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Abstract

Continuous action space games are ubiquitous in economics. However, whilst learning dynamics in nor-
mal form games with finite action sets are now well studied, it is not until recently that their continuous
action space counterparts have been examined. We extend stochastic fictitious play to the continuous action
space framework. In normal form games with finite action sets the limiting behaviour of a discrete time
learning process is often studied using its continuous time counterpart via stochastic approximation. In this
paper we study stochastic fictitious play in games with continuous action spaces using the same method.
This requires the asymptotic pseudo-trajectory approach to stochastic approximation to be extended to Ba-
nach spaces. In particular the limiting behaviour of stochastic fictitious play is studied using the associated
smooth best response dynamics on the space of finite signed measures. Using this approach, stochastic fic-
titious play is shown to converge to an equilibrium point in two-player zero-sum games and a stochastic
fictitious play-like process is shown to converge to an equilibrium in negative definite single population
games.
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1. Introduction

Continuous action space games are ubiquitous in economics. However whilst learning dy-
namics in normal form games with finite action sets are now well studied (e.g. [18]) it is not
until recently that their continuous action space counterparts have been examined. Oechssler
and Riedel [39] and Lahkar and Riedel [31] provide existence and uniqueness results for two of
the most commonly studied evolutionary dynamics: the replicator dynamics and logit best re-
sponse dynamics, in the single population scenario. Further results along similar lines are given
by Oechssler and Riedel [40], Seymour [41], Cressman [12], Cressman et al. [13] and Hofbauer
etal. [23].

Although these dynamics have been studied in continuous time for games with continuous
action spaces there are few existing convergence results for discrete time learning. Hofbauer and
Sorin [22] study a fictitious play-like process in which each player best responds to the average
action played by their opponent(s) rather than their opponent(s) empirical distribution(s). They
show that this fictitious play-like process converges to a global attractor of the associated best re-
sponse dynamic in two-player zero-sum continuous action games. Alternatively, Chen and White
[11] investigate a stochastic fictitious play-like model which would be difficult to implement (see
Section 3.2 for a discussion) which assumes each player uses a probability density function to
represent their beliefs. This rules out placing positive mass on a particular observed action, which
would correspond to a Dirac measure, and therefore does not have an associated density.

We study a stochastic fictitious play process in continuous action space games, in which be-
liefs are the empirically observed action distribution. This requires development of new stochas-
tic approximation tools to contend with the resulting measure-valued process.

Dynamical systems results of Lahkar and Riedel [31], combined with our stochastic approx-
imation theory, allow us to analyse a variant of stochastic fictitious play in single-population
games. We prove convergence of the stochastic fictitious play-like process in negative definite
single population games with a continuous action set and bounded, Lipschitz continuous rewards.

Furthermore we extend the results of Lahkar and Riedel [31] to the N-player case. This al-
lows us to analyse stochastic fictitious play in N -player continuous action space games. We prove
the global convergence of the logit best response dynamics for two-player zero-sum games with
continuous action spaces and bounded, Lipschitz continuous rewards. Convergence of stochastic
fictitious play follows by applying our stochastic approximation results. This extends the previ-
ous results of Fudenberg and Kreps [17], Benaim and Hirsch [2], Hofbauer and Sandholm [21]
and Hofbauer and Hopkins [20] for stochastic fictitious play in normal form games with finite
action sets.

This paper is organised in the following manner. Section 2 introduces the formal model which
we consider. Section 3 contains essential background material from Benaim [ 1] and an extension
to this asymptotic pseudo-trajectory approach to stochastic approximation on a Banach space. In
Section 4 we analyse the stochastic fictitious play process. We develop the logit best response
dynamic for N -player, continuous action space games, and show convergence to the set of logit
equilibria in two-player zero-sum games with continuous action sets and bounded, Lipschitz
continuous rewards. Using the stochastic approximation framework of Section 3 we show that
stochastic fictitious play converges to an equilibrium for two-player zero-sum games with con-
tinuous action sets and bounded, Lipschitz continuous rewards. In Section 5 the work of Lahkar
and Riedel [31] covering the logit best response dynamic for single population, continuous action
games is reviewed and a learning variant of this, similar to stochastic fictitious play, is studied.
As in the N-player case, this stochastic fictitious play variant is shown to converge in single
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population games which are negative definite. In Section 6 some examples of this convergence
are presented to demonstrate that stochastic fictitious play can be implemented in the continuous
action case. Throughout this work many of the proofs are relegated to Appendices A, B, C and D.

