the continuity equations, we multiply (8) and (9) by smooth, real-valued, but

otherwise arbitrary ‘test functions’ ¢(x) and ¢ (y) respectively, and then integrate. We obtain

6| Piar) = 3 / (& — 7y (2)), Py (dlx — 7bis () (5 | Q) (10)
i,j€S Z‘EA1

W1Qun = Y [ ) o= e ), @ (dly = reu () o | P (11)
i,jes Y yYER2

0}.



We now focus on (10) to obtain the continuity equation for population 1. We show in Appendix A.1

that the continuous-time limit 7 — 0 leads to the following weak form of the continuity equation*:
d
—(o| P) = Vo(z) - [F(x)(y | Q] P(dx), (12)
dt TEA1

where F(z) is the ny X ng matrix whose (7, j)-th entry is:

Fij(x) = Z Ty frji(x). (13)

resSi

A similar derivation gives the weak form of the continuity equation for @; analogous to (12):

Gwley= [ Ve B | Pl @), (14)

yEA2

where G(y) is the ng X n; matrix defined analogously to (13):

Gii(y) = > Ysisi(y)- (15)

sS€ESs

The weak continuity equations (12) and (14) provide the dynamical equations that describe the
evolution of the probability measures P; and @ from specified initial measures Py and )y. Note
that, given @y, the form (12) is linear in P;, and given P;, the form (14) is linear in @);. However,

taken together, this pair of equations is a coupled non-linear system.

2.1.1 Absolute Continuity and Strong Forms of the Continuity Equations

If a probability measure P is absolutely continuous with respect to Lebesgue measure, then we can
write P(dz) = p(x)dx for some L; probability density function p(x). We show in Appendix A.2
that if P, is a solution to (12) with absolutely continuous initial measure Py, then P; is absolutely
continuous for all ¢ > 0. Thus, if Qg is also absolutely continuous, then the weak continuity
equations (12) and (14) can be expressed in terms of probability densities p;(x) and ¢;(y).

If we assume in addition that the density function p;(z) is differentiable in both x and ¢, then

we may obtain the strong form of the continuity equation. Thus, taking ¢(z) = 0 for = € JA,

YFor a differentiable scalar function ¢ : IR™ — IR, the gradient of ¢, V¢, is the vector field on IR"™ defined by
Vo(x) = (0¢(x)/0x1,...,0¢(x)/dxy). For later use, we also note that the divergence of a vector field f : R" — IR"
is the scalar function on IR™ defined by V- f(z) = >, 9fi(x)/0x;. See, for example, Margenau and Murphy (1962)
for a general discussion of these operators.



using (3) and integrating by parts on the right-hand side in (12), we obtain®®:

@0 2D = [ 6() V- [F @)y | el
Aq Ay

That is:

Ipe(z) -
/A1 ¢ (@) { o T V- [F@)(y | qze>pt(w)]} dx = 0.

Since this holds for all differentiable test functions ¢(z) which vanish on 0A;, we obtain the

differential form of the continuity equation:

Opi(x)
ot

+ V- [Fx){y | q)pe(z)] =0, x €int Ay, t > 0. (16)

This is the strong form of the continuity equation, which applies to differentiable density functions.
When ¢(y, t) is also differentiable in y and ¢, we can obtain the strong form of the continuity

equation analogous to (16):

&Zt(y)
ot

+ V-G | pra(y)] =0, y €int Ay, t > 0. (17)

The strong continuity equations for smooth densities, (16) and (17), give the dynamical equa-
tions that describe the evolution of the probability densities p; and ¢. Intuitively, F(z){y | ¢)
represents the adaptation ‘velocity’ of mixed strategy x.16 That is, [F(z)(y | ¢:)] 7 is the expected
change in mixed strategy = in the small time interval 7 in response to a play of the game. Since
the mass of x is represented by p¢(x), [F(x)(y | ¢)] pt(x) gives the probability mass flow at x. The
divergence of this vector field therefore gives the rate at which the probability mass in a small

neighbourhood of z is expanding or contracting. Since o égm) is precisely the rate of change of the

probability mass of x, we are led to the continuity equation (16).

2.2 Symmetric Games

We now consider a symmetric normal form game with players chosen from a single population.!”

We denote by S = {1,2,--- ,n} the set of actions in the game. The set of mixed strategies is the

!5The formal argument has the following form. For X a vector field on the domain A, we use the identity
V- [¢pX]=¢V-X +Vé- X to obtain

/AV¢>~XdV:/AV~[¢X]dV—A¢V~XdV

Now use the divergence theorem (Margenau and Murphy, 1962) together with the assumption that ¢ = 0 on OA to
obtain:

/Av.[qu]dV:/aA(u.X)(;sdA:o.

161 the next section, we provide two strategy updating rules in which this velocity is given by the replicator
dynamic.

"To describe the symmetric case, we adopt the notation of population 1 of the asymmetric case but drop the
population subscript.

10



n-simplex A = {z € IR} : ), gx; = 1}. The microfoundations and the derivation of the continuity
equation for a one population symmetric game now proceeds analogously to the asymmetric case.
The only difference is that instead of two probability measures, we need only track the evolution
of a single measure. Players from the same population are matched in pairs at each time interval
to play the game. The event that player 1 uses mixed strategy x and player 2 uses mixed strategy
y occurs with probability P;(dx)P;(dy), where P; is the probability measure for the population at
time ¢. Thus, given that the chosen players use strategies z,y € A, the probability, 7;;(x,y), that
they play the pair of pure strategies i,j € S is given by (4). As in the asymmetric case, players
update their mixed strategies using a rule of the form (5).

The updating equation corresponding to (8) is:

Pryr(dz) = ) / (@ — 7bi5(2)); y; P (d [ — 7bij (x)]) Pr(dy). (18)
ijes T yeA

The difference between (8) and (18) is that the Q:(dy) term in (8) is replaced by Pi(dy). The
derivation now proceeds as in the asymmetric case to obtain the weak symmetric form corresponding
to (12):

d

GO1RY = [ Vo) Fe)e | PP, (19)

e

with ¢(z) a smooth test function, and F(z) given by (13) with ng = n;. From this, when P; is
absolutely continuous with differentiable density function p;(z) we derive the symmetric analogue
of the strong form (16) :

Ope(z)
ot

+ V- [F(z){x | p)pi(x)] =0, x €int A, t > 0. (20)

Note that the form (20) is non-linear in p;.

3 Replicator Continuity Equations

Equations (16) and (17) give the general form of the continuity equations for 2-population, asym-
metric games for differentiable density functions. In this section, we derive a particular form of
the continuity equations—the replicator continuity equations. We first introduce two alternative
forward state change rules fi;(x) and g;j(y). Both these rules are based on the idea of reinforce-
ment. We then show that these updating rules lead to the replicator continuity equations. These
updating rules therefore provide the microfoundations to the replicator continuity dynamic.
Reinforcement models have been widely studied in the learning literature. A group of players,
one in each role in the game, employ mixed strategies in each round of a game. Reinforcement
models are based on the idea that if the action currently employed obtains a high payoff, then the
probability assigned to it increases in the next round of play. Reinforcement models are therefore

extremely naive models of learning. Agents mechanically respond to stimuli from their environment
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without seeking to create any model of the situation or strategically evaluate how they are doing.
Hence, they do not seek to exploit the pattern of opponents’ past play and predict the future
behaviour of their opponents.'® In this sense, agents are boundedly rational.

The two forward state change rules we consider are described below. We assume that players
from population 1 play the role of the row player while those from population 2 are column players.
If the row player plays action ¢ € S; and the column player plays action j € So, the payoff to the
row player is u;; and to the column player is vj;. The expected payoff to ¢ € 51 against mixed
strategy y € Ag is (Uy);, where U is the ny x ng payoff matrix (u;;). Similarly, the payoff to j € So
against mixed strategy x € Ay is (Vz);, where V' is the ny x n; payoff matrix (vj;). Thus

Uy)i =Y uiy;, (21)

JES2

(V.%’)j = Z Ujilti. (22)

1€S]

We consider a player in a 2-player game who employs strategy x € A, uses action i and encounters
an opponent who uses action j in the current round. The player then updates her strategy to x’
according to an updating rule fj;(x), as in (5). For brevity, we present only the rules for population
1. For population 2, the updated strategy y’ and the updating vector g;;(y) take analogous forms,
as in (6).

In enumerating the two rules, we need to assume that all payoffs are positive for Rule 1 and
negative for Rule 2 in order to ensure that all probabilities /. are less than 1.1 Since it is always
possible to rescale payoffs to make them all positive or negative without affecting incentives, we do

not consider this a severe restriction.

1. This rule is from Borgers and Sarin (1997) and is a special case of a general class of reinforce-
ment rules introduced in Borgers and Sarin (2000). Under this rule, the mixed strategy z’

and the forward state change vector take the form

z, = SirttigT + (1 — wiyT) @y, (23)

.
fijr(@) = (6ir — 27 )uij- (24)
For 7 small enough, a sufficient condition for (23) to represent an updating rule is u;; > 0,

forall 7,5 € S.

The general class of rules in Borgers and Sarin (2000) is based on the idea of aspiration. To

explain this rule, let us momentarily set 7 = 1. Suppose that at round ¢ of play, a player aspires

18Bérgers and Sarin (1997) provide some justification of why agents respond to very limited information in these
models—only their own payoffs. They argue that the acquisition or processing of new information may be too costly
relative to benefits. Hence, they say, reinforcement models may be more plausible if agents’ behaviour is habitual
rather than the result of careful reflection.

For large 7, we would also need to assume that the payoffs are less than 1 (more than —1) for Rule 1 (Rule 2)
to ensure that the probabilities are positive. Since we are primarily concerned with the case where 7 is arbitrarily
small, we dispense with this restriction.
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to a payoff of a;. The probability of playing a strategy r # i is then x] = z, + (a; — uij)xr%
Hence, if u;; > a4, then action i gets reinforced. By setting a; identically equal to zero, we

obtain (23). Note that in this case, the current action i is always reinforced.

