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Abstract

We introduce best response dynamics for settings where
players' preferences are diverse. Under these dynamics,
which are defined on the space of Bayesian strategies, rest
points and Bayesian Nash equilibria are identical. We prove
the existence and uniqueness of solution trajectories to these
dynamics, and provide methods of analyzing the dynamics
which are based on aggregation. Finally, we apply these
techniques to prove a dynamic version of Harsanyi's (1973)
purification theorem.



1. Introduction

We study best response dynamics for populations with diverse preferences. In
this setting, a population's behavior is described by a Bayesian strategy: a map from
preferences to distributions over actions. Our dynamics are defined on the space of
Bayesian strategies; the rest points of the dynamics are precisely the Bayesian
equilibria of the diverse preferences game. We prove the existence and uniqueness
of solutions trajectories of these dynamics. We then characterize the dynamic
stability of Bayesian equilibria using aggregate dynamics defined on the simplex,
making it possible to determine the stability of Bayesian equilibria using standard
dynamical systems techniques.

We offer three motivations for this study. First, we feel that in interactions
involving large populations, one should not expect each individual to evaluate
payoffs in precisely the same way. Therefore, in constructing evolutionary models,
it seems more realistic to explicitly allow for diversity in preferences. We shall see
that doing so eliminates pathological solution trajectories which can arise under
best response dynamics when preferences are common.

A second motivation for our study is to provide foundations for models of
preference evolution. Briefly, these models address the natural selection of
preferences in populations where preferences are diverse.l Selection of preferences
is mediated through behavior, as the preferences which survive are those which
induce the fittest behavior. By providing tools for analyzing behavior under diverse
preferences, this paper provides the groundwork for studying competition between
the preferences themselves.2

Our third and most important motivation is to provide methods for the
evolutionary analysis of Bayesian games. Nearly all work in evolutionary game
theory has considered games with complete information. At the same time, the
proliferation of game theory in applied economic analysis is in large part due to its
deft handling of informational asymmetries; in this development, games of
incomplete information have played a leading role. In offering evolutionary
techniques for studying Bayesian games, we are hopeful that the insights of
evolutionary game theory can be brought to bear more broadly in applied work.

Examples include Guth and Yaari (1992), Ely and Yilankaya (1997), and Sandholm (1998).
2 For further discussion of preference evolution, see Section 8.

—1-



We consider a population of individuals who are repeatedly randomly matched
in pairwise interactions. Unlike in the standard evolutionary model, different
individuals in our model evaluate payoffs using different payoff matrices. We
assume that the subpopulation of players with any given payoff matrix is of
negligible size relative to the population as a whole.

A complete description of behavior is given by a Bayesian strategy: a map which
specifies the distribution of actions played in each subpopulation. The appropriate
notion of equilibrium behavior is provided by Bayesian equilibrium, which requires
that each subpopulation play a best response to the aggregate behavior of the
population as a whole.

Our goal is to model the evolution of behavior in a diverse population in a
plausible and tractable way. To do so, we build on the work of Gilboa and Matsui
(1991), who introduced the best response dynamics for the common preference
setting. Under their dynamics, the distribution of actions in a population always
adjusts towards some best response to current behavior. To define our Bayesian best
response dynamics, we require instead that the distribution of actions within each
subpopulation adjust towards that subpopulation's current best response.

To complete the definition of the Bayesian dynamics, we must specify a notion of
distance between Bayesian strategies.3 We find it convenient to use the L' norm,
which measures the distance between two Bayesian strategies as the average change
in the subpopulations’ behaviors. We establish that the law of motion of the
Bayesian dynamics is Lipschitz continuous under this norm. This enables us to
prove that solutions to these dynamics exist and are unique.

This uniqueness result is of particular interest because it fails to hold when
preferences are common. Under common preferences, multiple solution
trajectories to the best response dynamics can originate from a single initial
condition. This property can be the source of surprising solution trajectories:
Hofbauer (1995) offers a game (presented below) in which solutions to the best
response dynamics cycle in and out of a Nash equilibrium in perpetuity. Our
uniqueness result implies that even slight diversity in preferences renders such
solution trajectories impossible.

Since our dynamics are defined on the (L") space of Bayesian strategies, they are
difficult to analyze directly. To contend with this, we define aggregate best response
dynamics directly on the simplex. We show that there is a many-to-one mapping

3 By doing so, we provide an interpretation of the differential equation which defines the dynamics
— see Section 2.2.



from solutions to the Bayesian dynamics to solutions to the aggregate dynamics.
The map which accomplishes this is that which converts Bayesian strategies to the
aggregate behavior which they induce. Thus, if we run the Bayesian dynamics from
two strategies which yield the same aggregate behavior, the two solution trajectories
will always yield the same aggregate behavior.

Were we only interested aggregate behavior, we could focus our attention
entirely on these aggregate dynamics. But in most applications of Bayesian games,
the full Bayesian strategy is itself of central importance. For example, in a private
value auction, the distribution of bids is on its own an inadequate description of
play; to determine efficiency, one must also know which bidders are placing which
bids. Knowing the entire Bayesian strategy is also critical in studying preference
evolution: there we must know which preferences lead players to choose the fittest
actions, as these are the preferences which will thrive under natural selection.

Since the full Bayesian strategy is of central interest, it is important to be able to
determine which Bayesian equilibria are dynamically stable. To accomplish this, we
establish a one-to-one correspondence between the equilibria which are stable under
the Bayesian dynamics and the distributions which are stable under the aggregate
dynamics. Using this result, one can determine which Bayesian equilibria are stable
under the original L' dynamics by considering much simpler dynamics defined on
the simplex.

Of course, these simpler aggregate dynamics are still a non-linear differential
equation. To show that the characterization result above is of practical value, it
must be demonstrated that this equation yields to analysis. Fortunately, Hofbauer
and Sandholm (2001) are able to provide a detailed study of the aggregate dynamics
derived from four classes of Bayesian games.> We are hopeful that the aggregate
dynamics will prove susceptible to analysis in other classes of games as well.

Our model of diverse preferences can be viewed as a large population version of
Harsanyi's (1973) purification model. Harsanyi shows that each mixed equilibrium
of nearly any normal form game can be approximated by a pure equilibrium of a
Bayesian game; the Bayesian game is a version of the normal form game with slight
perturbations in payoffs. Surprisingly, we are able to show that these perturbations

4 Were the mapping between solution trajectories one-to-one as well, the stability results would
follow as an immediate consequence. However, since this mapping is actually many-to-one, these
results are not obvious — see Section 6.

5 In particular, the Bayesian games are created from zero-sum games, games with an interior ESS,
potential games, and supermodular games by adding idiosyncratic biases in the manner described in
Section 2.2.



can always be chosen so that the pure equilibrium is stable under the Bayesian best
response dynamics. Thus, not only can all mixed equilibria be purified; all can be
purified in a dynamically robust fashion. Still, our purification result is weaker
than Harsanyi's in one important sense: while Harsanyi proves the existence of a
purified equilibrium under any payoff perturbation, we establish that under some of
these perturbations, the purified equilibrium will be dynamically stable.6

Ellison and Fudenberg (2000) study population fictitious play under diverse
preferences. In fictitious play, all players choose a best response to the time average
of past play. Since this time average is the relevant state variable, fictitious play
defines dynamics directly on the simplex even when preferences are diverse. In fact,
it is easy to show that the dynamics studied by Ellison and Fudenberg (2000) are
equivalent (after a time reparameterization) to our aggregate best response
dynamics. Hence, our analysis shows that the connections between the best
response dynamics and fictitious play, which are well known in the common
preference setting,” persist when preferences are diverse.

There are also close connections among our model, stochastic fictitious play
(Fudenberg and Kreps (1993), Kaniovski and Young (1995), Benaim and Hirsch
(1999)), and certain models of stochastic evolution (Blume (1993, 1997), Young
(1998)). In these stochastic models, players' payoffs are perturbed by random shocks
which are i.i.d. over time. It can be shown that the aggregate dynamics in the
present model describe the expected motion of the state variable in these stochastic
models. For a complete treatment of these connections, we refer the reader to
Hofbauer and Sandholm (2001).

Section 2 reviews the best response dynamics under common preferences and
introduces the Bayesian best response dynamics. Section 3 establishes basic
properties of the Bayesian dynamics. Sections 4, 5, and 6 provide aggregation results.
Section 7 offers our dynamic version of Harsanyi's (1973) purification theorem.
Finally, Section 8 relates our model to Ellison and Fudenberg's (2000) model of
smoothed fictitious play and discusses directions for future research. All proofs
omitted from the text can be found in the Appendix.

6 In related work, Binmore and Samuelson (2001) use static evolutionary stability concepts to study
the tension between the instability of mixed equilibria when players may condition behavior on roles
and the stabilizing effects of payoff perturbations.

7 See, e.g., Hofbauer (1995).



2. The Best Response Dynamics

A unit mass of players is repeatedly randomly matched to play a two player,
symmetric, normal form game. Each matched player chooses one of n actions,
which we identify with basis vectors in R": S ={e,, e,, ..., e,}. We let A={x0O R}:
Zixi = 1} denote the set of distributions over actions.

2.1 Common Preferences

In the standard environment, each player has the same preferences over action
pairs. We represent these preferences by a matrix O /7= R™", where 7 is the
payoff a player receives when he chooses action i and his opponent chooses action j.
Players have expected utility preferences over mixtures.

We let BR™: A0 A denote the best response correspondence for preference 7@

BR"(x) = argmax y [t
ydA

Action distribution x* 0 Ais a Nash equilibrium under mif x* 0 BR™(x*): that is, if
each player chooses an action which is optimal given the behavior of the others.
The best response dynamics on A are defined by

(BR) x O BR”(x) - x.