2. Stochastic fictitious play with continuous action spaces

Consider an N-player continuous action space game. We use i = 1,..., N to denote the
players. In a standard abuse of notation we use —i to denote all the players other than i. Let
A" C R be a compact, convex action set and let 3 denote the Borel o-algebra on A’. Let
A=Al x ... x AV,

In discrete-action games a mixed strategy is described by a probability mass function on the
action set. In continuous action space games this approach must be extended. Let B’ denote the
Borel o-algebra on A’ and let P(A’, B') denote the set of all probability measures on (A’, B').
In a continuous action space game a mixed strategy is a probability measure in P(A’, B'). For a
mixed strategy 7' € P(A!, B') of Player i, 7/ (B') denotes the probability of Player i selecting
an action in the set B! € B'.

As with finite action set games, if the population interpretation is being used then P! e
P(A!, B) is a particular population and selecting an action x’ € A’ using P’ is interpreted as
selecting a member in the population who plays pure strategy x’. Alternatively, the strategy in-
terpretation can be used meaning that 7' € P(A’, B) is the strategy of a particular player and
an action x’ € A’ is randomly selected using /. The focus of this paper is on classical stochas-
tic fictitious play using the strategy interpretation in N-player games; however, in Section 5 a
variant of stochastic fictitious play is presented which is designed for learning under the single
population framework, where A is the continuous action set and P(A, I3) represents the set of all
possible populations.

Each player, i, has a reward function ri() 1 A —> R. We assume throughout that r"(l) is
bounded and Lipschitz continuous. In a standard abuse of notation, if we have strategies 7' €
P(A!, B) then the expected reward to Player i is

ri(nl,...,nN):ri(l):/.../ri(i)nl(dxl)...nN(de). 2.1)
1 AN

Then, for x* € A7, let ri (x?, 7'[”') =i ((Sxi,ﬂii).

Definition 2.1. A continuous action space game is a two-player zero-sum game if N = 2 and for
everyx € A

rl@) = —r? ().

Our main object of study is stochastic fictitious play, in which players repeatedly play the
game and respond to the history of play. The belief about Player i at iteration n, denoted by o/,
is the empirical distribution of actions played previously; this belief is independent of the beliefs
about the other players. On each play of the repeated game a mixed strategy is then chosen which
maximises a perturbation of the expected reward when playing against this empirical distribution.
Fudenberg and Levine [18] formulate this microfoundation of the logit best response in discrete
action games, and Lahkar and Riedel [31] extend the definition to continuous action games.
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Definition 2.2. The logit best response of Player i to beliefs o=, with parameter > 0, is given

by
L;(O’_i) = argmax. {ri (]Ti, a_i) + (ni)}, (2.2)
nieP(AL,BY)
where vi (') is the entropy of w'. If &' does not admit a density then v (') = —oo, whereas if

7! has density pi then vi (z') := —fA[ pi (x)log(pi (x))dx.
Following the logic of Lahkar and Riedel [31], the logit best response is given by
L%(a")(B’) :
For convenience, for o € A we take L,(0) := (L%(o_l),...,LnN(o_N)). Again following

Lahkar and Riedel [31], the logit best response for Player i as defined in (2.3) has an associ-
ated density function

_Jgrexpln Tl (o7} o
~ fuexplnTlr (L o}yl

(2.3)