2. We now consider a revision rule which applies when all payoffs u;; are negative. The updated

strategy and the state change rule we consider is

T, = Ty +Tupx,, forr#i, (25)

fijr(@) = upjz,, for r # i, (26)

with the residual probability being alloted to ¢. For small 7, it is sufficient to assume that

ur; is negative for ' to be a probability distribution.

Revision rule (25) has a similar interpretation to (23). We interpret the negative payoffs as
costs that the consumer incurs. Suppose a; is the maximum (non-negative) cost that the
consumer is willing to incur in period ¢. The probability of playing r # ¢ in the next round
is given by?! 2/ =z, + (urj — a)zy. Action i is therefore reinforced if u,; < ay, for all r # 7.
By setting a; identically equal to zero, we obtain (25) and ensure that the current action 7 is

always reinforced when all payoffs are negative.

Recalling the notation of (21) and (22), we introduce the following operators

R} @)y =2 {(Uy), — = Uy}, (27)
B (y)x =y {(Va), —y-Va}. (28)

Clearly, the vector field generated by the two operators in (27) and(28) is identical to the vector
field generated by the bimatrix replicator dynamic (Taylor, 1979) on A = A; x Ay. Hence, we call
the ny x ng matrix operator R'(x) and the ny x n1 matrix operator R?(y), the replicator operators
for the two populations.

We now establish that the two updating rules described above generate the replicator operators
for the two populations which arise as F(x) and G(y) in the associated continuity equations, as
defined in (13) and (15) .

Lemma 3.1 For each of the updating protocols enumerated earlier in this section, F(x) = R'(x)
and G(y) = R*(y).

Proof. We prove the result only for Rule 1 for population 1. The proof for Rule 2 is similar.

29For the moment, we are ignoring the requirement of imposing restrictions on a; and u;; such that the probability
x,. actually makes sense

21'We once again momentarily set 7 = 1 and ignore any restriction we need to put on a: for ' to be a probability
distribution. We also temporarily drop the assumption that the u,; are negative.
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We show that for f;;(z) given by (24), [F(x)y], = R}(z)y, for r € S1. (From (13) we have

r

[F (z)yl, = Z z; fijr(T)Y;

1,jES
=Y iy (Gir — z0) uy
ijes
= Zr Z UrjYj — Z TiUijYj
jESa ijes
=, {[Uy], —2- Uy}
= Ry (2)y.

The proof for population 2 and G(y) is similar. W
The following proposition is now immediate.

Proposition 3.2 Under the forward state change rules (24) and (26), the continuity equations
(12) and (14) are given by

Go1P) = [ Vo) [R@)ly | @] Plda), (29)

TEAL

Lwi)= [ Ve R P Q). (30)

YyEA2

We call (29) and (30) the replicator continuity equations.??

In a similar way, we obtain the replicator continuity equation for a single population, symmetric
game.?® Let f;;(z) be the mixed strategy rule in a symmetric game where f;;(z) can take the form

in (24) or (26). We write R = R!, as in (27), for the replicator operator in the symmetric case.?*

22These are the weak forms of the replicator continuity equations. There are obvious strong forms corresponding
to (16) and (17) for measures characterized by differentiable density functions.

23For the theoretical study of continuity equations, we use simple normal form games where realized payoff is
identical to expected payoff. In the price dispersion game discussed in the Introduction, there is, however, a difference.
If the two matched sellers charge prices (pi1,p2), then, for the firm charging pi, realized payoff is either p; or 0,
depending upon whether a sale materializes or not. However, the expected payoffs are as given in footnote 9. It is,
however, not difficult to extend the theoretical framework we develop in this section to allow the sellers to exercise
reinforcement learning on the basis of their realized payoffs only. The consumer can be treated as 'Nature’ which
makes an initial random move that determines the game between sellers: there are two choices of consumer strategy
chosen with probabilities y1 and y2. Once such a choice is made, the seller payoff matrix is determined. If we
then apply, for example, the Borgers and Sarin (1997) reinforcement rule (23), the expected change in a mixed
strategy continues to be given by the replicator dynamic. Hence, the change in the population state—the probability
measure—also continues to be given by the replicator continuity equation.

24Consider a symmetric game with payoff matrix U and let u; = (x|p;) be the mean. The strong form of the
replicator continuity equation is 6%'759”) + V- [R(z)utpe(x)] = 0. We note that this dynamic is very different from those
used in the early biology literature concerning the evolution of mixed strategies. For example, Zeeman (1981) uses
a straightforward adaptation of the replicator dynamic having the form % =pi(x) (z-Up — p-Up), and Hines
(1980) uses the mean payoff adjusted replicator dynamic, B%EZ) = ’;t;f: (z-Up— p-Up) introduced in Maynard
Smith (1982) for pure strategies.
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Proposition 3.3 Let P, be the probability measure over mized strategies in a symmetric game.

Then, under each of the updating protocols (24)-(26), the weak continuity equation (19) is given by
d
(OB = N Vo(z) - [R(z)(x | )] Pi(dx). (31)
xe

3.1 Example: Mean replicator dynamics

As an example of (31), it is instructive to derive a more explicit form of the dynamics for the mean
wur = (x| P;). We focus on the symmetric case since it simplifies notation even as the ideas involved

can be readily adapted to the asymmetric case. Thus, taking ¢(x) = x; in (31), we have:

%/«Li(t) = /ARi(l‘)M(t)Pt(dx)

= /A x; (e; —x) - Up(t)Py(dx)
= (&- U,u(t))/ z; P(dx) — /Aa;ix-Uu(t)Pt(dx)
= (e Up(t)) pat) = (u(t) - Up(t)) pi(t) — Cove (i, ) - Up(t)

= Ri(u(t)) p(t) — Covy (i, ) - Up(t),

where Cov(z, x) is the covariance matrix

Cov(a,a)iy = Cov(an,a;) = [ (o= )(a; ~ ) P(da). (32)
A
That is, the continuity replicator dynamics for means can be written in the form

dp

i R(p)p — Cov(z, x)U p. (33)

Equation (33) makes clear that the continuity replicator dynamics of means differs from the
classical replicator dynamics applied to the population mean through a covariance term, which

cannot be reduced to a function of the mean.2?

3.2 Rest points

If 2* is a rest point of the symmetric replicator operator, i.e. R(x*)z* = 0, and we take Py = §,+,20

the mass-point distribution at z*, then the initial mean is (z | Py) = z*, and hence from (31),

2%We note that Hines (1980) derives an equation for mean dynamics from the mean-payoff adjusted replicator
dynamic (see footnote 24). His equation has the form

1
p-Up

o= Cov (z,z) Up.

26The mass-point, or Dirac measure at z* € A is defined by: (¢ | 6.«) = ¢(z*) for any differentiable function ¢
on A. By convention, this distribution is represented by the Dirac probability ‘density’: o= (dx) = §(z — z*)dz. We
sometimes adopt this convention.
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%(gf) | P;)|t=0 = 0. Thus, = defines a rest point of the replicator continuity dynamics (31).
In particular, the pure strategy distributions, d.,,1 < i < n, are all rest points of the continuity
dynamics. More generally, it also follows easily from (31) that any distribution which is a mixture

of pure strategies:

P =)z, T €A, (34)
=1

is a rest point of the continuity dynamics. In this case, the mean is y = x. Intuitively, this is because
reinforcement learning (23) always reinforces the pure strategies that are played, and hence agents
who consistently play a pure strategy never have an incentive to modify their strategy. This result is
in complete contrast to the usual interpretation of the situation modelled by the classical replicator
dynamics, in which the population is always a mixture of pure strategy players. We note however,
that distributions of the form (34) are often unstable under the continuity replicator dynamics;
they are vulnerable to invasion by mixed-strategy players.

Also, any Nash equilibrium z* is a rest point of the classical replicator dynamics, and hence .«
is a rest point of the continuity dynamics (31). More generally, we show that any initial distribution
Py with mean a Nash equilibrium is a stationary solution of the continuity dynamics, with a similar

statement in the asymmetric case.

Proposition 3.4 A: Let (x*,y*) be a Nash equilibrium of an asymmetric game with payoff matric
(U, V). Let Py and Qo be two measures satisfying (x | Po) = x* and (y | Qo) = y*. Then
(P, Q1) = (Py, Qo) is a stationary solution of the continuity replicator dynamics.

B: Let x* be a Nash equilibrium of a symmetric game with payoff matriz U. Let Py be a
measure satisfying (x | Py) = x*. Then P, = Py is a stationary solution of the continuity replicator

dynamics.

Proof. A. First suppose that (*,%*) has full support. Then Uy* = nfe! and Vmje?, where
m =a* - Uy* and m5 = y* - Va* are the equilibrium payoffs to players 1 and 2, respectively, and
eF € IR™ is the vector all of whose entries are 1. Observe from (27)-(28) that R'(z)y* = 0 and
R%(y)z* = 0 for any (x,y) € A. By assumption, at t = 0, (z | Py) = 2* and (y | Qo) = y*. Hence,
from equations (29)-(30), %((b | P)|i=0 = %(@ZJ | Q)|t=0 = 0. That is, (Py, Qo) is a rest point of
equations (29)-(30).

Now suppose that (z*,y*) does not have full support. Let dA;(z*) be the lowest dimensional
face of A; containing z*. Then (x | Py) = «* implies that Py is supported on dA;(z*). That
is A1\ 0A1(z*) has Py-measure 0. Similarly, define 0As(y*). Then (z*,y*) has full support on
OA1(z*) x 0A2(y*), and the argument above shows that (P, Qo) is a rest point of (29)-(30).