The usual interpretation of these dynamics is that players occasionally consider
switching actions, and that whenever a player does so he switches to a best response.
The —x term arises because at each moment in time, all players are equally likely to
consider switching actions.8

For most payoff matrices 71, there are action distributions x which admit multiple
best responses, and hence many possible directions of motion under (BR). While it
is still possible to prove that solutions to (BR) exist, uniqueness is not guaranteed.

It is clear that any rest point of (BR) must be a Nash equilibrium. Moreover, if
the population begins at a Nash equilibrium x*, players who switch to best responses
can do so in proportions x* resulting in a stationary solution trajectory at x*.

8  For an analysis of the foundations of evolutionary dynamics, see Sandholm (1999).
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However, if the players who switch to a best response do so in proportions other
than x*, they may move away from the equilibrium.

As an illustration, we consider an example due to Hofbauer (1995). Suppose that
all players' preferences are given by the game in Figure 1, whose symmetric Nash
equilibria aree, = (1,0, 0), x = (5,%,3),and y = (¢, 0, ). The phase diagram for the
best response dynamics (BR) is presented in Figure 2. In the left region of the
simplex, action 1 is the best response, so solution trajectories head directly towards
the point e,. Similarly, the flow in the right region heads towards e,, and the flow in
the triangle xyz heads towards e,. The intersections of these regions contain
distributions which admit multiple best responses, and are therefore the possible
sources of multiple solutions to (BR).

-1,-41 3,5 1] 0,0

Figure 1

€1

) w €3

Figure 2



From the Nash equilibrium x, there are three possible courses of evolution: the
population may stay put, move towards e,, or move towards y.® From points in the
interior of the segment xy, solutions may head towards e,, y, or e,. Hence, there are
solution trajectories starting from the Nash equilibrium x which cycle indefinitely:
they initially head towards y, but at some point break towards the segment xz; after
reaching xz, they return to x, possibly pausing there before beginning another circuit.

We show that the existence of trajectories which leave Nash equilibria is a
consequence of the assumption that all players' preferences are identical. The
source of the nonuniqueness of solutions to (BR) is the fact that for most payoff
matrices, there is a set of action distributions which admit multiple best responses.
Indeed, Hofbauer's (1995) example is generic, in that all payoff matrices close to the
one in Figure 1 yield qualitatively similar dynamics.

Our analysis shows that there is another sense in which Hofbauer's (1995)
example is not generic. Our analysis relies on the following observation: if we fix a
distribution over actions, the set of payoff matrices which generate indifference at
that distribution is negligible. Therefore, in a population with diverse preferences,
best responses are essentially unique, and hence the function which defines the best
response dynamics in this context is single valued. To establish the uniqueness of
solutions, and thus the equivalence of rest points and Bayesian Nash equilibria, we
must establish that this function is not only single valued, but also Lipschitz
continuous. We show below that this is true if distances between Bayesian strategies
are measured in an appropriate way.

2.2 Diverse Preferences

To incorporate diverse preferences, we suppose that the distribution of payoff
matrices in the population is described by a probability measure u on 1. In the
language of Bayesian games, u represents the distribution of types, which in the
current context are simply the players' preferences. The common preferences model
corresponds to the case in which u places all mass on a single point in 7. However,

9 Matsui (1992) shows that there is a unique solution trajectory to (BR) from a Nash equilibrium
precisely when the equilibrium is robust against equilibrium entrants (Swinkels (1992)). An interior
equilibrium satisfies this property if and only if it is the unique (symmetric) Nash equilibrium of the
game. However, robustness against equilibrium entrants does not imply local stability under (BR): see
Section 6 of Matsui (1992) or Example 3.3 of Hofbauer (1995).
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we will rule out such cases below, focusing instead on cases in which there is
genuine heterogeneity in preferences.10

We suppose that there are a continuum of individuals with each preference [
1 in the support of u. The behavior of the subpopulation with preference 1 is
described by a distribution in A. A Bayesian strategy isa map o. [T — A, where o(7) is
the distribution of actions chosen in aggregate by the individuals of type 1 Hence,
each Bayesian strategy o can be viewed as a random vector on the probability space
(r1, w) which takes values in A. The set ~ = {o. 1 - A} contains all (Borel
measurable) Bayesian strategies. We consider a pair of Bayesian strategies g, p [0 2
equivalent if o(m) = p(m) for u-almost every m In other words, we do not distinguish
between Bayesian strategies which indicate the same distribution for almost every
type.

Let E denote expectation taken with respect to the probability measure u. The
proportion of players who play action i under the Bayesian strategy o is then given
by Ec, = Iﬂ o,(mdu, and the aggregate behavior induced by o0 5 is Eo= (Eo,, ..., Eq,)

0 A. That is, the operator E takes both random variables and random vectors as
arguments, handling each in the appropriate way. We will sometimes call Eo the
distribution induced by o.

Our notion of distance between distributions is the summation norm on R": for
x O R", let

n
X = Z|Xi|'
1=1

Players are repeatedly paired with opponents who are randomly drawn from the
population as a whole. Therefore, each player's best responses are defined with
respect to current aggregate behavior x =Ec 0 A. We let B: A 0 2 denote the best
response correspondence, which we define by

B(x)(mm) = BR™(x) = argmax y [Jx.

10 wWe have assumed that there is just one population of players and that the players play a random
matching game (so that payoffs are linear). These assumptions are made for simplicity; in fact, our
results do not depend on either of these assumptions in a critical way.
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The best response B(x) [J 2 is a Bayesian strategy; for each rr 0 I1, B(x)(m) is the set of
distributions in A which are best responses against aggregate behavior x for players
with preference 7t

We state our assumptions about the preference distribution u in terms of the best
response correspondence; we will describe classes of preference distributions which
satisfy these assumptions below. Assumption (Al) requires that for all aggregate
behaviors x O A, the set of players with multiple best responses has measure zero.

(Al) B is single valued.

As we shall see, Assumption (Al) holds as long as the preference distribution u is
sufficiently smooth; the assumption also allows for mass points on preferences
which induce a strictly dominant action. Under Assumption (Al), all selections
from B(x) are equivalent, allowing us to regard B: A — % as a function rather than a
correspondence.

Each Bayesian strategy o 0 2 induces some distribution Eo [0 A; the best response
to this distribution is B(E(g)). We say that the Bayesian strategy o* is a Bayesian
equilibrium if it is a best response to itself: that is, if o* = B(E(0*)). We let 2* [0 X
denote the set of Bayesian equilibria. Observe that under Assumption (A1), all
aggregate behaviors induce a unique, pure best response: for all x, y{rt B(x)(m) O {e,,

, e.1} = 1. Hence, all Bayesian equilibria must also be pure.l1

The Bayesian best response dynamics are defined by the law of motion

(B) 0 =B{E(0)-0

on Z, the space of Bayesian strategies. The right hand side of this equation is a map
from Sto 5 = {o: M - R"}, which contains all possible directions of motion through
5. Since S and X are function spaces, this law of motion must be interpreted with
care.

Equation (B) specifies a direction of motion o, for the full Bayesian strategy o,
and hence a direction of motion for the distribution o,(m) played by each preference
O 1. The direction specified for preference m depends on E(g,), the distribution
played by the population as a whole. We therefore cannot consider the behavior of
each preference m in isolation, but instead must regard changes in the entire

11 Of course, this observation is originally due to Harsanyi (1973).

—9—



Bayesian strategy all at once. In other words, we must interpret equation (B) as a
functional law of motion.

To do so, we must specify the norm which we use to measure distances between
points in 5. To interpret equation (B) preference by preference, the natural norm to
choose is the L™ norm, defined by

|o

.. = esssup |o(m)|
nan

Unfortunately, under this norm equation (B) does not define a continuous law of
motion. Even if two aggregate behaviors x, y [0 A are very close together, if there is a
non-null set of preferences whose best responses to x and y differ, then the best
response to x and y are far apart in the L” norm: || B(X)-B(Yy)| .= 2. Therefore, the
law of motion (B) is discontinuous, and the standard methods of establishing the
existence and uniqueness of solution trajectories fail.

To create a tractable model, we need to use a norm on 5 which makes it easier
for two points to be close to one another, so that under this norm equation (B)
defines a continuous law of motion. In particular, we would like any Bayesian
strategies which differ only in the behavior of a small set of preferences to be

regarded as close together. An appropriate choice of norm is the L' norm, which we
denote ||:

L

n n I:I
lol = 3 €| = EL loy = Elol.
=1

1=1

Observe that if the best responses to x and y differ only on a set of measure ¢, then
|B(x) = B(y)|| = 2=.

In order to establish existence and uniqueness of solution trajectories to the
Bayesian best response dynamics, we need to know that the dynamics are Lipschitz
continuous. The following observation is a first step in this direction.

Lemma 2.1: E: > - Ais Lipschitz continuous (with Lipschitz constant 1).

Proof: Since E is linear, it is enough to show that [Eo| < |o|. And indeed,

Eol= Y[E|< S Eoi|=o]. m
1 1=1
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Given Lemma 2.1, Lipschitz continuity of the dynamics is a consequence of the
following assumption.

(A2) B is Lipschitz continuous (with respect to the L' norm).

Assumption (A2) asks that small changes in aggregate behavior x lead to
correspondingly small changes in the best response B(x), where the distance between
best responses is measured using the L' norm.

Our two assumptions concerning the function B will hold as long as the
preference distribution u is both sufficiently diverse and sufficiently smooth. For
example, a natural model is one of general preferences, in which all payoff matrices
md 1= R™" are possible. As long as the measure yon R™" is smooth and bounded,
the general preferences model satisfies our assumptions.

Proposition 2.2: In the general preferences model, if y admits a bounded density
function with compact support, then B satisfies Assumptions (Al) and (A2).