~1dyi i
Le™)(x'):= exp{nilr.(x',ai.)} . (2.4)
Laiexp{n=lri(yl, o)} dy
Stochastic fictitious play in an N-player game can therefore be formulated as follows. For
each player i, the beliefs follow the recursion
Gzi+1 =0, +

— 6., — ol 2.5)

where xfl 41 1s the action selected by Player i on iteration n + 1, §, is a Dirac measure at x € R
and ¢ > 0 is a constant. The action xfl 41 is sampled according to the logit best response Li](on’ h.
Leto, := (0,3, ey a,fv ) € A, and take o, to be any joint probability measure in A. Stochastic

fictitious play is therefore defined as

O n+1 =0,+ [(8,\771'“""78)(:/“)_2,1]9 (2.6)

n—+c
where each x/,, | is sampled from the distribution with density I (o,,").
Note that (2.6) can be written as

01 =9, +ant1[(Ly(a,) —a,) + Uny1], 2.7
where o;,—1 = (n + 1)_1, Upr1 = (Uan, e UrffH) and
U1 =0, —Ly(o). 2.8)

This formulation lends itself to the study of stochastic fictitious play using the tools of stochastic
approximation.

3. Stochastic approximation on a Banach space

In normal form games with finite action sets, stochastic approximation is used to study the
limiting behaviour of stochastic fictitious play. The discrete time learning process is studied via
the continuous time smooth best response dynamics on the probability simplex, which is em-
bedded in standard Euclidean space. We follow the same approach for continuous action space
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games: the evolving beliefs are probability measures in sets P (A, B'), and it is judicious to con-
sider P(A?, BY) as a subset of the vector space of signed measures M(A!, BY), to make use of
general theory applicable to vector spaces.! When associated with an appropriate distance met-
ric, M(Ai , Bi) is a Banach space. Therefore, in this section, we extend the standard stochastic
approximation framework to the Banach space setting. This will allow us to study the asymptotic
behaviour of stochastic fictitious play in continuous action space games.

In general, a stochastic approximation process in a space @ is an iterative process {0, },eN
such that

9n+1 =0, + An+1 [F(en) + Un—i—]], 3.1

where F () : ® — © is a continuous map, {U, },cn is a noise sequence and {«, },¢N is a sequence
of learning rates in R such that a;, — 0 asn — oo.If ® = RX standard stochastic approximation
results (e.g. [1]) show that the limiting behaviour of (3.1) can be studied using the ordinary
differential equation (ODE)

de

i F(9). 3.2)

This is commonly known as the ODE method of stochastic approximation, originally proposed
by Ljung [36] and extended by many authors including Kushner and Clark [28], Kushner and
Yin [29,30], Borkar [7-9], Benaim [1] and Benaim et al. [3].

Luenberger [37] provides the functional analysis mechanisms to investigate (3.2) in a Ba-
nach space setting; if ©® is a Banach space and F(-) : ® — @ is a uniformly continuous map
then (3.2) is well defined. Similarly it is possible to consider random variables on Banach spaces
(for example, see [33]).

This theory has allowed stochastic approximation to be extended beyond the Euclidean space
setting, with Walk [44], Berger [4], Walk and Zsid6 [45], Shwartz and Berman [43], Koval [27]
and Dippon and Walk [14] producing convergence results for discrete time stochastic processes
on general Hilbert or Banach spaces. We provide an update of this earlier work (often called
abstract stochastic approximation) to the now common asymptotic pseudo-trajectory approach
of Benaim [1]. We show that, under assumptions that correspond to those used in the Euclidean
setting, a linear interpolation of the {6,},cn process is an asymptotic pseudo-trajectory of the
ordinary differential equation on the Banach space ® given by (3.2).

3.1. Asymptotic pseudo-trajectory approach

The ideas in this section build on a rich history of work on stochastic approximation. In
particular we make use of the asymptotic pseudo-trajectory framework of Benaim [1]. To begin
we review the key results on asymptotic pseudo-trajectories (see [ 1| for a more extensive review),
and verify that these also hold when @ is a Banach space. Note that a Banach space is a metric
space, and we define d to be the distance induced by the Banach space norm || - ||o.