B. The proof in the symmetric case is similar. W
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4 Solution of the General Continuity Equation: Liouville’s For-

mula

Our approach to solving the non-linear continuity equations we have constructed is to begin by
solving a different, but related problem. Thus, instead of confronting the non-linearities directly, we
first consider a linear continuity equation, but one defined by an explicitly time-dependent vector
field. We will later show how a solution of the non-linear continuity equations of interest can be

constructed from explicit solutions of linear continuity equations of this type.

4.1 Liouville’s Formula

Let X = X(z,t) € IR" be a (possibly time-dependent) smooth vector field defined for z in a
neighbourhood of the state space 2 C IR"™, where  is a compact, connected domain with non-
empty interior and piecewise smooth boundary. We assume that 2 is invariant under the flow
determined by X (xz,t). Let P, be a probability measure on {2 satisfying the linear weak continuity

equation

%<¢|Pt> _ /Q Vo(z) - X (z,t) Py(dx), (35)

for all smooth test functions ¢(x), and for given initial measure Py. The solution to this initial-value
problem may be described as follows.

We first introduce some notation to describe the solution trajectories to the (non-autonomous)
differential equations defined by X,

% ~ X(a.b). (36)

Let z4,+(x),t € IR, denote the solution trajectory to (36) that passes through the point z € Q
at time to. Thus, the trajectory that passes through x at time ¢ starts at the point x;o(z) when
t = 0.27 After time s > 0, this trajectory has reached the point z¢s(z) = 205 (z10(z)). In
particular, z;¢(x) = xo4 (2¢,0(2)) = @, and by definition x4 (zo4(z)) = .

We can now write down the solution to the initial value problem (35):
P,(B) = Py (z40(B)) . (37)

This is Liouville’s formula for measures. A proof is given in Appendix A.2.
In the case in which P is absolutely continuous, so that Py(dx) = po(z)dzx for an initial density
function po(z), then it is also shown in Appendix A.2 that the solution (37) is described by a more

classical form of Liouville’s formula which determines the density function p;(z) associated to P:

(o) = o o) exp { = [ 19 X) ruate). o). (3%)

2"Note that the situation for a non-autonomous vector field is more complicated than for the more familiar au-
tonomous case. This is because the explicit time dependence of X (z,t) imposes an absolute, rather than a relative,
time-scale on the dynamics. In particular, the initial time ¢ = 0 is exogenously determined.
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4.2 Expected Values

Liouville’s formula (37) allows us to calculate expected values of associated variables in terms of
the initial measure Py and solutions of the characteristic system (36). Thus, for a smooth function

¢(x), define its expected value with respect to the probability density P, satisfying (35) by:

©17) = [ s@Pd). (39)
Then we have:

Proposition 4.1 The expected value (¢ | P;) may be expressed in the form:

6| P = /Q b (204(x)) Po(dz). (40)

A proof is given in Appendix A.2.
As an example of the use of (40), the following Corollary shows that the trajectories of the
underlying characteristic dynamics (36) may be recovered as solutions of the continuity equation

(35) for initial conditions which are mass points.

Corollary 4.2 Suppose po(x) = 0(x — x¢) for some xg € Q is an initial mass point density. Then
pe(z) = 0 (x — xo4(xo)) for all t > 0, where xo (o) is the solution trajectory of the characteristic

equations & = X (x,t) with initial condition x.

Proof. 1f po(z) = d(z — xo) in (35), it follows from (40) that (¢ | ps) = ¢ (zo+(x0)). Since this is

true for any continuous function ¢(x), it follows from (39) that pi(x) = (x — zo(z0)). W

5 Application of Liouville’s Formula to the Replicator Continuity

Equation

In this section, we use Liouville’s formula (37) to lay the foundations for a solution to the pair
of coupled continuity equations (29) and (30). To do this, we first “freeze” population 2 in the
following sense. Suppose that mixed strategies are distributed over agents in population 2 by a
fixed, time dependent probability measure @); that is independent of any process in population
1. This measure determines a mean history, y(t) = (y | Q¢) € Ag, which in turn determines the
evolution of the probability measure P, for population 1 via the continuity equation (29). In effect,
this scenario replaces the population 2 of responsive agents by a non-stationary environment with
which agents in population 1 interact, and whose behaviour is determined by the fixed, but now
non-stationary process Q.

The outcome of this “freezing” process is that we can consider the population 1 continuity
equation (29) as decoupled from (30). In the next section, we shall recover this coupling by

considering a simultaneous “freezing” procedure for both populations.
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We have defined the replicator operators R(x) : Ay — IR™ in (27). Suppose given a specified
history y(t) € Ag, as described above. We associate a pseudo replicator dynamic to this trajectory,
whose solutions specify the time-development of row-player responses to this history. This takes

the form of the explicitly time-dependent dynamical system
i = Ri(x)y(t) = zi(e] — ) - Uy(t), (41)

where eil € IR™ is the i-th standard basis vector. This is an explicitly time-dependent dynamical
system, which we consider as the characteristic ODE (36) for a general continuity equation (35).
To solve this continuity equation, we begin by solving the characteristic system (41). We can then
find the solution of any associated initial value problem of the form (35) by means of Liouville’s
formula (37).

5.1 Solution of the pseudo Replicator Dynamics

Write ¢(t) = Uy(t) € IR™, a time-dependent vector-payoff stream to row players. Then the pseudo-

replicator equations (41) can be written as:

d(L‘i
dt

=1 (62-1 —x) - c(t). (42)

Write .
Clt) = / o(5)ds. (43)
0
Then we can express the solutions of (42) as follows.

Proposition 5.1 The solution trajectory of the pseudo-replicator dynamics (42) passing through

T € Ay at time t = tg is:
2.eCi(t)—Ci(to)
K3

T0a(0)i = ot (44)
In particular:
x;eCi®) z;e~Ci(t)
zo(z); = W and  xpo(x); = e (45)

Proof. With x, +(x) given by (44), a direct calculation gives

d

7 [Btot(2)i] = ot ()i {ei — o, (2)} - c(t),

which shows that zy,+(x) is a solution of (42). It also follows from (44) that xy, . (x) = z, as

required. W

5.2 Solution of the Replicator Continuity Equation

In the case in which Py is absolutely continuous, we may use Liouville’s formula (38), together with

Proposition 5.1, to compute the solution to the replicator continuity equation associated with a
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pseudo-replicator vector field of the form (42). This is given in the following proposition, proved

in Appendix A.3.

Proposition 5.2 The solution of the initial value problem (35) with initial density po(x), associ-
ated to the characteristic vector field (42) is:

xe—C(t) 1 ni .
pe(z) = po PGy <x~e—0(t)) exp{—e'-C(t)}, (46)

where C(t) € IR™ is given by (43) and e! € R™ is the vector all of whose entries are 1.

More generally, we may obtain the expected value of a continuous function ¢(z) from (40) and

(45):
LC(0)
wip)= [ o (jm) Po(de). (a7)

We now present two immediate implications of (47) giving conditions under which a row-player

pure strategy is eventually eliminated.

Proposition 5.3 Suppose there exists an i such that [Cs(t) — Cj(t)] — oo as t — oo for some
Jj # i, and the i-th face, 8A§Z) = {z € Ay : z; = 0}, has Py-measure zero. Then (z; | P;) — 0 as

t — 0.

Proof. For € € A1\ 9AY | we have & > 0. Thus:

¢;eCi® £;eC® gjeC0-C5 )]
€00~ 00 1 3 600 gt 3, bpe GO 0 as t — oo,
since the denominator is never zero. Hence, from (47),
gjecj(t)
(zj | ) = /A1\8A§i> € CO Py(d§) — 0 ast —oo. N

We may translate Proposition 5.3 into a game-theoretic context as follows. Suppose a population
of row players plays a game with n; X ns payoff matrix U against ‘Nature’, characterized by a
column-player strategy profile y : IRy — As. If s is a column-player pure strategy, we say that s is
persistent if Ys(T) = fOT ys(t)dt — 0o as T — oo. Then we have:

Corollary 5.4 Suppose the row-player strategy j is weakly dominated by the row-player strategy 1,
and that the i-th face 8A§i) has Py-measure zero. Suppose also that there is a persistent column-
player strategy s for which wis > wjs. Then (z; | P;) — 0 ast — oo. That is, j is eventually
eliminated with probability 1.
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Proof. That j is weakly dominated by 7 implies that ;. > uj, for all column-player strategies r.
Thus, ¢;(t) = [Uy(t)]; = D, wiryr(t) > >, wjryr(t) = ¢;(t) for all t > 0, with this inequality strict
for any t for which ys(t) # 0. Thus, [Ci(t) — C;(t)] = >, (wir — ujr) Ye(t) > (uis — ujs) Ys(t) — 00

as t — oo, since s is persistent. The result therefore follows from Proposition 5.3. W

6 Distributional Replicator Dynamics

In this section we show how, in the asymmetric case, a solution to the pair of coupled continuity
equations (29) and (30), or, in the symmetric case, to the corresponding single continuity equation
(31), can be obtained from the “frozen” solution (47) for population 1, and an analogous frozen
solution for population 2. The coupling of these solutions is then tracked by solutions of an

associated ODE system, which we term the distributional replicator dynamics.

6.1 Asymmetric Games

Consider solutions to equations (29) and (30). From (42) and (43), these equations can be con-
strued in the first instance as independent (“frozen”) continuity equations associated with the

time-dependent vectors (one for each population):

o) =10~ vy Q) e mm, (49)
d(t):d’ilit) ~ Viz|P)e R™. (49)

Thus, (47) gives:

C(1)
@iy = (M)Po(dﬁ)» (50)

D)
Wl Q) = / (f 0 >Q0<do (51)

We therefore obtain the system of n; + ny differential equations in the variables C,...,Cy, and
Dl, ceny Dn2:

Zum/ (C’“e )Qo(dC) Ci(0)=0, 1<i<n, (52)
Z ﬂ/ <§lecz > Py(dg), Dj(0)=0, 1<j<na. (53)

We call these equations the asymmetric distributional replicator Dynamics associated with the
pair of initial probability measures Py and (Jg. The solutions of these equations with the given

initial conditions define trajectories C(¢t) and D(t), in terms of which the continuity dynamics can
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be completely specified as in (47), or (46) if measures are absolutely continuous, with analogous
formulae for population 2.