A desirable feature of the general preferences model is that it makes no a priori
restrictions on the set of preferences. On the other hand, our assumptions can also
hold in situations in which preferences are less diverse. Consider the following
model of biases. There is an "objective" payoff matrix A O R"™™ which is a
component of all players' payoffs. However, each player has personal biases towards
each action. These biases are represented by a vector b 0 R", where b, is the extra
payoff a player receives for playing action i. The preference matrix of a player with
biases b is therefore m= A + b1". If the measure v on R" captures the distribution of
biases, the measure pon R"™" is defined by u(C) = v(b: A + b1" O C). As long as the
bias distribution is sufficiently smooth, Assumptions (Al) and (A2) hold.

Proposition 2.3: In the biases model, if v admits a bounded density function f: R" -

R with either compact support or independent components (i.e., f(b) = |_|ifi(bi) for
some density functions f: R - R), then B satisfies Assumptions (Al) and (A2).
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3. Basic Properties of Solution Trajectories

We begin by establishing some basic properties of solutions to the Bayesian best
response dynamics (B). Since we will interpret equation (B) in the L' sense, we begin
by reviewing the notions of continuity and differentiability for trajectories through
the L' space (Z,[d)). For further details, see Lang (1983).

Let {0} = {0,},, be a trajectory through 5. We say that o [ 5 is the L* limit of o,
as s approaches t, denoted @ = L' Ii[n o, if

lim |o,-c| = lim Elo,-&|=0.

A

The trajectory {g} is L' continuous if g, = L'lim g, for all t. If there exists a g, 0 5

st

such that

[0, — 0 U
O e O

o, = Llli(r)n
we call g, the L* derivative of {g} at time t. As usual, the derivative describes the
trajectory's direction of motion. However, for any individual preference 7 the
slope +(0,..(m) - o(m) O R" of the line passing through (t, o(m) and (t + &, o,, () may
not converge as & approaches zero, and so the standard derivative < (o(m) of the

distribution trajectory {o(m} O R" need not exist. For the L' derivative to exist, the
measure of the set of preferences 7 for which the slope is not close to o,(m) O R"

must become arbitrarily small as € vanishes.
A Lipschitz continuous function f: £ — 5 defines a law of motion

(D) o =1(0)
on 5. Atrajectory o R, — 5 isan L' solution to equation (D) if &, = f()) p-almost
surely for all t, where g, is interpreted as an L' derivative.

Theorem 3.1 sets out basic properties of solutions of the Bayesian dynamics.

Theorem 3.1: (Basic properties of solutions to (B))
(i) There exists an L' solution to (B) starting from each o, 0 %. This solution is

~12—



unique in the L' sense: if {o}and {p} are L' solutions to (B) such that p, = g, p-a.s.,
then p, = o, p-a.s. for all t.

(i) Solution trajectories remain in X at all times t O [0, ).

(iii) 1f {0} and {p,} are L' solutions to (B), then

o= pd < oo = pofle™,

where K is the Lipschitz constant of f(o) = B(E(0)) — 0.
(iv) From each g, 0 X there is an L' solution to (B) with the property that

u(rr o(m) is continuous in t) = 1.

(v) o*is a rest point of (B) if and only if it is a Bayesian equilibrium.

Part (i) guarantees the existence and uniqueness (up to sets of measure zero) of
solutions to (B). Were 2 an open set, this would follow from standard results (e.g.,
Hirsch and Smale (1974, Sections 8.3 and 8.4)). However, the fact that 2 is closed
introduces difficulties which are explained in detail and then resolved in the
Appendix. Part (ii), establishing forward invariance of the space > under (B), is also
proved there. Given these results, part (iii), continuity of solutions in their initial
conditions, is standard.

If {g} is an L' solution to (B), then so is any trajectory {d,} which differs from {c}
on some measure zero set 1, [0 /7 at each instant t. Thus, while part (i) of the
theorem guarantees the existence of a unique L' solution to (B), this result imposes
no restrictions on the distribution trajectory {o,(m)} of an individual preference m as
time passes, it is possible for the behavior of the subpopulation with preference mto
jump haphazardly about the simplex. Fortunately, part (iv) of the theorem shows
that we can always find an L' solution with the property that the behavior associated
with almost every preference changes continuously over time. The proof of this
result, which relies on the Kolmogorov continuity theorem, is provided in the
Appendix as well.

Clearly, only Bayesian equilibria can be rest points under (B). It is also evident
that starting from every Bayesian equilibrium is a stationary solution trajectory.
Since solutions are unique, these are the only trajectories starting from equilibria.
Hence, part (v) of the theorem concludes that the Bayesian equilibria and the rest
points of (B) are identical. This attractive property is a natural consequence of
diversity in preferences.

~13-



4. Aggregation and Equilibrium

We have established that solution trajectories of the best response dynamics (B)
exist and are unique. However, since these dynamics operate on an L' space,
working with them directly is rather difficult. In the coming sections, we show that
many important properties of the dynamics can be understood by analyzing
aggregate dynamics. The aggregate dynamics operate directly on the simplex, and so
can be studied using standard dynamical systems techniques — see Hofbauer and
Sandholm (2001).

Before introducing the aggregate dynamics, we reconsider the Bayesian equilibria
o* [0 2*, which are the rest points of (B). Since the Bayesian strategy o induces the
distribution Eo J A, Bayesian equilibria satisfy o* = B(E(0*)).

If the current distribution is x [0 A, the Bayesian strategy which is a best response
to this distribution is B(x), which in turn induces the distribution E(B(x)). We
therefore call x* O A an equilibrium distribution if x* = E(B(x*)), and let A* O A
denote the set of equilibrium distributions.

The connection between Bayesian equilibria and equilibrium distributions is
established in the following result.

Theorem 4.1: (Characterization of equilibria)
The map E: 2* - A*is a homeomorphism whose inverse is B: A* - 5*.

Proof: First, we show that E maps 2* into A*. Let o 0 X* be a Bayesian
equilibrium: o=B(E(0)). Then E(o) = E(B(E(0))), so E(o) O A*.

Second, we show that E is onto. Fix a distribution x 0 A*, so that x = E(B(X)); we
need to show that there is a Bayesian strategy o J 2* such that E(g) = x. Let g = B(x).
Then since x = A*, E(0) = E(B(x)) = x. Furthermore, this equality implies that B(E(0))
= B(x) = g, s0 o J 2*. Thus, E is onto, and B(x) 0 E™(x).

Third, we show that E is one-to-one, which implies that B(x) = E™*(x). Fix two
Bayesian equilibria g, ¢' 0O 2*, and suppose that E(g) = E(o'). Then o = B(E(0)) =
B(E(g")) = o'.

Finally, the continuity of E and B follows from Lemma 2.1 and Assumption
(A2). m

The space 2 of Bayesian strategies is considerably more complicated than the
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space of distributions A. Nevertheless, Theorem 4.1 shows that if we are only
concerned with Bayesian equilibria o* 0O 2* it is sufficient to consider the
equilibrium distributions x* 0 A*. We can move between the two representations
of equilibria using the maps E and B, whose restrictions to the equilibrium sets are
inverses of one another.

If we are concerned with disequilibrium behavior, then the one-to-one link
between Bayesian strategies and distributions no longer exists: E maps many
Bayesian strategies to the same distribution over actions, and if the Bayesian strategy
o is not an equilibrium, B does not invert E: that is, B(E(0)) # o.

Fortunately, we are able to prove analogues of Theorem 4.1 for solutions to the
Bayesian best response dynamics (B). To do so, we introduce the aggregate best
response dynamics (AB), which are defined on the simplex. In the next section, we
show that the expectation operator E is a many-to-one map from solutions to (B) to
solutions to (AB). In Section 6, we establish a one-to-one correspondence between
stable rest points of (B) and stable rest points of (AB). Therefore, while the Bayesian
dynamics operate on the complicated space 2, the answers to many important
guestions about these dynamics can be obtained by applying standard tools to
dynamics on the simplex.

5. Aggregation of Solution Trajectories

Under the dynamics (B), the Bayesian strategy o, always moves towards its best
response B(E(q,)). Hence, the target point only depends on o, through its distribution
E(o,). This "bottleneck” provides the basis for our aggregation results.

We define the aggregate best response dynamics by

(AB) x, =EB(X))- X,

Under this law of motion, the distribution x, moves towards the distribution
induced by the best response to x,. Some basic properties of these dynamics are noted
in Theorem 5.1.

Theorem 5.1 (Basic properties of solutions to (AB)):
0] Solutions to (AB) from every initial condition x, O A exist and are unique.
(i) Solution trajectories remain in A at all times t [ [0, ).
(iti)  The set of rest points of (AB) is A*, the set of equilibrium distributions.
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The proof of parts (i) and (ii) can be found in the Appendix; part (iii) follows
immediately from part (i) and the definition of an equilibrium distribution.

Letf: 5~ 5 and g: 4 - R" be Lipschitz continuous functions, and consider the
following laws of motion on X and A.

(D) o =f(o);
(AD) x =g(x).

We say that the dynamics (D) aggregate to the dynamics (AD) if whenever {g} is an
L! solution to (D), {Ea;} is a solution to (AD).

Theorem 5.2: (Aggregation of solution trajectories)
The Bayesian best response dynamics (B) aggregate to the aggregate best response
dynamics (AB).

Theorem 5.2 tells us that the dynamics (AB) completely describe the evolution of
aggregate behavior under the dynamics (B). If {g} is a solution to (B), then the
distribution it induces at time t, Eg, is equal to x, where {x} is the solution to (AB)
starting from x, = Eg,. In other words, a sufficient statistic for aggregate behavior at
time t under (B) is aggregate behavior at time 0. Bayesian strategies which induce
the same aggregate behavior also induce the same aggregate behavior trajectories.