Definition 3.1. A semiflow @ on © is a continuous map @ : Rt x ©@ — O, (t,0) — @,(0), such
that ®(0) =6 and D;5(0) = D;(Ds(0)), forany t,s > 0.

1 The space M(Ai, Bi) consists of all u : B — R such that there exists two finite measures on (Ai, Bi), vy and vy,
such that for all B € B, u(B) = v (B) — va(B).
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If the differential equation (3.2) has unique solution trajectories then it defines a flow. In
particular, let @;(6) be the position at time ¢ of the trajectory of (3.2) that passes through 6 at
time 0.

Definition 3.2. A continuous function ¥ (-) : Rt — © is an asymptotic pseudo-trajectory for a
semiflow @ if for any T > 0,

lim sup d(tﬂ(t + ), QY(W(t))) =0.

1=>00 0 o<1

Following Benaim [1], we define an interpolating process of the stochastic approximation
process (3.1). Let 79 :=0, 7, := Zzzl o and m(t) :=sup{k > 0:t > 1;}. Define the continuous
time interpolation of {6, },en such that for s € [0, ¢, +1),

N

0(tn +5) =6, + [On+1 — Onl. (3-3)

Op+1

We need the following assumptions:

(A1) There exists a compact A C ® such that {6, },en C A.

(A2) F(-): A — A is a uniformly continuous map and there exists a C < oo such that
IF)]le < C forall 8 € A.

(A3) Forall T >0

k—1

Zoti+1Ui+1

n—od k
i=n

lim sup{ :k=n+1,.-.,m(fn+T)}=0-

(]

(A4) Given any initial choice of 8y € A there exists a unique solution flow in A to the differential
equation (3.2).

Theorem 3.3. Assume assumptions (Al)—(A4) hold and that Zzozlan = 00. Then 0() :
R* — O, defined in (3.3), is an asymptotic pseudo-trajectory to the semiflow @ induced by
the differential equation (3.2).

Proof. The proof is omitted as, other than the Euclidean norm | - || being replaced with the norm
Il - lo, the proof is identical to Benaim [1, Proposition 4.1]. O

We note that assumptions (A1)—(A4) are extensions to those used by Benaim [1] for stan-
dard stochastic approximation and are similar to those given by Shwartz and Berman [43].
However, verifying these for a general Banach space can be difficult. In particular, the noise
assumption (A3) has caused great difficulty. For example Koval [27] considers the simple case
when {U, },¢eN is an i.i.d. noise process whilst Shwartz and Berman [43] prove a very weak con-
vergence result for a particular process which again uses independent noise. In Section 3.2 we
provide conditions, applicable to stochastic fictitious play, which allow us to verify the challeng-
ing assumption (A3) for martingale noise in a Banach space.

Many further results can be taken from Benaim [1] to characterise the behaviour of asymptotic
pseudo-trajectories. Here we present the result which is used in Theorems 4.4 and 5.4 to prove
the convergence of stochastic fictitious play.
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Definition 3.4. A compact, non-empty set A C M is called an attractor for the semiflow @ if

(i) @;(A)=Aforallt e RT (i.e. A is invariant)
(ii) A has a neighborhood W C M such that d(®;(x), A) — 0 as t — oo, uniformly for x € W.

Theorem 3.5. Let A be an attractor for the semiflow ® with attracting neighborhood W, assume
that {6, }nen, defined in (3.1), satisfies (A1)-(A4) and that ZZOZI o, =o00. If A C W, where
{0, nen C A, then 6,, — A as n — 0.

Theorem 3.5 is produced by combining Proposition 4.1 and Theorem 6.10 of Benaim [1]
and gives us a method of showing that a stochastic approximation process on ® converges to a
limiting set.