Note that at most n; — 1 of the C;’s and at most ng — 1 of the D;’s are independent.?® For
example, setting A; = C; — Cy,, and Bj = D;j — D,,,, equations (52) and (53) can be reduced to:

A _ Cre (0) — :
dt 2 (wix, — Un1k)/ﬂ <wg> Qo(d¢), A;(0)=0, 1<i<mng—1, (54)
. n A
% - (vj1 — Unzl)/ (?6 A> Py(d€), B;(0)=0, 1<j<ny—1, (55)

=1

where € and Qy are the projections of A; and Ay onto IR™~! and IR™™!, respectively, given
by z,, =1->"7 Yayand yn, = 1 — Z;‘Qll y; (see definition (96) of Appendix A.3). Of course,
Ap, = B, =0.

6.2 Symmetric Games

We consider the continuity equation (31) associated with a 2-player, n-strategy symmetric game
having n x n payoff matrix U. In terms of the theory of section 5, this is the continuity equation
associated to the time-dependent mixed strategy profile y : IR — A given by y(t) = (z | P;). That
is, ¢(t) = U{(z | P;). Thus, from (43) we have

dC(t
c(t) = di) =Ulz | P), (56)
and using (47) we therefore obtain a system of n differential equations in the variables C1,...,Cp:

dC Z z;/ ( >P0 de), Ci(0)=0, 1<i<n. (57)

Following section 6.1, we call equations (57) the symmetric distributional replicator dynamics asso-
ciated with the initial measure Py. The solutions of these equations with the given initial conditions
define trajectories C(t), in terms of which the continuity dynamics can be completely specified as
n (47), or (46) in the absolutely continuous case.

Again, at most n — 1 of equations (57) are independent. For example, setting A; = C; — Cp,

equations (57) can be reduced to

dAi el .
o =D (uij = unj)/Q (?_ZA) Po(d§), A;(0)=0, 1<i<n-—1, (58)

J=1

where Q C IR"! is the projection of A onto IR"~! obtained by setting =, = 1 — Z;:ll xz;. Of
course A, = 0. Note that the formulae (46) and (47) can be expressed in terms of the A;’s.

28Because of the constraints 2 | Qo) =2 (i | P) =1,
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6.3 The modified replicator formulation

We now write the distributional dynamics (52-53) for the asymmetric game with payoff matrix
(U, V) in the form

acC

- = UF (e” | Qo), C(0)=0, (59)
% = VF(e“|P), D(0)=0, (60)

where F(- | Py) : R' — Ay is the function

Rl m) = [

A

(Ef”x) Po(dz). (61)
Clearly 0 < F; < 1 and e!- F = 1, and hence F € Ay. Note also that F(af | Py) = F(£ | Py) for any
positive scaler a.. In addition, if int A; has non-zero Py-measure, then F;({ | Py) is monotonically
increasing in &, with limg, 0 F3(§ | Po) = 0 and limg, .o Fi(§ | Pp) = 1. On the other hand,
F;(¢ | Py) is monotonically decreasing in &; for j # i, with lim¢, o F;(¢ | Py) = 0. Also F(e! |
Py) = (z | Py). Clearly, F(- | Qo) : IR}> — Az can be defined analogously.

Now define new variables & = e“/(e! -e“) € A; and ¢ = eP/(e? - eP) € Ay. Then a straightfor-

ward calculation shows that the distributional replicator equations (59)-(60) can be written in the

form
® - ROFCIQ).  g0=d (62)
d
E = ROFEIR), 0=, (63)

where R'(&) and R?(() are the replicator operators (27) and (28).
Similarly in the symmetric case, using the variables &€ = e /(e - e“) € A, we have
d& 1
= =RE)F(| P 0) = —e. 64
C=ROFEIR), €)= (64)
These versions express the distributional replicator dynamics as dynamical systems which are re-

stricted to simplex phase spaces.

7 Stability Analysis for Negative Definite Games

We have observed in Proposition 3.4 that any probability measure whose mean is a Nash equilib-
rium is a stationary solution of the replicator continuity equation. In this section, we study the
convergence of trajectories of this dynamic to such stationary points in the class of negative definite
and negative semi-definite games. These results are of interest since this class of games encompass

a wide variety of well known games. For example, games with an interior ESS are negative definite
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games whereas two player zero-sum games are negative semi-definite games The stability proper-
ties of Nash equilibria in such games have been established under a wide range of evolutionary
dynamics.?? Our interest is in seeing whether such stability results can be extended to our case
in which agents are assumed to operate in a far more parsimonious information structure than is
conventionally assumed.

We first consider the convergence of the mean of the social state to a Nash equilibrium. We say

a symmetric game with n x n payoff matrix U is negative semi-definite on IRj if
z-Uz<0 for all z € IRy,

and is negative definite if this inequality is strict. An attractive feature of negative definite games
is that they have a unique Nash equilibrium (Sandholm, 2009; Theorem 3.3.16.) For a negative
semi-definite game, the set of Nash equilibria is convex. Zero-sum games are the most prominent
examples of negative semi-definite games.

We can now prove our stability result for negative definite games. We show that in negative
definite games, the mean social state always converges towards the Nash equilibrium under the
replicator continuity dynamics.

First we state the following key lemmas, which are proved in Appendix A.5. To do this we
require some notation. Let S C {1,2,...,n} be a non-empty set of pure strategies. Define eg =
Y icg € € IR™ and the subspace IR = {z € IR" | z; = 0 for j ¢ S}. Then we note that IR% may
be decomposed as IR% = [es| D IR, where [eg] is the 1-dimensional subspace generated by eg,
and RY, = {x € R% |, z; = 0}.

Lemma 7.1 Suppose intA has positive P-measure. Then the Jacobian derivative DF (¢ | P) =
<3Fi(§ | P)/@Cj) is symmetric. Let S = supp(§). Then the j-th row and j-th column of DF(§)
are zero for j ¢ S, and eg - DF(§) = DF(§)es = 0. Further, DF(§) is positive-definite on IR%,.

Lemma 7.2 Suppose int A has positive P-measure, and let u € A. Then there is a unique £* =
&*(u) € A such that F(§* | P) = u. Further, supp(§*) = supp(u).

Theorem 7.3 Consider a symmetric n X n game with payoff matrix U, and suppose that U 1is
negative definite on IR, with unique Nash equilibrium x* € A. Let Py be a probability distribution
on A for which int A has positive Py-measure, and let P; be the solution of the continuity replicator
dynamics with initial condition Py. Then the mean population state u; = (x | P,) — x*. In partic-
ular, the Nash equilibrium is globally asymptotically stable under the mean replicator dynamics.

If the game U is negative semi-definite, then the convex set of Nash equilibria is Lyapunov
stable.

Proof. Let £ = £*(x*) € A be the unique point satisfying F'(£* | Py) = «* (Lemma 7.2). We show
the global dynamic stability of the equilibrium £* under the dynamics (64) using the Lyapunov

298ee Sandholm (2009) for a discussion of these results. Sandholm (2009) refers to negative semi- definite games
as stable games and negative definite games as strictly stable games.
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function

K(gpo):—x*.1n5+/ In (€ - ) Po(da). (65)

A
This is well-defined on the subset {{ € A | S(z*) C S(§)}. One checks that z* is a global minimum
of K on A (cf. Appendix A.5, proof of lemma 7.2). Then, for £ # £*,

dK “ 1 '
Wy L REI R
i=1 "

= > {2+ F(|P)}(e] —&) -UF(§) using (64)
=1

= (&~ F() UF()
— ("~ F()-U (" — F(€) — (" — F(§)) - Us".

The second term is non-negative since x* is a Nash equilibrium, and the first term is negative if
U is negative-definite, since z* — F(€) € IR}. Clearly K(¢*) = 0. Thus, K(¢) — K(£*) is a global
Lyapunov function, and the result follows.

If U is negative semi-definite, then K (¢) < 0, and the Lypunov stability of any Nash equilibrium

z* follows. W

7.0.1 Asymmetric games

Asymmetric games cannot be negative-definite, but can be negative semi-definite in the following

sense. An asymmetric game (U, V') is negative semi-definite if

0 U
<1 1) _ 0 for all (21, 22) € IRy x IRy>.
22 V O 22

For example, asymmetric zero-sum games are negative semi-definite. The set of Nash equilibria
(z*,y*) for such a game forms a convex subset of A = Ay x Ay. A similar proof to that given for
Theorem 7.3, using the Lyapunov function K (& | Py) + K (¢ | Qo), shows that this set is Lyapunov

stable under analogous assumptions on (P, Qo).

7.1 Limiting distributions

Theorem 7.3 shows that the asymptotics of the mean are essentially independent of the initial
distribution. However, this does not mean that the asymptotic distribution itself is independent
of the initial distribution. As is evident from Proposition 3.4, there are many such stationary
distributions, and in particular P; need not converge to a mass-point distribution at x*.

This is very important. Although on average, the equilibrium population plays the Nash equi-

librium, at the individual level the population can be very heterogeneous.
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To see this, we consider a n X n symmetric negative definite game with interior equilibrium x*,
as in Theorem 7.3. Consider the solution of the distributional replicator equations given by (58).

From the global stability of the equilibrium A*3° we have

ﬂﬁ'ieci(t) xieAi(t)
zot(z)i = P e ST
2j=1 Tje i) 4 yeCn®) 2 o1 Tje 10+,
A*
;e
- Z”_l a:leAa*' —|—ac =zl (x| P) as t — oo. (66)
j=1%j n

Hence,

©1P) — (0] Po) = Jim [ 6(ans(@) Podo) = [ 0@ ) Rd). (67
This defines the limiting probability distribution Pe.