It is important to note that this mapping between solution trajectories is many-
to-one. For example, consider a solution {g} to (B) whose initial Bayesian strategy
aggregates to an equilibrium distribution: Eg, = x* [0 A*. Theorems 5.1 and 5.2 imply
that the distribution trajectory {Eg;} induced by {g} is degenerate: Eg, = x* for all t.
However, {g;} is itself degenerate only if g, is a Bayesian equilibrium; there are many
Bayesian strategies o 0 E™'(x*) which aggregate to x* but are not Bayesian equilibria,
and hence are not rest points of the dynamics (B). As we shall see in Section 6, the
fact that the mapping between solutions is many-to-one rather than one-to-one
makes relating stability under (B) and (AB) more difficult than it may first appear to
be.

Theorem 5.2 is an immediate consequence of Theorem 5.4, which characterizes
the dynamics on > which can be aggregated. The proof of Theorem 5.4 requires the
following lemma.
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Lemma 5.3: If{g} O 5 is an L! differentiable trajectory, then E(¢,) = SEg,.
Proof: Since E is continuous by Lemma 2.1,

. . - . - . E -E
o) € O e O iy S

Theorem 5.4: The dynamics (D) aggregate to the dynamics (AD) if and only if
(Eof)(o)=(goE)(o) for all o O 2.

Proof: Let {o} be an L' solution to (D). Applying Lemma 5.3, and taking
expectations of both sides of equation (D), we find that

4Eo, =Eo, = Ef(0).

Thus, if Eof = goE, it follows that g(Eg) = Ef(g,) = SEo,; hence, {Ecg} solves (AD),
and so f aggregates to g. Conversely, if f aggregates to g, then {Eg;} solves (AD), so
J(Eg) = S£Eo, = Ef(g,). As g, was chosen arbitrarily, it follows that Eof = goE. =

Theorem 5.4 implies that given any Lipschitz continuous function F: A - 3 the
dynamics

o =F(E(0) -0

aggregate to (AD) with g(x) = E(F(X)) —x. Thus, dynamics on 2 can be aggregated
whenever the current "target point" ¢ + ¢ O 5 is only a function of aggregate
behavior. Indeed, the stability results in the next section extend immediately to all
dynamics in this class.

6. Aggregation and Stability Analysis

We have established that the expectation operator E is both a one-to-one
mapping between Bayesian equilibria and equilibrium distributions and many-to-
one mapping from Bayesian trajectories which solve (B) to distribution trajectories
which solve (AB). In this section, we prove that under three standard notions of
stability, stability of Bayesian strategies under (B) is equivalent to stability of
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distributions under (AB). Therefore, to characterize the stability of Bayesian
strategies under the functional dynamics (B), it is enough to determine the stability
of the corresponding distributions in A O R", which can be accomplished using
standard techniques.

We begin by reviewing the three notions of dynamic stability we will consider.
Let Z be a subset of a Banach space (2,|| 0)), and let the function h: Z — Z define

dynamics on Z via the equation of motion
(M) z=h(2).

We suppose that Z is forward invariant under the dynamics (M), and let z* [0 Z be a
rest point of the dynamics: h(z*) = 0. We say that z* is Lyapunov stable under (M) if
for each set A [ Z containing z* which is open (relative to Z) there is an open set A'
0 A which contains z* such that any trajectory which begins in A" always stays in A:
if {z;} is a solution to (M) with z, 0 A', then {z,} O A. We call z* asymptotically stable
under (M) if it is Lyapunov stable and if there is an open set A containing z* such

that any trajectory starting in A converges to z*: if {z} is a solution to (M) with z, [
A, then limz, =z*. If we can choose A =Z, we call z* globally stable.1?

t oo

The following lemma underlies many of our stability results.

Lemma 6.1 Let o 5, let x =Eoc U A, and let y 00 A. Then there exists a p 00 %
satisfying Ep =y and | p-o| = |y -x|.

Lemma 6.1 says that if the Bayesian strategy o has a distribution x which is & away
from the distribution y, there is another Bayesian strategy p which is € away from
the o and which aggregates to the distribution y. A constructive proof of this lemma
can be found in the Appendix. The result is not obvious because in constructing p,
we must be certain that the distribution p(m) played by each preference mlies in the
simplex.

We first characterize Lyapunov stability under the Bayesian dynamics.

12 while all of our results are stated for single rest points, they can easily be extended to allow for
closed, connected sets of rest points.
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Theorem 6.2: (Lyapunov stability)
The distribution x* O A* is Lyapunov stable under (AB) if and only if the
Bayesian strategy o* = B(x*) 00 Z* is Lyapunov stable under (B).

To establish this connection, we need ways of moving between neighborhoods of
Bayesian equilibria o* and equilibrium distributions x*. Since the operators E: > —
Aand B: A - X are continuous and map equilibria to equilibria, they along with
Lemma 6.1 are the tools we need.

That the Lyapunov stability of o* implies the Lyapunov stability of x* follows
easily from these facts. The proof of the converse requires an additional lemma.

Lemma 6.3. Let A0 3 be an open convex set, and let {o,} U 5 be an L' differentiable
trajectory with g, 0 A and such that g, +o, O A for all t. Then {og} O A.

The point g, + g, is the location of the head of the "vector" o, if its tail is placed at o,
Thus, g, + 0, represents the point towards which the trajectory is moving at time t.
The lemma, which is proved in the Appendix, says that if the trajectory starts in the
open, convex set A and always moves towards points in A, it never leaves A.

Now, suppose that x* is Lyapunov stable. If V is a convex neighborhood of o*,
then B™(V) is a neighborhood of x*. Since x* is Lyapunov stable, trajectories which
start in some open set W 0O B™(V) stay in B™(V). Therefore, if the Bayesian
trajectory {o} starts at g, 0 E™(W) n V, then the distribution trajectory {Eg} stays in
B™(V), and hence the Bayesian trajectory {B(E(g,))} stays in V. Since the trajectory
{o} always heads towards the point B(E(g;,) UV, Lemma 6.3 implies that it never
leaves V.

Proof of Theorem 6.2: First, suppose that o* = B(x*) is Lyapunov stable under (B).
To show that x* is Lyapunov stable under (AB), we need to show that for each open
set O containing x* there is an open set O' O O containing x* such that solutions to
(AB) that start in O' never leave O. Since E: = - A is continuous, E™(O) is open;
since Eo* = x* by Theorem 4.1, o* O E™(O). Because o* is Lyapunov stable, there
exists an open ball C O E™(O) about o* of radius & such that solutions to (B) that start
in C stay in E™(O).

Let O' be an open ball about x* of radius less than & which is contained in the
open set B*(C) n O. Let{x.} be a solution to (AB) with x, 0 O'. By our choice of O’
|x0 - X* | <& Thus, by Lemma 6.1, there exists a Bayesian strategy o, such that Eg, =
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X, and | g, —o* || = |x, —x* | < & the inequality implies that o, 0 C. Hence, if {g} is the
solution to (B) starting from g, then {g} O E™(0). Therefore, Theorem 5.2 implies
that {x} = {Eq;} U O.

Now suppose that x* is Lyapunov stable under (AB). To show that o* = B(x*) is
Lyapunov stable under (B), it is enough to show that for each set U [0 2 containing
o* which is open relative to 2, there is an set U' O U containing ¢* which is open
relative to 2 such that solutions to (B) that start in U' never leave U.

Let V be an open ball in 5 about ¢* such that V n = 0 U. Since can view the
continuous function B: A - 2 as having range s 05 B™(V) O A is open relative to
A and contains x*. Because x* is Lyapunov stable, we can find an set W 0O B™(V)
which contains x* and which is open relative to A such that solutions to (AB) which
start in W never leave B™(V).

The set E™(W) is open relative to > and contains o*; therefore, U' = E*(W)n V
possesses both of these properties as well. Let {g} be a solution to (B) with g, O U".
Then Eg, O W. Therefore, since {Eg;} solves (AB) by Theorem 5.2, Eg, 0 B™(V) for all
t, and so B(E(g,)) O V for all t. But since o, =B(E(g) -0, g, + o, OV for all t. Thus,
Lemma 6.3 implies that {o} 00 V. Moreover, Theorem 3.1 (ii) implies that {g} O 5;
we therefore conclude that {o} 0V n Z0U. =

We continue by characterizing asymptotic stability.
Theorem 6.4. (Asymptotic stability)

The distribution x* [0 A* is asymptotically stable under (AB) if and only if the
Bayesian strategy o* = B(x*) O 2* is asymptotically stable under (B).
That the asymptotic stability of the Bayesian strategy o* implies the asymptotic
stability of its distribution x* follows easily from Lemma 6.1 and Theorem 5.2. The

proof of the converse also requires the following lemma.

Lemma 6.5: Let {o,} be the solution to (B) from some ¢, U X with Eg, = x* O A* and
let o* = B(x*) U 2*. Then !im o, = 0*. Indeed,

g=¢e'g,+(1-e")o*

If {0,} is a Bayesian trajectory whose initial distribution is an equilibrium, then while
o, may change over time, its distribution does not: Eg, = x* for all t. Consequently,
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under the best response dynamics (B), o, always heads directly towards the point
B(E(g,)) = o*. The proof of Lemma 6.5 can be found in the Appendix.

Now, suppose that x* is asymptotically stable under (AB). Then if g, is close
enough to o* Eg, will be close to x*, so if {g;} solves (B), Theorem 5.2 tells us that
{Eg} converges to x*. Lemma 6.1 then implies that if t is large, we can find a
Bayesian strategy ¢ which is close to g, and which aggregates to x*; by Lemma 6.5,
the solution to (B) from & converges to o*. That {0} must converge to o* then
follows from the continuity of solutions to (B) in their initial conditions.