3.2. Noise criteria: the space of finite signed measures

We now focus on the space M(X, B) of finite signed measures on a compact set X C R.
By using an appropriate norm we can consider this as a Banach space. A greater discussion is
given to the choice of norm in Section 4.1. Here we introduce the bounded Lipschitz norm on
M(X, B). For a bounded, Lipschitz continuous function g(-) : X — R define

lg(x) — gyl
lgll sz := sup|g (x)] + sup £ 2 — 82 (34)
xeX xXF£y |x - y|
Now let
BL := {g : g bounded & Lipschitz continuous with ||g|lzz <1} (3.5)

be the set of bounded Lipschitz continuous functions with BL-norm bounded by 1. The dual
BL*-norm on M(X, B) is defined for u € M(X, B) as

. (3.6)

llllgrs := sup ’/g(x)u(dx)
geBL Y

Here we consider the space (M(X, B), || - [|sz*). As discussed by Dudley [15] and Hofbauer et
al. [23], M(X, B) is a Banach space when paired with || - || g *.

We would like to show that assumption (A3) is satisfied for all martingale noise se-
quences {U,}. The additional complications of working in a Banach space do not allow us to
do so. However note that for stochastic fictitious play the U, take a particular form (see (2.8)).
In particular, let (§2, F, P) be a probability space and {F} },¢N a filtration of F, where F;, repre-
sents the information available at the point the (n 4+ 1)th action is selected. We are interested in
random measures of the form Uy 41 = 8y,,, — P, where the §, are Dirac masses at the actually
selected actions, and the P, are the (absolutely continuous) smooth best responses used to select
the actions. So P, is measurable with respect to F,,, whereas x,4+| (and hence U,41) is mea-
surable with respect to F;,11. We prove (A3) holds for this particular form of random measure,
although see Appendix A for more general results.

Proposition 3.6. Consider the Banach space (M(X, B), || - ||L*), where X is a compact, convex
subset of R. Assume that {&;, },eN is a deterministic sequence such that o, — 0, Z:il o, =0
and 2% a2 < 00. Also assume that
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Un-H:S _P}’la

Xn+1

where for all n

o U, is measurable with respect to JF,

e P, € P(X, B) is a bounded, absolutely continuous measure which is measurable with respect
to F, and has density py,

® X,+1 € X is drawn from the distribution with probability density function py,.

Then
k—1
nlingosup{ Zaj+1Uj+1 ck=n+1,...,m(t, + T)} =0, wp.l.
— k -
j=n BL*

The proof of this result comes from approximating the Dirac delta in U,, with a spike centred
on the Dirac measure. This spike and the density function p, can then be studied in L2. By
applying the convergence result in Proposition A.1 for L? we conclude. This proof is given
in Appendix B. We note that the earlier result of Chen and White [11] assumes a compact,
convex action set and that L?-valued beliefs P, are updated towards a symmetric, absolutely
continuous distribution centred on the observed action x,1 € X to ensure that P, € L? for all
n € N. However, no such distribution exists if x,1 is on the boundary of X, so their process is
actually impossible. Instead we consider distributional beliefs, and approximate these with L2
spikes only in the proof of Proposition 3.6.

4. Convergence of stochastic fictitious play

We are now in a position to prove convergence of stochastic fictitious play in two-player zero-
sum continuous action games. Recall from (2.7) that stochastic approximation can be written
as

Opi1 =0, +ant1[(Ly(o,) —0,) + Unyi]-

It is clear that this process fits the general stochastic approximation form (3.1). The theory of
Section 3 relates (2.7) to the logit best response dynamics defined as

=Ly —m. 4.1

We therefore investigate properties of this dynamical system. First however we need to revisit
the choice of norm for the Banach spaces under consideration.