7.1.1 Example

Consider a generic 2 x 2 symmetric game with invertible payoff matrix U. Then U has eigenvalue
Aon IR3 = {(¢,—¢€) € R? | € € IR} and equilibrium (z*,1 — 2*) where
% U2 — U712

A= — + — , d = . 68
(w1 = upn) + (uz — ) o ’ (w11 — ug1) + (u22 — u12) (68)

Then x* € (0,1) and U is negative-definite on IR3 if and only if the payoff differences u1; —u2; and
ug2 — u12 are both negative.
Suppose Py is represented by a probability density function on [0, 1], Py(dx) = po(x)dx. Then

we can use the formula (46) in Proposition 5.2 to obtain the limiting density:

Poo(T) = po ( we > - (69)

l—z+aze ) (1— x4 zeA)?

where A* is the unique solution of fol %po(x)dx = z*.

For example, for the uniform distribution, Py(dx) = dx, A* is the solution of

1 A A AiAi]_
/ o de =< (e 5 ) =z (70)
0 1—z+xed (eA —1)

This is illustrated in Figure 1.

30Recall that A; = C; — Cy, and hence et = &;/€,. Thus, A* is defined by A} = In(&) — In(€};), where
& =¢"(z*) €int A, is as in Lemma 7.2.
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0.0 0.2 0.4 0.6 0.8 1.0

Figure 1: The limiting density ps(x) defined by equation (69) for the uniform distribution py(z) =
1. In this example, z* = 0.2, and A* = —2.0491. This density has mean z* and variance 0.04875.

8 Doubly symmetric games and mean payoff

A symmetric population game is called doubly symmetric if the payoff matrix U itself is symmetric,
so that u;; = uj; (e.g. a coordination game with positive diagonal elements and zero non diagonal
elements). Define the mean payoff with respect to the distribution P to be w(u) = p - U, where
i = (x | P) is the population mean. We first show that w(u) increases along non-equilibrium
trajectories.?! We then use this result to establish convergence of the population mean to the set

of Nash equilibria.

Theorem 8.1 Let U be the payoff matriz of a symmetric game, and suppose that U is a symmetric
matriz. Suppose that int A has positive Py-measure. Then w(u:) increases along non-equilibrium
trajectories of the continuity replicator dynamics, and the mean py converges to a level set (with

respect to w) of Nash equilibria.

31The biological interpretation of this result is the well known Fundamental Theorem of Natural Selection in
classical population genetics, in which the entries of U are genotype fitnesses. We also note that the alternative
definition of mean payoff given by w = (x - Uz) need not increase along non-equlibrium trajectories.
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Proof. Since U is symmetric we have

wp) = p-Up
= F(e%| Ry) -UF(e® | Py)
= F(e%) -UDF(e9)C
= F(e%) -UDF(e)UF(e®)  from the symmetric form of (59)
= [(UF)- DF (UF)] (&)

N |

This is positive by Lemma 7.1, provided UF(&) has a non-zero component in IRg,, where S =
supp(€). This is not the case if and only if UF(§) = n*eg + v for some constant 7* and v € IR"
with v; = 0 for 4 € S, in which case w(p) = 0. If £* is such a point, then R(£*)F(£*) = 0, and
hence £* is an equilibrium of the distributional dynamics (64). If * = F(£*), this implies that z*
is a rest point of the standard replicator dynamic, R(z*)z* = 0, since supp(z*) = supp(£*).
Hence, w(p) > 0, for all u with the equality holding only if p is a rest point of the classical
replicator dynamic. However, it is known that any local maximum of the mean payoff function of
a doubly symmetric game is a Nash equilibrium (see Sandholm, 2009; Theorem 3.1.7). Hence, the

mean population state converges to a level set of Nash equilibria along non-equilibrium trajectories.
|

9 Generic 2 X 2 Symmetric Games

For a generic symmetric 2 x 2 game with payoff matrix U, the classical replicator dynamics can
be expressed in terms of the two characteristic parameters A and z* defined in (68). Thus, for

x € [0, 1] there is a single replicator dynamic equation
= x(l—z)(x—x"). (71)

This may be compared to the continuity replicator dynamics for means given by equation (33),

which in this case reduces to the single equation

fr=Mp(l —p) =V} (p—a®), (72)

where V' is the variance: .
v, / (z — )2 Py(dz). (73)
0

As observed in section 3.2, any distribution of the form Py = (1 — a))dp + ad; with a € [0, 1]
defines a rest point of the symmetric continuity equation (31), with mean y = « and variance
V = a(l — «). In particular §y and &; are rest points. However, in contrast to the classical case

(71), the sense in which these are (if they are) locally stable rest points of the continuity dynamics
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is not immediately clear.
To address this question, we consider the distributional replicator dynamics in the form (58)
which, for the 2 x 2 case, reduces to the single equation

. 1 $€A
A=\ o+ F(h | Ry}, F(e | Py) = /0 2T pda), (74)

1—x+ zed
with initial condition A(0) = 0. The case of most interest is when z* defines an interior equilibrium,
0 < z* <1, and XA > 0; i.e. both payoff differences u1; — uo; and uge — u19 are positive. For the
replicator dynamic (71), the equilibria x = 0 and = 1 are both locally asymptotically stable, with
basins of attraction 0 < x < z* and z* < x < 1, respectively. For the distributional dynamic (74),

the following lemma relates the asymptotic behaviour of A(t) to the initial density function.

Lemma 9.1 Suppose A > 0 and z* € (0,1), and that the initial distribution Py has no mass point

atx =0 orx =1. Let pg = (x| Py) be the associated mean mixed strategy.
1. If po < x*, then A(t) is monotonically decreasing in t, and A(t) — —o0 as t — oo.

2. If uop > x*, then A(t) is monotonically increasing in t, and A(t) — oo as t — oo.

Proof. From (74), we have A(0) = A\ (—z* + o). Since A > 0, A(0) > 0 if po > 2* and A(0) < 0
if pg < x*. Moreover, the monotonicity properties of F' (eA | Po) imply that the initial conditions
are self-reinforcing as ¢ increases. Hence, if pig > z*, then A(t) > 0, and if o < z*, then A(t) < 0,
forallt>0. W

We now use Proposition 5.3 and Lemma 9.1 to derive the following proposition.

Proposition 9.2 Consider a generic 2 x 2 symmetric game with A > 0 and 0 < z* < 1. Let
ue = (x| Pt) be the mean with respect to the solution measure P;. If Py has no mass point at x = 0
orx =1, then P — 01 if po > x*, and hence uy — 1, and Py — g if po < x*, and hence pupy — 0

ast — 0o.

9.1 Further remarks

Earlier, we interpreted the mean p; = (z | P;) as the aggregate social state generated by P;.
Proposition 9.2 implies in the type of 2 x 2 symmetric games we are considering, and for suitable
initial distributions, there is no difference in the long-run aggregate social state under the replicator
continuity equation and the classical replicator dynamic. In the long run either all agents play action
1 or all play action 2. Nevertheless, the time-course trajectories of the aggregate state under the
two dynamics generally differ, as we show with an example in Figure 2A. In principle, therefore, it
would be possible to distinguish whether agents are playing pure or mixed strategies by observing
the solution trajectories.

This coincident asymptotic behavior is not, however, a general result, and does not hold for

n X n symmetric games with n > 2. We give an example for n = 3 below. In section 11.3 we present
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an example of a 2 X 2 asymmetric game in which the long run social state differs radically under

the classical replicator dynamic and the replicator continuity equations.

10 A 3 x 3 symmetric example

Consider a symmetric 3 x 3 game with diagonal payoff matrix U = diag{\1, A2, \3}. The classical

replicator dynamics are

i1 =z {zi(1—x1) — dowi — Aza3 ), (75)
To = To {—)\11‘% + )\21’2(1 — 1‘2) — )\31’%} R (76)

with 3 = 1 — x1 — z9. If A1, Ao, A3 are positive, then the pure strategy equilibria eq, es, e3 are all
asymptotically stable, and there is an interior equilibrium z* with ] o /\i_l, which is unstable.
Consider an initial probability distribution of the form Py = a1d,, + @204, + @304,, With o =
(a1, a9,a3),a1,a2,a3 € int A. That is, the population initially consists of a mixture three types
of player, playing mixed strategies ai,as and ag, respectively. The mean for this distribution is

to = aag + agas + asas. The associated distributional replicator dynamics (58) are

3

dA A A\
1 Z 3 1jk1€ A3ak3 : (77)
dt ke 1+ agoe’*2 + ags
3
dAs _ Z Aaag2e? — Azaps (78)
dt kakleAl + ak26A2 + CLkg7

k=1

with initial conditions A;(0) = A3(0) = 0. If (Ai(t), A2(t)) is the solution trajectory of these

equations, then the associated trajectory of the mean pu, = (z | P;) is

3 Ay(t)

ap; €
Hti = E Qg
Z k=1 ap1e®) + appe2(® 4 apg’

i=1,2. (79)

We compare this trajectory with the trajectory of the replicator dynamics (75)-(76) with initial
condition zg = g, and show that parameters can be chosen so that these two trajectories converge
to different pure-strategy equilibria.