Proof of Theorem 6.4: Since Lyapunov stability is covered by Theorem 6.2, we
need only consider convergence of nearby trajectories to o* and x*. For all >0 and
any o0 Zand x 0 4, define N(0) ={p 0 % |p-0o| < gand N(x) ={y D A: |y - x| < &} to
be the € neighborhoods of oand x, respectively.

Suppose that o* = B(x*) is asymptotically stable. Then there exists an € > 0 such
that solutions to (B) with g, 0 N_(o*) converge to o*. Now suppose that {x} is a
solution to (AB) with x, 0 N(x*). By Lemma 6.1, there exists a ¢, 0 N (o*) satisfying
Eg, = x,; therefore, the solution {7} converges to o*. Since x, = Ed, by Theorem 5.2,
and since E is continuous by Lemma 2.1,

limx, = lim Eo, = E(Lﬂiin&t) = Eo* = x*.
Hence, all solutions to (AB) starting in N (x*) converge to x*.

Now suppose that x* is asymptotically stable and let o* = B(x*). We can choose
an £ > 0 such that all solutions to (AB) starting in N(x*) converge to x*. Now
suppose that g, O N,(o*); we will show that {g}, the solution to (B) starting from g,
must converge to o*. First, observe that

[Eog, - x*| = [Eo, ~E(B(x")| = [E(0, - 0¥)| < Elo, —0*| = |0, -0 *| <&

so Eg, 0 N(x*). Theorem 5.2 implies that {Eg} is the solution to (AB) starting from
Eo,, hence, imEg, = x*.

t-
Fix n > 0. It is enough to show that there exists a T such that o, —o*| < n for all t
> T. Let K be the Lipschitz coefficient of f(g) = B(E(0)) — o, and let 6 = n"‘(%)m. Since
limEo, = x*, there is a 1, such that [Eg, —x*| < d whenever t>1,. Let T, = In2, and

to oo

choose T=1, + 1,.
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Fixt>T. Thensincet—1,>T-1,=T1,, Lemma 6.1 implies that there is a g, such

that E g, = x* and

|

t-1,

—50H = ‘EJH2 —x*‘ <0

Let {g,} be the solution to (B) with initial condition g,. Since no two points in 5 are

further than distance n apart, Lemma 6.5 implies that

g, —o”*” =g "
2

G, —0*| < ne™™

Moreover, it follows from Theorem 3.1 (iii) that

KT,

lo. -6, | < [0, ~ 4 e

Therefore,

lo, —o*|| < Hat -0, |+ |0

*|

_O-*
2

T
< Hat_rz —60He"’2 + ne"
< 9e"" + ne"

- n n —
=zt3=0nnm

We conclude this section by characterizing global stability.

result is analogous to that of Theorem 6.4.

Theorem 6.6: (Global stability)

The proof of this

The distribution x* OO A* is globally stable under (AB) if and only if the Bayesian

strategy o* = B(x*) O 2* is globally stable under (B).

7. Purification

In any mixed equilibrium of a normal form game, each player is indifferent
between his equilibrium strategy and all other strategies with the same support.
This raises the question of why we should expect players to randomize in precisely

the fashion which their equilibrium strategies dictate.

To address this issue, Harsanyi (1973) shows that almost every mixed
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equilibrium of almost every normal form game can be viewed as a pure equilibrium
of a Bayesian game created by slightly perturbing the payoffs of the normal form
game. In fact, Harsanyi (1973) shows that these purified equilibria exist regardless of
the distribution of payoff noises so long as the noises become small.

The Bayesian games which Harsanyi studies are formally equivalent to the
games with diverse preferences studied here. The main difference is one of
interpretation: while Harsanyi considers games played by a small group of players,
each of whom has many possible payoff realizations, we consider a population of
players in which the entire type distribution is realized at once. Just as in Harsanyi's
model, every Bayesian equilibrium in our model has almost every preference
playing a pure strategy. Thus, if all preferences in the population are close to a
particular payoff matrix 77, we can think of the Bayesian equilibria of the diverse
preferences game as purified equilibria of 7.

In a large population setting, it becomes natural to consider questions of stability:
if behavior fluctuates slightly from a purified equilibrium, will the population
return to the equilibrium? To see why this might or might not occur, consider
single populations which play the games in Figures 3 and 4. The unique symmetric
equilibrium of the Hawk-Dove game in Figure 3is (3, 7). Out of equilibrium, the
less common strategy always has higher payoffs. Therefore, if the equilibrium is
disturbed, we would expect the less common strategy to become more prevalent,
and the population to return to the equilibrium state. In contrast, the coordination
game in Figure 4 has both the (3, 3) equilibrium and two symmetric pure equilibria.
In this game, the more common strategy always has higher payoffs, so we would
expect a population which starts near but not at (3, ;) to move towards a pure
equilibrium. If diverse preferences are introduced, it seems natural to expect that in
the Hawk-Dove game, purified versions of the (3, 1) equilibrium will be stable,
while in the coordination game, purified versions of the (3, 3) equilibrium will be

unstable.
0,011 1,1 (0,0
1,1 (0,0 0,0 | 1,1
Figure 3 Figure 4
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In fact, one can approximate any equilibrium of a normal form game with a
stable purified equilibrium.

Theorem 7.1: (Stable purification)
Let x* be a symmetric equilibrium of the game 7. For all € > 0, there exists a
measure t on R™" such that

. o _ O
0] u[n.max‘nij—nij‘ssm—l
U i 1l
(i) There is a Bayesian equilibrium o* satisfying Eo* = x* which is locally
stable under (B).

The intuition behind this result is simple. Since x* is an equilibrium of 7, we can
find slight perturbations u of the Dirac measure 9J, with the property that each
strategy i is a strict best response for fraction x;* of the population when the strategy
distribution is near x*. This measure u clearly admits a Bayesian equilibrium o*
with distribution Eo* = x*. Moreover, if the Bayesian strategy o* is slightly
disturbed, the resulting strategy distribution will be very close to x*; hence, no
player's best response changes, and the profile returns to x*.
The proof of the theorem relies on our aggregation results from Section 6.

Proof: Our construction of u is based on the model of biases from Section 2.2.
For each strategy i, define the set F, 0 R" as follows:

F,={bOR" b O[3, eland b, 0 [-¢ -5] for all j # i}.

Each vector b O F, represents biases which favor strategy i by at least € (but no more
than 2¢). Let v be a measure on R" which admits a bounded density function and
which satisfies v(F,) = x;* for all strategies i. The measure pon R™" is then defined
by u(C) = v(b: @™ + bl" O C). Proposition 2.3 implies that the best response
correspondence B: A - 2 induced by u satisfies Assumptions (Al) and (A2).

Since x* is a Nash equilibrium of m, it follows that for all strategies i and j # i,

g -

IX* 2 e - TIX*.
Consequently,

g

mx*+Dbze - IxX*+b +e forallbOF,
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Thus, letting 6= (Zmaxkyl|ﬁkl|)_1, we see that

e - Mx+b >e - Tx+b forallbOF and all x satisfying |x —x* < . (1)

Let IEI ={m m= 1 + b1l for some b O F}. Then if m0O IEI and x is within o of x*,
equation (1) implies that e; - x >¢; - 7 for all j # i, and hence that B(x)(7) = e;.
Therefore, taking expectations, and observing that u(F) = v(F) = x*, we see that

E(B(x)) = x* for all x satisfying |x —x*| < d. )

Now consider the Bayesian strategy o* = B(x*). Evaluating equation (2) at x*, we
find that E(o*) = x*. Applying B to both sides of this equality yields B(E(o*)) = o*.
Thus, o* is a Bayesian equilibrium under .

To show that o* is locally stable under (B), it is enough (by Theorem 6.4) to check
the local stability of x* under (AB). To do so, we observe that the derivative of
E(B(x)) — x evaluated at x* is given by D[E(B(X)) = X]|yx- = DIE(B())]|y — | O R™".
However, equation (2) shows that E(B(x)) is constant in a neighborhood of x*, and so
D[E(B(x))]|xzx* is the null matrix. Since all eigenvalues of -1 equal -1, we conclude

that x* is stable under (AB), and thus that o* is stable under (B). =

To illustrate Theorem 7.1 and its proof, we describe how the mixed equilibrium
of the coordination game in Figure 4 can be purified in a stable fashion. Since this
game has only two actions, aggregate behavior is described by the scalar x,, which
represents the proportion of players choosing strategy 1.

Figure 5 sketches the best response correspondence for the coordination game, as
well as a phase diagram for the best response dynamics. When BR(X,) > x,, the best
response dynamics increase the proportion of players choosing x,, leading to the
pure Nash equilibrium x, = 1; when BR(x,) < x,, the proportion choosing x, declines,
moving towards the equilibrium x, = 0. Clearly, the mixed equilibrium x, = 3 is
unstable.

To purify this equilibrium, we suppose that half of the population is slightly
biased in favor of strategy 2, and that the other half is slightly biased in favor of
strategy 1. In particular, we let the distribution of the bias difference b, — b, be
uniformly distributed on the set [-2¢, —¢] O [g 2¢]. The resulting aggregate best
response function in pictured in Figure 6, along with the corresponding phase
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diagram for (AB). It is clear from the figure that x, = % is an equilibrium distribution
which is stable under (AB). Thus, Theorem 6.4 implies that the Bayesian
equilibrium B(x,) is stable under (B). At this equilibrium, no player is within & of
indifference, and for this reason the equilibrium is robust to any small change in
behavior.

B(x.) i E(B(xy) ' d
// //
7/ 7/
/ /
7/ 7/
/ /
7/
/ /|
7/ /
7/
7/ 7/
7/ 7/
7/ 7/
7/ 7/
7/ 7/
/ /
7/ 7/
/ /
X X
. 4—o > ° L 4——opedo—>» °
Figure 5 Figure 6

If we lower the magnitude ¢ of the largest payoff perturbation, the aggregate best
response function E(B(:)) approaches the original best response function B().
Consequently, the size of the payoff perturbations which are introduced determines
the size of the basin of attraction of the purified equilibrium. This observation
gualifies our stability result: if the payoff perturbations used to construct u are very
small, then correspondingly small behavior disturbances will upset the purified
equilibrium.