4.1. Topological considerations

In discrete action games a player’s strategy is a probability mass function which can be stud-
ied on Euclidean space. Since all norms are equivalent on RX the choice of distance metric
does not affect the type of convergence that occurs. In the continuous action space framework a
player’s strategy is a probability measure, as already discussed. In the infinite dimensional space
M(A!, B') the choice of norm directly affects the type of convergence. Therefore it is important
to make a careful choice of norm. We consider two norms on M(Ai, Bi), under either of which
M(A!, B') is a Banach space [15,42,23].
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Firstly, as in [39] and [41], the tqtal _variation norm is used. If F:={f(): A — R :
Sup,c4 | f(x)| < 1} then for u* € M(A', B') let

/ f(dp')

The total variation norm induces the strong topology on M(A’, B') [42]. Under this norm
continuity is natural in many cases, and so it is convenient when considering continuity and con-
vergence of dynamical systems. On the other hand compactness is less natural under the strong
topology, and in particular P(A?, B%) is not a compact subset of M (A’, B) under the strong
topology, causing difficulty for stochastic approximation theory. Therefore the total variation
norm is used in Section 4.2 when studying the properties of the logit best response dynam-
ics (4.1).

An alternative norm on M(Ai , Bi), which has already been discussed in Section 3.2, is the
bounded Lipschitz norm. This norm is discussed by Oechssler and Riedel [40] and used by Hof-
bauer et al. [23] and Lahkar and Riedel [31]. For u' € M(A', B') let || ||+ be defined as

in (3.6) with the integrals now over A’. The bounded Lipschitz norm induces the BL* topol-
ogy on M(A?, B') [15]. This coincides with the weak-* topology (often refered to as the weak
topology—see [5]) on M (A, B') whenever this is metrizable [15]. Although the weak topology
cannot in general be metrized on the whole of M (A, B'), the weak topology and BL* topology
coincide on P(A’, B). Convergence under the weak topology on the set of probability measures
is commonly referred to as the weak convergence of probability measures (e.g. [5]). More re-
strictive conditions are required to obtain continuity under the weak topology when compared to
the strong topology, which highlights an important difference between these topologies. How-
ever, we show in Section 4.3 that P(A?, B!) is a compact subset of M(A’, B') under the weak
topology, and the noise criterion (A3) for stochastic approximation can be verified using Propo-
sition 3.6. We therefore use the bounded Lipschitz norm in Section 4.3 when considering the
convergence of stochastic fictitious play using stochastic approximation.

There is a natural relationship between the strong and weak topologies, as discussed by
Oechssler and Riedel [40]. Huber [24] shows that for 7%, ,oi e P(A, B)

I P sup

””i_pi”BL;*52””i_pi||rv,-’ (4.2)

so that convergence of probability measures under the total variation norm implies convergence
under the bounded Lipschitz norm.

Since the players do not evolve in isolation, we need to consider the belief processes in paral-
lel. Using the Cartesian product let A :==P(A!, BY) x ... x P(AN,B¥) and ¥ := M(A!, B!) x
... x M(AN,BN). Thus stochastic fictitious play is a process in A, which is a subspace of the
vector space ¥. When we take the Cartesian product ¥ := M(A!, BY) x ... x M(AN,BY)

then it is natural to use the product topology. For u := (u', ..., uN) € £ we have total variation
norm

lullsrv = max{”ul ”TV]’ co ] u “TVN}
and bounded Lipschitz norm

lulzae =max{ e [ ] g )

Under either of these norms X' is a Banach space as the finite Cartesian product of Banach spaces
with the product topology is also a Banach space.
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4.2. N-Player, logit best response dynamic

In this section the N-player logit best response dynamics (4.1) are studied using the total
variation norm to induce the strong topology on Y. We aim to obtain convergence to a fixed
point and therefore it is important to show that such a fixed point of the logit best response exists.

Definition 4.1. The set of logit equilibria is given by
Ly =z : Li(x~")=n', foralli=1,2,...,N}. 4.3)

Rest points of the logit best response dynamics (4.1) correspond to elements of LE,.
Proposition 4.2. If the rewards are bounded and Lipschitz continuous then LE, is non-empty.
The proof of Proposition 4.2 is presented in Appendix C.