An example is illustrated in Figure 2B. The basin of attraction of the equilibrium ey = (0,1)
for classical replicator trajectories is the region satisfying eo - Ux > x - Ux. This is shaded in Figure
2B. However, the distributional replicator trajector does not stay within this region, but moves

into the basin of attraction of the equilibrium es = (0,0). 32

32A standard proof of stability of ESS equilibria for the classical replicator dynamics uses the entropy function
(e.g. Hofbauer and Sigmund, 1998, Chapter 7). For a Nash equilibrium of a symmetric game, z*, this is defined on
the subset {x € A | S(z*) C S(z)} by

L(z) = — Z x; In(z;).
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Figure 2: A: Trajectories of the classical replicator dynamic (71) (thin curve) starting from initial
condition zp, and of the mean pu; = (z); = (z | p;) under the dynamic (74) (thick curve), starting
from an initial condition with mean, py = (z)o = . These trajectories converge to the Nash
equilibrium z = 1, but with different time lines. In this example, the distributional replicator
dynamics has uniform initial density pg(x) = 1. Other parameters are z* = 0.4 and A = 1. B:
Trajectories of the replicator dynamics (75)-(76) (thin curve) and the mean (79) associated with
the distributional replicator dynamics (77)-(78). The shaded region is the basin of attraction of
ez = (0, 1) for classical replicator trajectories. Initial conditions for both trajectories are the same:
(z1,22) = (1,0, p2,0). The parameters are: (A1, A2, A3) = (0.5,1.12,1.3); (a1, a2, a3) = (3, 3, 3);
(CLH, aig, a13) = (0.9, 0.05, 0.05); (agl, asg, CL23) = (0.05, 0.9, 0.05); (a31, asa, a33) = (0.1, 0.1, 0.8).
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11 Generic 2 x 2 Asymmetric Games

11.1 The Replicator Dynamic

We use the distributional replicator dynamics for asymmetric games to analyze the dynamics of
the probability measures over mixed strategies for 2 x 2 asymmetric games. The payoff matrices
to the row and column players are U and V.

Since each player has only two strategies, we denote a mixed strategy for population 1 by
(z,1—2x) € Ay, and a mixed strategy for population 2 by (y,1 —y) € As. The standard replicator

dynamics is then

i = Az(l—2)(y—y"), (80)
v = Avy(l—y)(z—2"), (81)
where
U2 — U12
U (w11 — u21) + (u22 — u12), Y (w11 — 1) + (U2 — ura)’ (82)
. V9g — U
Av = (v11 —v21) + (va2 — v12), = 212 (83)

(v11 — v21) + (v22 — v12)

The dynamics (80), (81) have equilibria at (x,y) = (0,0),(0,1),(1,1),(1,0) and (z*,y*). The
latter lies in the interior the state space 0 < x,y < 1 provided the payoff differences (111 — u21) and
(ug2 — u12) are non-zero and have the same sign, and similarly for (v;; — ve1) and (vaa — v12). In
particular, if these signs are all positive, then A\;y and Ay are both positive, and in this case (0, 0) and
(1,1) are locally asymptotically stable Nash Equilibria, with all other equilibria unstable. There is
therefore an equilibrium selection problem in this case. Which of the two stable Nash equilibria is

the asymptotic outcome of a replicator dynamic trajectory depends on the initial condition.

In the distributional case, consider the mean entropy: L; = (L | P;). Then using (47), we obtain
c

= . e ity . &y

L, = —Ei xi/AIn(ec.x) Po(dx)——Ei:xi/Aln(g.x

= (L|P)—=x"-1n(€) +/ In(¢ - ) Po(d).

A

) Py(dx)

This provides a relationship between mean entropy and the Lyapunov function (65) used in the proof of theorem 7.3,
namely:
Ly = Lo +K(§ ‘ P()).

In particular, it follows from the proof of Theorem 7.3 that if U is negative definite on IR, with unique equilibrium z*,
then mean entropy decreases along trajectories of the distributional replicator dynamics (64). However, for the 3 x 3
symmetric game discussed here, with equilibrium z* = ez, entropy L(z) decreases along a trajectory of the classical
replicator dynamic, but mean entropy L does not decrease along the corresponding trajectory of the distributional
replicator dynamic. The latter decreases only as long as the distributional replicator trajectory stays within the
shaded region in Figure 2B, but then increases after leaving this region.

We note also that neither is it the case that entropy of the mean, L ({x | P;)), necessarily decreases along trajectories.
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11.2 The Distributional Replicator Dynamics

The reduced distributional replicator dynamics (55) and (55) is 2-dimensional, with variables A =

Aq and B = As. We can therefore write these dynamics as

, 1 B
A=ro (v + P FEI) = [ (o s @@, 61
. 1 feA

B=X\{-2"+F (' R)}, F(eA|P0):/O (1—54'§€A>P0(d€)’ (85)

with initial condition A(0) = B(0) = 0.
Equations (84) and (85) therefore constitute an ODE system in IR?. We claim that, as t — oo,
either |A(t)|, |B(t)| — oo or the solution trajectories exhibit periodic orbits. These properties are

summarized in the following proposition. We omit a detailed proof.

Proposition 11.1 Let Py and Qg be the initial distributions for populations 1 and 2 respectively,

which have no mass points at t =0 or 1 and y =0 or 1. Then,

1. FEither: Both P; and Q: converge to mass points on 0 or 1 ast — oo. That is, P, — &g or 61,
and Q¢ — &g or 01.

2. Or: The trajectories of P, and Q: are periodic.

Proof. We show that under the dynamics (84), (85), (JA(t)], |B(t)]) — (00, 00), or the trajectories
A(t) and B(t) describe a closed orbit in the (A, B)-plane®*. By Proposition 5.3, if A(t) — oo,
P, — 4y and if A(t) — —oo, Py — d¢. Similarly, Q¢ — 61 if B(t) — oo or dy if B(t) — —oc.

On the other hand, if A(t) and B(t) exhibit periodic motion, it follows from (47) that the

trajectories of P; and @Q); are periodic. W

Proposition 11.1 implies that P, and (); never converge to probability measures whose aggregate
state is the mixed strategy Nash equilibrium. This conclusion evokes the well known result that in
2 x 2 asymmetric games, a mixed strategy Nash equilibrium is never asymptotically stable under
the replicator dynamic (Selten, 1980; Schuster and Sigmund, 1981; Hofbauer and Sigmund, 1981).
However, unlike in 2 x 2 symmetric games, the convergence behaviour of the aggregate state under
the replicator continuity equation does not necessarily replicate the convergence behaviour of the
state variable under the replicator dynamic (80), (81). We present an example that establishes
this fact. Thus, we shall construct a game in which the replicator dynamic converges to the Nash
equilibrium (1,1) from given initial conditions (z¢,yo). However, under the replicator continuity
equation, and with appropriate initial distributions satisfying ({(x | Fy), (v | Qo)) = (%0, %0), the
density functions over mixed strategies, (P, Q¢), converge to (dg,dp). Hence, for the aggregate

state, ((z | P), (y | @r)) — (0,0).

33These assertions are proved by exploiting the Hamiltonian structure of the distributional dynamics (84), (85).
In particular, this allows us to find linear asymptotes for (A(t), B(t)) in the case where these are not periodic. The
details are lengthy but essentially straightforward.
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11.3 A 2 x 2 asymmetric example

We aim to show that there are situations in which the means of the distributions determined by the
classical replicator dynamics and the distributional replicator dynamics exhibit radically different
asymptotic behaviours (cf section 10). As discussed in section 11.1, we assume that all payoff
differences are positive, so that 0 < z*,y* < 1 and Ay and Ay are both positive.

First consider the replicator equations (80) and (81) with initial conditions (xg,yo) satisfying
0 < zp < z* and y* < yp < 1. Make the time change t — ¢’ = Ayt. Then (80) and (81) can be

written as

i = z(l-z)(y-y"), (86)
g = M(l-y)(z—a"). (87)

Regarded as a distributional dynamics, these equations are associated with the initial probability
distributions Py = d,, and Qo = dy, (Corolloary 4.2).

Now consider a distributional dynamics as follows. Assume that population 2 is initially ho-
mogeneous, in the sense that all agents use a common mixed strategy yo. However, population 1
consists initially of two types, agents who use a mixed strategy ag, with 0 < ag < z*, and agents
who use a mixed strategy ai, with * < a; < 1. The population proportions of these agents
are 1 — « and «, with 0 < a < 1. Thus, the initial distributions of the two populations are
Py = (1 —a)dq, + ad,, for population 1, and Qo = dy, for population 2. We assume that the initial

means of the two populations are
zo = (z | Po) = (1 — a)ag + aay, Yo = (y | Qo)- (88)

The distributional replicator dynamics (84)-(85) associated to these initial densities are:

A —yOeB A
_ = 0)=0 89
{ y+1_y0+y063}, (0) =0, (89)

ageA aj eA

a
1—a0+aoeA+ 1—a; +ae?

B = )\{—x*—i—(l—a) } B(0) = 0. (90)
We wish to compare these dynamics to those associated with the replicator dynamics (86)-(87)
having initial conditions (zg,yp). We show that parameters can be chosen so that the replicator
trajectory satisfies (x4, y;) — (1, 1), whereas the trajectory of means with the same initial conditions
(88) satisfies ((z | P), (y | Q¢)) — (0,0) as t — oco. A numerical example illustrated in Figure 3.
In fact, it can be shown that this example belongs to a larger class of examples. Thus, for any
initial distributions of the form Py = (1 — a)dq, + ad,, and Qo = Jy, with fixed (z*,y*) € (0, 1),
0<ap<z*<a <1,y € (y* 1) and any a > 0 for which zy < z*, a positive constant A = Ay /Ay
can be chosen so that the means of the trajectories of the two dynamics converge to different Nash

equilibria. In particular, ag, g and a; can be arbitrarily close together.
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Figure 3: Trajectories of the means ((z | P;), (y | @¢)), starting from a common initial condition,
(x| Po),(y| Qo)) = (z0,y0), for the two dynamics (89)-(90) (thick curve) and (86)-(87) (thin
curve). These trajectories converge to the Nash equilibria (0,0) and (1, 1), respectively. Parameters
are: (z*,y*) = (0.6,0.3), ap = 0.2, a; = 0.8, yo = 0.5, a = $a* = 0.33, with zg = (1 — a)ap+aa; =
0.4, and A = 5/6.
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12 Discussion and Conclusion

The motivation behind this paper was to provide more meaningful economic foundations to evolu-
tionary game theory by allowing agents in large populations to practice a wider range of behaviors
based upon their individual histories and experience. We have constructed a general theoretical
framework that allows the incorporation of behavioral rules from the boundedly rational learning
literature. A byproduct of this approach is that it allows a wide range of possible agent behaviors
even in an environment where they may not have any knowledge of wider social characteristics such
as the current social state. This is in contrast to the classical approach to evolutionary game theory
where imitation of a random agent is the least informationally demanding behavior (that generates
the replicator dynamics). To apply such learning procedures, we have assumed that individual
agents are primed to play mixed strategies. The evolution of the probability measure over mixed
strategies — the social state in our model — is determined by the general continuity equation, derived
in Section 2, and defined for a large class of mixed strategy updating rules. We have analyzed one
specific behavioral procedure — reinforcement learning — in great detail and derived the associated
replicator continuity equation in Section 3. Although this equation cannot be solved explicitly
(any more than can the classical replicator dynamic), we have proposed a general solution method
using Liouville’s formula and an associated finite-dimensional, autonomous ODE system that we
call ‘distributional dynamics’, which can be applied to any finite normal form game.