Harsanyi establishes the existence of purified equilibria under any distribution of
disturbances. In contrast, our stable purification result only holds for certain choices
of this distribution. However, the construction we have used so far, which ensures
that no player is too close to indifference at the purified equilibrium, is more
cautious than necessary. Examining Figure 6, we see that two properties are enough
to ensure the stable purification of a mixed equilibrium. First, the mass of players
biased towards each strategy must be close to the number playing that strategy in the
mixed equilibrium. This creates a purified equilibrium near the original mixed
equilibrium. Second, to guarantee stability, the density of preferences near this

—26—



purified equilibrium must not be too large. This ensures that there are not too
many players who are too close to indifference. It follows that the aggregate best
response function E(B(:)) is relatively flat at the equilibrium, and so that the
derivative matrix D[E(B(X)) — X]|,-,- is stable.

Theorem 7.1 might create the impression that introducing payoff perturbations
enables one to reverse the stability of any mixed equilibrium. In fact, while we can
always create stable equilibria from unstable ones, we cannot always do the opposite.
We illustrate this in Figures 7 and 8, which sketch the best response correspondence
and an aggregate best response function for the Hawk-Dove game from Figure 3.
The best response correspondence intersects the 45° line only at x, = 1, which is the
unique Nash equilibrium and the global attractor of the best response dynamics. If
we consider any distribution u consisting of preferences close to the payoff matrix of
the Hawk-Dove game, the resulting aggregate best response function is a decreasing
function close the original best response function. The purified equilibrium under
u must therefore be unique and globally stable.

B(x,) ’ E(B(x.) ‘

Figure 7 Figure 8
In fact, Hofbauer and Sandholm (2001) are able to extend this reasoning to n x n

games. By combining an analysis of the aggregate best response dynamics with our
Theorem 6.6, they establish the following result.
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Theorem 7.2 (Hofbauer and Sandholm (2001)):

Suppose that the game 7 admits an interior ESS, and let u be defined by u(C) =
v(b: 7T + b1" O C), where the bias distribution v is sufficiently smooth and has full
support on R". Then the Bayesian game defined by u has a unique Bayesian
equilibrium, which is globally stable under (B).

Theorem 7.2 shows that any perturbed version of a game with an interior ESS must
have a unique and globally stable Bayesian equilibrium. Perturbations are required
to take the form of biases towards each strategy, but no restriction on the size of
these perturbations is required. Of course, the purified equilibrium need only
closely approximate the original ESS if the perturbations are "small".

To summarize: while every mixed equilibrium admits a stable purification, there
are many mixed equilibria which do not admit an unstable purification.

8. Concluding Remarks
8.1 The Best Response Dynamics and Fictitious Play

Under common preferences, the close connections between the best response
dynamics and fictitious play are well known. In fictitious play, players always
choose a best response to their beliefs, which are given by the time average of past
play. In the continuous time formulation, if we let c, denote current behavior, then

t
a, = %J’OCS ds represents beliefs. The requirement that current behavior is a best

response to beliefs is stated as ¢, 0 BR"(a,). By differentiating the definition of a, and
substituting, we obtain the law of motion for beliefs under fictitious play:

(FP) & =ic, - t%J'OtcS ds
= 1(BR"(a) - a)

Since players always choose a best response to the time average of past play, this
time average always moves in the direction of the best response, moving more
slowly as time passes.

Notice that the expression i only affects the speed of the dynamics, not the
direction of motion. Therefore, after a reparameterization of time, the evolution of
beliefs under (FP) is identical to the evolution of behavior under the best response
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dyanmics (BR).
(BR) x = BR"(X)-X.

Ellison and Fudenberg (2000) study fictitious play under diverse preferences. As
in the standard case, players choose a best response to the time average a, = %I:cs ds of

past behavior. Since players are matched with opponents drawn from the
population as a whole, the object which is averaged to determine beliefs is c, =
E(B(a,), the distribution of behavior at time t. This yields the law of motion

(F) & =(E(B@)-a),
which is a reparameterization of our aggregate best response dynamics (AB):
(AB) x = E(B(x))-x.

In fictitious play with diverse preferences, the state variable is the average
distribution of past behavior, a, 0 A. If one keeps track of this, one can always
determine the best responses B(a,) [l 2 and the best response distribution E(B(a,)) U A.
The latter object determines the direction in which the time average evolves. Since
one can determine the direction of motion without ever explicitly considering a
Bayesian strategy, the dynamics can be defined directly on the simplex A.

In contrast, under the Bayesian best response dynamics

(B) 0 =B(E(9)) -0

the relevant state variable is current Bayesian strategy g, Thus, these dynamics are
defined on the L' space >, and so specify directly how behavior in every
subpopulation evolves. Our results establish that equilibrium and stability analyses
can be performed directly in terms of the aggregate dynamics (AB). Thus, these
results show that close connections between fictitious play and the best response
dynamics persist when preferences are diverse.13

13 While the dynamics (F) and (AB) are essentially the same, the evolution of Bayesian strategies
under population fictitious play and under the Bayesian best response dynamics are quite different.
Suppose that (F) and (AB) are currently at the state a, = X, Under population fictitious play, the
current Bayesian strategy must be B(a,), the best response to beliefs a,; in particular, it is always pure.
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8.2 Preference Evolution

The techniques developed in this paper provide foundations for models of
preference evolution. Diversity in preferences typically results in diversity in
behavior, even after equilibrium is reached. If we take a long term view, this
variation in behavior can be a source of differences in reproductive success among
the preferences themselves. Preferences which induce "evolutionarily fit" behavior
prosper, to the detriment of the others.

A full account of the process of preference evolution requires dynamics which
run at two speeds at once: as players quickly adjust their behavior to accord with
their preferences, the preference distribution gradually evolves in response to
differences in fitness. Sandholm (1998) studies such two-speed dynamics, but the
analysis there is restricted to two strategy games, with diversity in preferences
limited to biases in favor one of the two strategies. To understand preference
evolution in more general settings, one first needs a general model of behavior
adjustment under fixed preferences. The present paper provides this model.
Incorporating the techniques developed here into a general theory of preference
evolution is a topic for future research.

Appendix
A.1 Basic Properties of Dynamical Systems on Aand 2

The aggregate best response dynamics (AB) are defined on the closed set of
strategy distributions A. However, the basic results concerning the existence and
uniqueness of solutions to differential equations concern equations defined on open
sets. In this appendix, we show how these standard results can be used to study the
aggregate best response dynamics, in particular establishing the existence,
uniqueness, and forward invariance of solutions in the set A. We then go on to
prove analogous results for L' dynamics on the set 5, thereby establishing the basic
properties of the Bayesian best response dynamics (B).

Letg: A -~ R" be a vector field on the simplex which satisfies

Under the best response dynamics, we only know that the Bayesian strategy ¢; is an element of E7'(a,).
These two strategies only coincide if a, is an equilibrium distribution and g, = B(a,) is the corresponding
Bayesian equilibrium.
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(LC) g is Lipschitz continuous on A.
(FI1) Zigi(x) =0 for all x O A.

(F12) For all x O 4, g,(x) = 0 whenever x; = 0.

Condition (LC) is the usual Lipschitz continuity condition used to prove the
existence of unique solution trajectories to the differential equation x = g(x).
Condition (FI 1) says that zixi = 0, implying that the affine space A ={x 0 R": Zixi
= 1} is invariant under the differential equation. Condition (FI 2) says that
whenever the component x; equals zero, its rate of change is non-negative.

Theorem A.1 explains the precise sense in which these conditions imply the
forward invariance of the simplex under x = g(x). This result implies parts (i) and
(if) of Theorem 5.1.

Theorem A.l: Letg: A - R" satisfy (LC), (FI 1), and (FI 2). Then under any Lipschitz
continuous extension g of g from A to A, the solution to x = g(x) from each x, 0 A

exists, is unique, and remains in A at all times t O [0, ).

The proof relies on the following lemma. Let |x|E = \,zle denote the Euclidean

norm on R".

Lemma A.2: Let C be a compact, convex subset of R", and define the closest point
functionc: R" - Cby

c(x) = argmin |x — z|.
z[C

Then for some k > 0, |¢(x) —c(y)|. < [x-y|. and [c(x) - c(y)| < k|x-y| for all x,y O R".

Proof: Fix x,y OO R". If ¢(x) = c(y) there is nothing to prove, so we assume that c(x)
#c(y). If we let p =c(y) — c(x), it follows immediately that p - c(y) > p - c(x). Letl={z O
R p-c(y)>p-z>p - c(x)}. We first show that x [0 I. First, observe that since C is
convex, ¢(X) + Ap = Ac(y) + (1 - A)c(x) O C for all A O [0, 1]. Therefore, if w O I, it
follows that w = ¢(x) + Ap + v for some A O (0, 1) and some v O R" orthogonal to p.
By the Pythagorean theorem,

[w=c(l = [Ap+vi > [v], = |w-(e0)+Ap)];
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Therefore, w is closer to ¢(x) + Ap O C than to c(x), which implies that x # w.
Similarly, y O I; analogous arguments establish that p-x<p - ¢(x) and thatp -y > p -
c(y). We can therefore find a y>=1and av [0 R" orthogonal to p such that y = x + yp
+v. Thus, the Pythagorean theorem implies that

|X_y|E - |yp+V|E 2 |p|E = |C(X)_C(y)|E'

The inequality for the summation norm follows from the equivalence of norms on
R". m

Proof of Theorem A.1: Define §: A - R" by §(x) = g(c(x)). If K is the Lipschitz
constant for g, then Lemma A.2 implies that for all x and y in A,

1600 = G(y)| = |a(c(x) - g(c(y))]
K|c(x) = c(y)|
Kk|x-y].