Proposition 4.3. If the rewards are bounded and Lipschitz continuous, then for any initial
strategy w (0) € A there exists a unique solution in A to the logit best response differential equa-
tion (4.1). In addition, the solution is continuous with respect to the initial conditions under
I - | =TV, meaning that for some k > 0 if w(0), p(0) € A then

|z (#) ~ p) ”Z‘TV < |l 0) — p(0) HETV’

The proof of Proposition 4.3 is an extension to N players of results of Lahkar and Riedel [31],
and is also presented in Appendix C. It remains to present a global convergence result for the
logit best response dynamics (4.1) in two-player zero-sum games with continuous action spaces.
This is the natural extension to continuous action spaces of the discrete action case given by
Hofbauer and Sandholm [21] and Hofbauer and Hopkins [20].

Theorem 4.4. If a continuous action set game is a two-player zero-sum game with bounded,
Lipschitz continuous rewards then,

inf |\w(t)—7 -0, ast— o0,
it [0 =7y,
uniformly for w (0) € A.

The proof of Theorem 4.4 is presented in Appendix D. To understand the shape of the proof
we need to introduce the set Ap C A defined as

Ap = {1 cA:Vi=1,...,N, xlis absolutely continuous with density pi such that
Dl <p (xi) <D, forall x' € A® and p(-) is Lipschitz continuous
with constant D}.

We show in Appendix D that Ap is a compact subset of A with respect to the total variation
norm || - || x7v. The Lyapunov function used by Hofbauer and Sandholm [21] and Hofbauer and
Hopkins [20] for two-player zero-sum finite action set games can be extended to Ap, and the
compactness results in global attractivity of £E, within Ap. To extend this to being a global
convergence result on A it is shown that starting from an arbitrary point in A the trajectory gets
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“close” to the set Ap after a time 7;. Therefore at some finite time in the future, | + 12, the
original trajectory is “close” to a trajectory in Ap using the continuity of the solution flow from
Proposition 4.3. And the new trajectory in Ap will converge to L&, and hence be close to LE,,
at time 1| + 1.

Theorem 4.4 provides the global convergence of the logit best response in two-player zero-
sum continuous action games under the total variation norm. In Section 4.3 stochastic fictitious
play is studied under the bounded Lipschitz norm, therefore it is important that the global con-
vergence result of Theorem 4.4 is presented for the weak topology on A.

Corollary 4.5. If the rewards are bounded and Lipschitz continuous, then, with respect to the
weak topology on A, for any initial strategy w (0) € A there exists a unique solution to the logit
best response differential equation (4.1) and 7t (t) € A for all t € R™. In addition, if the game is
two-player zero-sum then LE,, is an attractor for the logit best response dynamics for all initial
strategies in A.

Proof. It follows immediately from Propositions 4.2 and 4.3 that when the rewards are bounded
a unique solution exists and that £&, is non-empty. When the game is two-player zero-sum,
Theorem 4.4 gives that, for a solution to the logit best response differential equation (4.1), m(-) :
Rt — A,

lim inf Hrr(t)— =0.

[Mim, _inf <2 lim 1nf Hn(t) —

| gpre < ooz ] P
Since || (¢) — 1||grv, converges uniformly for 1(0) € A it follows that |z (#) — || 5 pr* con-
verges uniformly as well. Now it is well known that the fixed points of a continuous map from
a metric space (more generally, a Hausdorff space) to itself lie in a closed set [25]. Therefore,
since L,(-) : A — A is Lipschitz continuous with respect to the BL*-norm when the rewards are
bounded and Lipschitz continuous (see Lemma C.2), L&}, is a closed set. Then under the weak
topology on A it is a compact set since a closed subset of a compact set is compact, and from the
definition L&, is strongly invariant. Therefore all the conditions of Definition 3.4 are satisfied,
so L&, is an attractor for the logit best response on A under the weak topology on A. O

4.3. Stochastic fictitious play

With new results on stochastic approximation (Section 3) and convergence results for the
logit best response dynamics (Section 4.2) we are finally in a position to prove the convergence
of stochastic fictitious play.