We have shown that the replicator continuity dynamics admits a large class of stationary solu-
tions; in particular, any probability distribution (or pair of distributions in the asymmetric case)
whose mean over the space of mixed strategies is a Nash equilibrium. This implies that equilibrium
populations can be very heterogeneous, in that different players can play different mixed strategies.
However, the population is a ‘mixture’ of mixed strategy players, rather than of pure strategy
players, as in the classical case. This constitutes a much richer behavioral structure than is usually
considered. In particular, ‘rationality’ exists only at the aggregate mean level, with individual
agents possibly exhibiting inconsistent choices even at equilibrium. We have shown that such a
rich equilibrium arises for negative-definite symmetric games (Section 7), and that the unique Nash
equilibrium for such a game is globally attracting for the population mean. However, although
the equilibrium population mean is fixed, the equilibrium distribution depends on the initial dis-
tribution, and thus is a function of ‘history’ — in particular, on the initial distribution of agents’
behavioral dispositions (mixed strategies). We have also shown that the population mean converges
globally to a set of Nash equilibria in doubly symmetric games. Such results on convergence in
negative definite games and doubly symmetric games are, of course, standard in both learning
and evolutionary game theory. It is, however, significant that such results are obtained even when
we have integrated the two approaches here. This raises the interesting possibility that other well
known results from the learning literature may also be obtained in the context of population games.
For example, it would be interesting to examine whether, under the Hart and Mas-Colell (2000)
regret matching rule, regrets would be eliminated for all agents in the population as they are in

learning in finite player games
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By allowing agents to employ different mixed strategies, we have also been able to analyze the
effect of heterogeneity of agent behavior in the population. In the classical approach to evolutionary
game theory, agent behavior is homogeneous since all agents play the same mixed strategy at any
given time (equivalently, agents play only pure strategies so that there is a given mixture of pure
strategies in the population). We have focused on situations in which results from our distributional
theory differ markedly from corresponding results for the standard replicator dynamics. We have
constructed examples of 3 x 3 symmetric, and 2 x 2 asymmetric games in which the replicator
continuity equations lead to very different predictions about the observed social state from those of
the classical replicator dynamic (Sections 10 and 11.3). This shows that local stability properties
of (in these cases, pure) ESS equilibria can be quite different in the distributional context.

These examples illustrate the impact of agent heterogeneity on the long run social state. It is
possible to imagine an economic scenario which can be interpreted in this context. For example,
consider the 2 x 2 asymmetric game discussed in Section 11.3. Suppose the heterogeneous pop-
ulation (population 1) consists of two types of consumer: either ‘socially responsive’ (say, more
environmentally conscious), or ‘indifferent’ (concerned mostly with value-for-money). The homo-
geneous population (population 2) consists of producers having the choice of being responsive to
the consumers’ concerns (at additional cost) or not being so responsive. Suppose payoffs are struc-
tured so that there are two alternative pure equilibria: a ‘value/profit maximizing’ equilibrium,
and a ‘socially preferred’ equilibrium (that mitigates harmful externalities). Figure 3 illustrates a
situation where homogeneous behavior by indifferent consumers leads to the ‘value/profit maximiz-
ing’ equilibrium (the classical replicator trajectory). However, by replacing a fraction of indifferent
consumers by more socially responsive consumers (leaving the initial population mean strategy
unchanged), the very different ‘socially preferred’ equilibrium is attained.

These examples therefore illustrate that the behavioral flexibility inherent in allowing agents to
play mixed strategies does have observational consequences. Even when agents play mixed strate-
gies, it may be argued that it is only the mean of the distribution that would be observed, and by
the law of large numbers, this mean would be identical to the proportion of agents playing different
pure strategies. Despite this, the final observed social state can be quite different depending upon
whether agents are playing mixed strategies or pure strategies. In order, therefore, to decide which
particular approach—pure or mixed strategy— would be more relevant to model any particular
situation, it is necessary to make appropriate assumptions about the nature of behavioural flex-
ibility that agents may exhibit in that situation. The conventional practice of confining agents
to playing pure strategies has its origins in biological models of evolution. Such an assumption
may be perfectly justified in biological contexts, but seems excessively naive in models of human
interaction.

Nevertheless, that agents play mixed strategies does not necessarily assume a high degree of
cognitive sophistication. In particular, we do not suppose that agents consciously use randomizing
devices as part of a rational calculation. We can assume instead that agents make their decisions

within a largely subconscious, but stochastic internal environment (which is modulated by infor-
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mation from the external environment) that offers them ‘cues’ that they use to condition their
choice of action in the game. How this conditioning takes place depends on the agent’s behavioural
disposition, conceived simply as a function that converts the subconscious cues into actions. Thus,
it is the internal stochastic environment that acts as a randomizing device, and this, together with
the agent’s disposition, generates a (pre-play) mixed strategy that characterizes her response when
she is called upon to play. It is this disposition that is updated by reinforcement in response to
payoff information (see Section 3). Though in this interpretation, as in the classical case, agents
are of very limited cognitive capacity, with many (probably most) of the cues that condition the
agent’s action processed subconsciously, she may of course tell herself elaborate stories about why
her action is the ‘rational’ response to the situation with which she is faced — and even convince
herself that she has chosen her action on this basis.?*

It should be possible to use the continuity equation approach to analyze mixed strategy evolution
in other types of player-matching schemes than the simple pairwise-matching scheme discussed here.
In this paper, a player interacts with a potentially different partner in each round of the game.
However, the theory has a straightforward extension to the case in which some fixed proportion of
agents are matched in each round. Alternatively, one may fix the population into matched pairs of
players at the beginning, and allow these pairs to interact repeatedly using some learning protocol.
The change in the distribution of mixed strategies in the populations can then be studied using a

35 Or one can consider a more realistic scenario of a combination of the two

continuity equation.
matching schemes—where players play with a fixed partner for a certain number of periods and
then change partners. Such problems can form a substantial research agenda for the future.
Finally, we return to the pricing game used as a motivational example in the Introduction. It
is easy to verify that the game is a positive definite game.?® If we consider the case with a unique
interior equilibrium and apply the classical replicator dynamic, we can argue using the intuition of
the bad Rock-Paper-Scissor game that solution trajectories in the pricing game will diverge away
from the equilibrium and become asymptotic to the boundary of the simplex.3” An evolutionary
analysis of the price dispersion model is credible because (a) there is a large number of sellers in such
a model so that it can be analyzed as a population game; and (b) sellers can be expected to behave
in a myopic fashion since in the presence of a large number of competitors, it would be unrealistic to
assume that they would possess the level of rationality and knowledge required to coordinate on the
exact mixed equilibrium prediction. It is therefore reasonable to expect dispersed price equilibria
to be unstable. However, even this calculation is predicated on the caveat that sellers would have

the knowledge of the social state; an assumption which, we have argued, is highly improbable. Our

340f course, the analysis and conclusions of this paper are not predicated on any particular view of the mechanics of
decision making. All that is required is that, somehow, such decision making can be represented by mixed strategies.

35In fact, for a two population, 2 x 2 asymmetric game in which one member of each pair is chosen from each
population, the associated continuity equation is of classical, linear form.

36 Analogous to negative definite games, a positive-definite game is defined as follows. Let U be the payoff matrix
of a two player symmetric n X n game. The game is positive definite if z - Uz > 0, for all z € IRj, z # 0.

3TLahkar (2009) analyzes this model using the logit dynamic. Under this dynamic, trajectories converge to a limit
cycle in the interior of the simplex. As an explanation of observed price dispersion, the limit cycle prediction has
greater empirical (Lach, 2002) and experimental support (Cason et. al., 2005).
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analysis in this paper allows us to apply the continuity dynamics driven by reinforcement learning
to this problem. Although we do not give a rigorous proof here, the analysis of Section 7 suggests
that the mean solution trajectories would diverge from the mixed equilibrium under the replicator
continuity dynamic. The instability of dispersed equilibria therefore holds in this new scenario even
if sellers cannot observe the behaviour of rivals and needs to rely to his personal history of pricing

strategies.

A Appendix

A.1 The weak form of continuity equations

We work with probability measures defined on the Borel sets in A. Let P; be a probability measure
at time ¢t > 0 for population 1, and @; be the corresponding probability measure for population
2. In the notation of section 2, set §;;(z) =  — 7b;j(x) : A — A. Then the updated probability

measure at time ¢ 4+ 7 for population 1 is given by equation (8), namely:

Pt+7’ Z ﬁl] Pt /81]( )) <yj ’ Qt>a

1,j€S

for any Borel set B. Thus, if ¢(x) is a smooth, real-valued test function, then:

©1 Pt = 3 [ 0la)(a)iP (@50 (| Qo)

ZjES EAI

Making the change of notation §;;(z) — « (for each ¢ and j) and using (7), we obtain

@1 P = 3 [ olatnsigo)mibs (de) (v | Qo)

i,jE€S T€EA

Now Taylor expand the ¢(-) term up to terms of order 7:

6Py = S / 2) + 7V(x) - fii (2))} i (da) ;| Qo).

i,jE€S LS|
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Noting that >, ;xi(y; | Q) = 1, and using (4), this can be written in the form:

i{ / N ¢(x) Pryr (dz) — / N ¢(z) P, (d:v)}

= Z / Vo(z) - fij(x)x: P (dx) (y; | Qr)

i,jES €A1

- / Vo) $ > wifig(@){y; | Qi) p P (dw)
r€0 ijES

_ / _, Vo) [F@)ly| Q) P (da).