IN N

Hence, g is Lipschitz. Moreover, one can check that if x [ A and X; <0, thenc,(x) = 0.
Thus, condition (FI 2) implies that g§,(x) = 0 whenever x, < 0.

Standard results (e.g., Hirsch and Smale (1974, Sections 8.3 and 8.4)) imply that
there is a unique solution to x = g(x) from each initial condition in A. Suppose
that {x.} is the solution to this equation starting from x, 00 A, and suppose that [x ], <
0. Then since {[x,];} is continuous in t, we can find a time s U [0, u) such that [x], =0
and [x], <0 forall t O (s, u). Consequently,

Dol =[x+ [Tkl dt = [[Gi(x)dt 20,

which is a contradiction. Therefore, A is forward invariant under §.

Now consider any Lipschitz continuous extension g of g to A, and fix an initial
condition x, 0 A. Since the solution {x}., to x = §(x) starting from x, does not leave
A, and since § and g are identical on A, this solution is also a solution to x = g ().
But since § is Lipschitz, this must be the only solution to x = g(x) from x,. We
therefore conclude that A is forward invariant under g§. Since A is closed, forward
invariance implies that the solution is well defined at all times t [J [0, «) (see, e.g.,
Hale (1969, p. 17-18). =
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We now prove an analogue of Theorem A.1 for dynamics on 2. Letf. > - by
satisfy

(LC) fis L' Lipschitz continuous on 2.
(FI 19 zi f(o)(m) =0forall o0 Xand 0 1.

(F1'29 For all o 2 and rr0 17, f,(0)(m) = 0 whenever o,(m) = 0.
(UB) Forall o0 Zand O 1, || f(o)(m) | < M

The first three conditions are analogues of the conditions considered previously.
Condition (FI 1') ensures that solutions stay in the affine space £ ={c0 %: o(f) O A
for all m O rT}; condition (FI 2') ensures that whenever no one in subpopulation
rruses strategy i, the growth rate of strategy i in this subpopulation is non-negative.
Finally, condition (UB) places a uniform bound on f(o)(m), which is needed because
f(o) is infinite dimensional.

Existence, uniqueness, and the forward invariance of 5 for L' solutions to ¢ =
f(o) are established in Theorem A.3. This result implies parts (i) and (ii) of Theorem
3.1

Theorem A.3: Let f: X - R" satisfy (LC'), (FI 1Y), (FI 2'), and (UB). Then under any
Lipschitz continuous extension f of f from X to 5, the solution to 0 = f(o) from
each g, O X exists, is unique, and remains in 2 at all times t O [0, ).

In addition to these properties, we would also like to establish that some L'
solution {g;} has continuous sample paths: i.e., that {g(m)} is continuous for each
preference 0 [1. Put differently, we would like to know that the behavior of the
subpopulation with preference rchanges continuously over time. While not every
L' solution will have this property, we can prove that there is always one which
does. Call {7,} a modification of {g;} if u(rt s(m) = §,(m) = 1 for all t.

Theorem A.4: Let {g} be an L' solution to ¢ = f(o), where f: 5 & 5 is Lipschitz
continuous and pointwise bounded. Then there exists a modification {g,} of {o}

with continuous sample paths: i.e., such that u(mr &,(m) is continuous in t) = 1.

While of interest in its own right (in particular, because it implies Theorem 4.1 (iv)),
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Theorem A.4 is also useful for proving Theorem A.3.

The difficulty in extending the proof of Theorem A.1 to the current setting is that
if a trajectory {o;} starts in = but eventually leaves, the behavior trajectories {o,(m)} for
different preferences mmay leave A at different times. In fact, if we only know that
{g} is an L' solution, we do not know enough about the sample paths {o(m)} to
specify the time at which the path leaves 4, or even to say whether the path "leaves”
A at all. The first difficulty is handled by introducing a random time, and the second
by appealing to Theorem A.4.

The proof of Theorem A.3 requires us to introduce the notion of L' integrals of
trajectories through 5 for a complete treatment, see Lang (1983). If {g} is an L'

continuous trajectory through S integrals over this trajectory, denoted J':at dt,
are the L' limits of Riemann sums of step functions {o;'} which approximate the
trajectory {o;} arbitrarily well in the L' norm. If {g} is an L solution to g = 1:(0), we
have by definition that o, = g, + J’:f(at)dt. Moreover, if 7: 1 - [0, u] is a random
time and f is pointwise bounded, then a Riemann sum approximation can be used
to show that g, = 0. + J’O” £(0,) 1, dt.

Proof of Theorem A.3:
Define f: £ - 5 by f(0) = f(c(0)), where c(0)(n) = c(o(m). Thenforall g, p0 %,

i@~ = Itecton - teeto)]
Kle(@) - c(o)]

K [E|c(o (1)) - c(p(m))
K (EK| (1) - p(m)|
Kk|o-p],

IAN 1IN

where K and k are the Lipschitz constants for f and c, respectively. Hence, fis Lt
Lipschitz on 5. Therefore, standard results imply that there exist unique solutions
to ¢ = f (o) from each initial condition o, 0 5.

Let g, 0 5, let {0} be the L solution to ¢ = f(a) from g, and suppose that g, [ 5
for some u. Then for some strategy i the set A, = {m O IT. [g,(m], < 0} has positive
measure under u. By Theorem A.4, we can suppose that {g;} has continuous sample
paths. Hence, the random time 1(r) = max{t < u: [g ()], = 0} is well defined and is
strictly less than u when O A,.
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Observe that if 00 X has o,(m <0, then ¢,(o)(rm) = 0, and hence fi(a)(n) = f,(c(9))(m)
> 0 by condition (FI 2'). We therefore have the following L' integral inequality:

[0, =[0) + [, §(0) L dt 2[0]

Observe that [o(m], =0 when O A,. Hence, for almost every m A, [g,(m)], = 0,
contradicting the definition of A,. Therefore, the trajectory {g} cannot leave 2,
which is thus forward invariant under o = f(a).

Forward invariance of X under any Lipschitz continuous extension of f to S is
proved in the same fashion as the analogous part of Theorem A.1l. =

We now turn to the proof of Theorem A.4. To do so, we need to introduce the L°
norm on X

e i \*ﬁﬁFO-iz '

1=1

|o

If {g;} is L* continuous, then the L’ integral, denoted f:at dt , is defined by taking

approximating Riemann sums. The following standard inequality holds for the L?
integral:

b
f oudt| < [loi.dt.

If {p} is pointwise bounded (i.e., if |(pt(n))i| < M for all i, t, and mn), then since uis a
probability measure, Lllitmpt = Lzlitmpt if either limit exists. If {g} is an L'
continuous trajectory which is pointwise bounded, then the Riemann sums which

approximate these trajectories over any compact interval [a, b] are pointwise
bounded; therefore, the L' and L? integrals of the trajectory over this interval are

b ~
equal: Iaat dt = jajat dt . Finally, a trajectory {g} O X is L* Lipschitz continuous if

there exists a constant K such that

|o,-o,

. <K|t=s|

The proof of Theorem A.4 relies on the Kolmogorov continuity theorem
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(Karatzas and Shreve (1991, Theorem 2.2.8 and Corollary 2.2.11)). Lemma A.5 is an
implication of this result.

Lemma A.5: Suppose that {g} is L® Lipschitz continuous. Then there exists a
modification {J,} of {o,} such that u(7t &,(m) is continuous in t) = 1.

Proof of Theorem A.4:
The trajectory {o;} satisfies the L* integral equation

0,= 0, + [ f(o,)ds,

Since the function f is L! continuous and pointwise bounded by some constant M,
the trajectory {f(at)} is as well. Hence,

t~
lo.-o. = “J’S f(o,)du

= ‘hst f(o,)du

s
.= [Jf)] .dus mlt-s].

L2
That is, {g} is L? Lipschitz. The result therefore follows from Lemma A5. =

A.2 Other Proofs

Proof of Proposition 2.2:

Condition (Al), which requires that B is single valued, obviously holds, so we
focus on the Lipschitz continuity condition (A2). In this proof, we use the Euclidean
norm |x|E = Jzixf for points in R". Since this norm is equivalent to the
summation norm, our proof implies the result for the latter norm as well. It is
enough to show that the Lipschitz inequality |B(x)-B(y)| < C |[x-y|. holds when
|x —y|_ is sufficiently small.

Fixx,y 0 Aandi#j. The set of preferences which choose i over j at x and j over i
aty is

r;, ={n (), > (mx), and (ny); < (1y);}
={m (t-m) - -x>0>(m-m) -y}

We can associate with each preference rra difference vector d;, = 7 - 1 O R". Let
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f: R™ - R denote the density function of the measure g, and let g;: R" - R be the
density of the measure on the difference d; which is induced by u. If [-c, c]™
contains the support of f, and M is an upper bound on f, then by integrating out
irrelevant components and changing variables, one can show that

g;(d) < (2c)" "M forall d O R".

Moreover, the support of g; is contained in the cube [-2c, 2c]", and hence in the ball S
O R" centered at the origin with radius r = 2cn.
Let

D;={d0S: d-x>0>d "y},
and let A represent Lebesgue measure on R". Suppose we can show that
ADy) <K |x-y|. 3)

for some K independent of x, y, i, and j. Then since a change in best response
requires a reversal of preferences for at least one strategy pair, it follows that

[BOO-By)| =2u(m BEX)(7) #By)(7) ()
<2 Z p(rty)

i,]#i

<2 Z(Zc)”z"” M A(D;)

i,JZi

< 2(n?-n)(2c)" "MK Ix-yl.

To bound A(D;), we first change coordinates in R" via an orthogonal
transformation T 0 R™" so that x’ = Tx and y' = Ty satisfy x' =(x;,0,0,...,0) and Yy’
=(y;, ¥5,0, ..., 0),with x{, y;, y, 2 0. The orthogonal operator T is the composition
of a sequence of rotations and reflections, and so preserves Euclidean distance, inner
products, and Lebesgue measure (see Friedberg, Insel, and Spence (1989, Sections 6.5
and 6.10)). Hence, D; ={d 0 S: Td-Tx>0>Td - Ty}, and so

D, ={d"0S:d - x>0>d""y'}
={d0S:d - -Tx>0>d" Ty}
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={d' 0S: d' = Td for some d 0 D;}

Therefore, A(D;) = A(Dj).
Whether a vector is an element of D only depends on its first two coordinates.

For d' OS, let a(d") O[O0, 2m) be the amount by which the vector (1, 0) O R* must be
rotated counterclockwise before it points in the same direction as (d;,d;). Since all d’
0 Dj form acute angles with x’ and obtuse angles with y’, we see that

j ={d' 0S8 a(d) 00, 3)0(F, 2mand a(d’) O (a(y') + 7, a(y') + )}
={d" 0S: a(d) O (F, a(y') + $)}

Hence, since A(S) < (2r)",

ADp) = T xs) < aty') (2 ©)

Therefore, to prove inequality (3) it is enough to show that
a(y') sk|x-y|_ =k|x -y'|. (6)

(To see why the equality in expression (5) holds, let (X, X,, ..., X)) represent a
random vector drawn from a uniform distribution on the ball S. Then the random
angle @ formed by the first two components (defined by (cos®, sin@) = (XI/\J’Xl2 + X2,
le,\,s‘“xf +X2)) is independent of the remaining components.)

To establish inequality (6), we fixc> &= 0 and let Z, = {z O R*: |(c,0)-(z,,2,). = &
z, > 0} be the set of vectors in R? with a positive second component which are &
away from the vector (c, 0). The largest possible angle between the vector (1, 0) and a
vector in Z, is

(1,0)[z,,2,) O
(L,0), (2. 2,).H

6(¢) = max a(z) = cos‘ﬁnin cos(a(z))E= cos‘1D in
T, 202, U H’z‘nuz,£

If we let d = c - z,, then the minimization problem becomes
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5 2 _ 52 -
min(l’o)mc ma):min 7 -0 :
R O R I L

E

Taking the derivative of this expression with respect to é and setting it equal to zero
yields 5= £-; hence,

8(¢) = cos™ e -0
B c H

It follows that 6(0) = 0 and that 8'(¢) = 1/ c? —? whenever < c. Therefore, if ¢ =
1/+/n and e<1/+/2n, then 6'(¢) < \2n, and so

0(e) < V/2n &

Now suppose that [x -y|_<1/~/2n. Thensince x; = [x'|_ = |x|. = 1/+/n, setting ¢
=x and e= |x-y| = |x' -y'| yields

a(y' )< 6(x-y|) < van|x-y[,

establishing inequality (6) for all cases in which |x—y|E is sufficiently small. Thus,
inequality (5) implies that

A(Dy) = A(D)) < (2r)"v2n [x-y|,,
and so inequalities (3) and (4) let us conclude that
[B(x)=B(y)| < 2(n*-n)(20)" "M - (2r)"~2n|x-y]| . =
Proof of Proposition 2.3:
Again, condition (Al) clearly holds, so we need only consider the Lipschitz

continuity condition (A2). Fix x,y 0 A and i #j. Let [T, O [1 represent the set of
preferences which prefer strategy i to strategy j at distribution x but prefer jtoi aty:

1y ={m (mx), > (7x); and (), < (1)}
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Then by definition, u(7;) = v(D;), where D; O R" is given by

D; ={b: (Ax+Db), > (Ax +b), and (Ay + b), < (Ay + b);}
={b: (A;-A) x>Db-b>(A-A): vy}

Here, A; and A, are rows of A. Now suppose we can show that v(D;) < K|x—y| for
some K which is independent of x, y, i, and j. Then

|IB(x) =B(y)| =2 u(rt B(x)(m) # B(y)(m)
<2 _Z_/J(nij)

< 2(n*-n)K|x-y|.

Each bias b 0 R" is associated with a single value of b, — b; 0 R. Let f: R" -~ R
denote the density of the measure v, and let g;; R - R denote the density of the
measure for the difference b, — b, which is induced by v. If [, c]" contains the
support of f, and M is an upper bound on f, then by integrating out irrelevant
components and changing variables, one can show that

g;(d) < (2c)"*M  foralld OR.

On the other hand, if f(b) = Hifi(bi), then since f is bounded, there is also a constant

M which bounds all of the functions f. Therefore, a convolution yields
g;(d) < Im f(d-2)f(-z)dz =Ef(d +b) < M  foralld OR.

In either case, g; <J for some constant J.
The interval of values of b, —b; which lie in the set D; has length

(A= A)X= (A= A)Y = (A - A)(x=Y) 3 20, -y, | =2A x|

where A = max; ‘Aij ‘ Therefore,
v(D,) < JRA|x-Y],

and we conclude that
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IB(x)-B(y)| < 2(n"* -n) D R2A|x-y|. =
The proof of Lemma 6.1 relies on the following observation.

Lemma A.6: Leta,b 0 R". If aand b lie in the same orthant (i.e., ifa, 20 < b, 2 0),
then |a+b|=|a|+ |b].

Proof of Lemma 6.1:
Letx=Eg, letd =y -x,and let C = {k: d, < 0}. Forall k OC, define 5 0 R" by

=, ifj =k,

5 = ifj 0C - {K},
E—Bz";di d, ifjoc.

Notice that zjéjk = 0 for each k and that zkmék: d. Moreover, since each &% lies in
the same orthant of R", Lemma A.6 implies that ‘kaak‘ = zkm‘dk‘.

For each k 0 C, let n* =x + &. We want to show that n* 0 A. To begin, observe
that Zjnjk = ijj + Zjéj" = 1. To check that n = 0 for all j, first note that if j =k,
then nf =x,+d =y, =0. Ifj0C —{k}, then r)}‘ =x;20. Finally, if j O C, then since d,
is negative, n =x - Szd—’d%dk > X 2 0.

For each k O C, definer,: [1 - R, by

r.(m = max {r: o(m) + ro“0 A},
and define z*: 1 - Aby
2“(m) = o(m) + r,(m &".

Fix 0 /7, we want to show that z;(7) = 0. Suppose to the contrary that z;(m) > 0.
Then since z*(m) O A4, Zj¢kzjk(n) <1, and so z“(m) Oint(4); hence, z"(nm) + 6% = o(n) +
(r(m + )8 O A for all small enough £ > 0, contradicting the definition of r,(7).

Next, we show that Er, 2 1. To see this, suppose to the contrary that Er, <1. Then
ne =x +d, <x, +Erd; = Ez{ =0, contradicting that n“ 0 A. Therefore, if we let t_=
1/Er, then t, O (0, 1].
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Now define p: 2 - A by

A =o(m+ 3t r(mo".

To see that p(r) O A for all 70 717, observe that

0
p.(m =Y o(n)+ tr(mo =1+ St r(n)& o=1
Z j Z j Zk;c k 'k j k;c k 'k : JE
and that p,(m) < ¢,(m) only if j O C, in which case
p(m) = a(m) +tr(m) & = g(m +r(m) J = z}(m) =0
since &) <0. Moreover,
0
Ep=Eo+ E%Zt ro‘g=x+ St oEr, =x+ $ 8 =x+d=y.
A k Tk E kZC K k k;c

Finally, applying Lemma A.6 twice, we find that

k;tk r.o| = E‘gctk r o = E%%‘tk r, 5“@
= k;‘dk‘E(tk ) = k;‘é"‘ = ‘%Jk

lo-d = \

=|d[=]y-x]. =

Proof of Lemma 6.3:

Let g, O A, and suppose that {g} leaves A in finite time. Since {g} U S s
continuous and since A is open, T = min{t: o, O A} exists, and p = o, lies on the
boundary of A. To reach a contradiction, it is enough to show that {g} cannot reach
p in finite time.

The separation theorem for convex sets (Zeidler (1985, Proposition 39.4)) implies
that there is a continuous linear functional F: 5 — R such that F(o) < F(p) = r for all
o 0 A. Therefore, to prove the lemma it is enough to show that if g, O A and F(o, +
o,) < r for all t, then F(g) < r for all t. Since F is continuous and linear, 4+F(0,) =
F(o,) < r - F(g) (for details, see the proof of Lemma 5.3). Thus, F(g,) will increase
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most quickly if we maximize &F(o,) by letting $F(o,) =r-F(g) atall times t (which
we can accomplish by setting g, = p- ). In this case, F(g) = e'F(g,) + (1 — e)r,
which is less than r for all finite t. =

Proof of Lemma 6.5

Let {g;} be the solution to (B) from some ¢, U X with Eg, = x* O A*, and let o* =
B(x*). Since Theorem 5.2 implies that {Eg;} solves (AB), it follows from Proposition
5.1 that Eg, = x* for all t. Hence, B(E(g;)) = B(x*) = o* for all t.

Since the solution to (B) from g, is unique, it is enough to verify that g, = e™'g, +
(1 - e")o* satisfies equation (B). And indeed,

i Pee ~ O
I = LstlgnD e O
= [ign(%(e"‘+£) -e)(0, —0%)
Eb—(t+s) _ e—t D

= (0= limp—
= (00 - O*) %e_t

=(o*-0,) e

= og* - o,

= B(E(0)) - 0,.
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