Taking the limit as 7 — 0 therefore gives:

o1 = [ Vo) 1)y Q) Pidn). o1)

This is the weak form of the continuity equation for Borel probability measures, which exists pro-
vided the integral on the right exists for all ¢ > 0. This is the case if, for example, the forward
state change vectors, fj;(x), are continuous in z, since then F(z), given by (13), is also continuous,
and hence bounded on A;j. Since V¢(z) is continuous, and hence bounded, and P, is a probability
measure, it follows that the integral always exists. This shows that (¢ | P;) is differentiable in ¢,
with time-derivative given by (91).

Clearly, an analogous equation holds for population 2.

A.2 Proof of Liouville’s formula

We are required to solve a weak continuity equation of the form
d
Go1P) = [ Vo) X(at)pids). (92)
€

where X (x,t) is a smooth, time-dependent vector field on a compact, regular domain Q C IR",
a domain which is invariant under the flow defined by X, and we are give an initial probability
measure Py at time t = 0.

Consider the generalized function ~; defined by:

() = /Q 6 (20,4(x)) Po (dx)
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Then

W0 = 5 [ olose) Pi)

B / V(xoi(z)) - Lot (x) P (dz)
- /Vgi) zot(2)) - X (zo(2), 1) Po (dz) .

Now apply the smooth change of variables £ = xo¢(x), which has inverse z = x4 (). Then:

d
Do) = [ Vo) X (€0 Pie),
where P; is the measure defined by3®
Py(B) = Py (z1,0(B)) - (93)

We also have:

— /Q (E)P(dE) = (6] Pr).

This shows that P, given by (93) is the solution of the weak form of the continuity equation (92)
with the given initial measure Py. Equation (93) is a measure-theoretic form of Liouville’s formula.

We also obtain expected values of smooth test functions:

61 P = [ 6OPE) = [ &(w0ste)) Po(de). (94)
This yields the formula (40), and hence proves Proposition 4.1.

A.2.1 Absolute continuity

Now suppose that Py is absolutely continuous with respect to Lebesgue measure. That is, there
is a Lebesgue-integrable density function po(x) such that Py(dz) = po(x)dz. Then it follows from
(93) that P(d§) = Py (z1,0(d)) = po (24,0(€)) dreo(§). We also have dz = dwto(§) = |Ji(w; €)[dE,

where Jy(x; &) is the Jacobian matrix:

Ju(w;€) = det (52
To compute this Jacobian, consider the generalized Jacobian

Jos(€) = det (208

Then Jy(x;€) = Ji0(§), and Ji ¢ (§) = 1. Next, observe that, by definition of the trajectories x¢ (),

38See Dunford and Schwartz (1964), Lemma 8, p 182.
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we have

d [axt,s@)i]_ 9 [dwt(&)}: . -~ 0Xi 5 02Ok g

afj N 875] ds

ds
Let Jt(ls) (&) be the determinant of the matrix obtained from J; 4(§) by taking the time derivatives

with respect to s of the entries in the i-th row, as in (95), but leaving the other rows unchanged.

Let [J,s(£)]; ; be the zj-th minor of Jt.5(€).3 Then:

thS ZJts

_ Zn;]z"; 1y L [8953255)1 [Jis(€)],,  expanding J(€) by the i-th row
- ;;kD DG (.0 T ), using (99
. Z;( w0 0 {z";(nkﬂ Pualll [Jt,s@]”}
22 =
_ _ k"1<_1y+kgf; (21,5(), 8) Gir T (€)

The last equality holds because, for k # i, the expression in {} is the determinant of an n x n
matrix whose i-th and k-th rows are identical, and hence this determinant is zero. We therefore

have:

dJy s
Hall) e Z 2 (0(0),5) = Jos )1V X] (w1,4(6),5).
Integrating this from s = 0 to s = ¢ and recalling that J;+(¢) =1 and J; (&) = J(z;§), gives:
t
i)l =exp{~ [ 17 X] (@ra(6). s}

It now follows that P; is absolutely continuous with respect to Lebesgue measure, with associated
density function p¢(§) = po (z¢,0(€)) |Je(z;€)|. That is:

n(©) = (a(e) en { - | 'V X (ena().5) ).

This yields the probability-density function form of Liouville’s formula (38).

39That is, the determinant of the (n — 1) x (n — 1)-matrix obtained from J; (&) by deleting the i-th row and the
j-th column.
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A.3 Proof of Proposition 5.2

For the pseudo-replicator vector field X (z,t) = R(z)y(t) on the simplex A; C IR™, we have
Mz, =1and > ") X; = 0. Hence, the independent components are z; and X; for 1 <i <n;—1.
We therefore take the state space to be the projection of Ay into IR™~! defined by:

ni—1
le{(xl,...,xnl_l)Eanl_l:0<£L’i< Zl’i<1}. (96)
i=1
Then, if (z1,...,2,,-1) € Q1, the associated point x € Ay is © = (x1,...,Tp,—1,Tpn,) With x,, =

1=5m L Generally x denotes a point in Ay, but relevant operations often involve only the
independent components, i.e. the associated point in €.

Let L;ij(x) = z;(0;; — x;). Then, from (42) we can write the divergence of X on Q; as:

V'X(x’t)_mil{ai_ajm} mzli{axz axm} Lis(w)e; (1),

=1 =1 j=1

for x € Ay. Also, for 1 <i4,57 <ny —1:

0 0

oz, L@ = (=)0 =z, 9, L (@)] = =y,
0 0
- Lij = 0, - Lin = —x;.
go L) = 0 5o Lins (2)] = =
Hence,
ni—1 ni—1
VX)) = Y {a —ai} () + Y (@i = xn,)en, (t)
i,j=1 i=1
ni ni
= Z Cz'(t) — N Z xici(t)
i=1 i=1
= {e' —nz} - c(t)
where e! = Y"1 el € IR™ is the vector all of whose entries are 1.

It now follows that, if z;¢(x) are the solution trajectories of the pseudo-replicator equations
(44), then we obtain

zic z Ci(s,t)
V- X] (21,5(2),8) = {' —mzys(2)} - c(s) =€ —m Z - ec EONE
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where C(s,t) = C(s) — C(t). Thus

t t n1 t x.eCi(s,t)
/0\ [V . X] (It7s(x), S) ds = 61 . /0 C(S)dS — N1 ;/0 mcfi(s)ds
= e Ct) —n /t a [ln (:E eC(S’t)>] ds
0 ds

because C(t,t) =0, C(0,t) = —C(t) and e' - & = 1. We therefore have:

exp{—/ot V- X] (21.5(), 5) ds} _ (1C(t)>m exp {—¢' - C(t)).

Tr-e

Substituting in Liouville’s formula (38), it now follows that the solution of the weak continuity

equation for density functions associated to a pseudo-replicator vector field (42) is given by (46).

A.4 Proof of Lemma 7.1

By definition, £ = e /(e - e%), and DF(§) = (agéf)) A calculation from (61) shows that

- () o () o

Clearly DF is symmetric. Also, if S = supp(§), then F;(¢§) = 0 and the j-th row and j-th column

of DF are zero for j ¢ S. However, since int A has positive P-measure, DF has positive diagonal

entries and negative off-diagonal entries for row and column indices i,j € S. Further, from (97),
we have DFegs = eg- DF = 0. Hence, DF maps IR" onto IR%,. A straightforward calculation from
(97) now shows that, for z € IRY,,

z-DF(§)z =Y F(&)(z—2)7 where z = z - F(€),

€S

and hence DF'(§) is positive-definite on IRY,. W

A.5 Proof of Lemma 7.2
For £ € A, consider the dynamical system
E=u—F(|P)e Ry, (98)
because u, F' € A. Also,
3 =ui — Fi(§| P)lg,—g = ui 20,

%
£&=0
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from which it follows that A is forward-invariant under the flow of the system (98). It now follows
from standard results that A contains at least one equilibrium &* = £*(u) of (98).4C Further, it is
clear from the definition of F' in (61) that supp(£*) = supp(u).

It remains to show that £* is unique. Suppose that u, and hence £* has full support. For

§ € IR, let ( =In¢, and consider the potential function

K({|P)=—-u-C+ /Aln(ec -z)P(dx).

Then VK = —u + F, and hence VK (¢*) = 0, where ¢* = In&*. Further

2 :
V2K, = LK _OF

= 9000, G (59)

That is V2K = DF, which is positive definite on IR} by Lemma 7.1. Hence, (* is the unique
global minimum of K subject to the constraint e - e = e-& = 1. Since (98) can be written as
¢ = —eCVK((), it follows that any equilibria must satisfy VK (¢) = 0, and hence £* = ¢ is the
unique equilibrium satisfying the constraint £* € A.

Now suppose that v does not have full support. If u = e;, then it is clear from the definition
(61) that £&* = e; is the unique solution of F' = e;. So, we may suppose that the support of u
contains at least two elements. If S = supp(u), then (99) defines an |S| x |S| symmetric matrix,
V2Kg, by taking i, j € S. The argument of lemma 7.1 (see Appendix A.4), shows that this matrix
is positive definite on IR%, (which has dimension at least 1), and hence &5 = %5 € Ag C IRY is the

unique solution of F =u. W
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