Proposition 4.6. Assume that, fori =1,..., N, Alisa compact, convex subset of R and the
rewards are bounded and Lipschitz continuous. Then a linear interpolation of the stochastic
fictitious play process (2.6) is almost surely an asymptotic pseudo-trajectory to the N-player
logit best response dynamic (4.1) under || - | s pr*.

Proof. We verify assumptions (A1)—-(A4) from page 184 for the stochastic fictitious play pro-
cess (2.7).

Let P(X, B) be the subset of M (X, BB) consisting of the probability measures. For any prob-
ability measure u € P(X, B)

lwllprs = 1.
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The space of finite signed measures is the topological dual of the space of bounded Lipschitz con-
tinuous functions, as illustrated in Section 3.2. Using the Banach—Alaoglu theorem (see e.g. [32])
the subset P (X, B) is compact under || - || gr+. This means that, under the bounded Lipschitz
norm, assumption (A1) is satisfied for a process which remains in P (X, B).

When the rewards are bounded and Lipschitz continuous it is straightforward to show
that L,(o,) is Lipschitz continuous, and hence uniformly continuous, with respect to the
bounded Lipschitz norm (see Lemma C.2). Therefore, (A2) holds since the mean field in (2.7),
Ly(o,) — o,,is uniformly continuous.

When the rewards are bounded and Lipschitz continuous, the existence of a unique solution
to the logit best response differential equation is given by Corollary 4.5, which shows that (A4)
holds.

The noise assumption, (A3), is shown to hold by using Proposition 3.6 on {in}neN’ for i =
1,...,N. Let F, represent the history of the iterative process (2.6) up to iteration n € N. The
learning rate assumption of Proposition 3.6 is true since a, = (n + ¢)~!. Clearly for all n € N,
U, is measurable with respect to F,, and since L (a,,) is a bounded and absolutely continuous
measure on X for all n € N [31] the noise term is in the form given in Proposition 3.6. Applying
Proposition 3.6 gives that fori =1, ..., N,

k—1
lim sup Z“Hlut‘H ck=n+1,...,m(,+T); =0, wp.l.
n—00 J
j=n BL*
Since
k—1 k—1 k—1
1 N
Z()lj+]Uj+] = max ZO[]'+]UJ~+1 yeees Zaj+]Uj+l s
j=n TBL* j=n BL* j=n BLY

it follows that (A3) holds. Applying Theorem 3.3 concludes the proof. O

The following theorem provides a global convergence result for the logit variant of stochastic
fictitious play in (2.6) for two-player zero-sum continuous action space games with bounded,
Lipschitz continuous rewards. This extends the well known result for stochastic fictitious play
in finite action two-player zero-sum games, originally presented by Fudenberg and Kreps [17],
Benaim and Hirsch [2], Hofbauer and Sandholm [21] and Hofbauer and Hopkins [20].

Theorem 4.7. Consider a two-player zero-sum game, where the action sets are compact, convex
subsets of R and the rewards are bounded and Lipschitz continuous. The beliefs in (2.6) almost
surely converge weakly to LE,.

Proof. These results follow immediately by combining Proposition 4.6 and Corollary 4.5 with
Theorem 3.5. O

5. Single population, continuous action space games

Whilst stochastic fictitious play is generally framed for N-player games, as in Section 4, it
is also possible to describe a discrete time process akin to stochastic fictitious play for a single
population framework. A continuous action single population game has an action set, A C R.
Throughout this section A is assumed to be compact and convex and B is the Borel o-algebra
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over A. A population is given by the combined play of its members and is a probability measure
defined over the measurable space (A, BB). So for B € B, P(B) is the proportion of players using a
strategy in B. P(A, BB) represents the set of all populations on A. The game has a payoff function
r(x,y) forx,y € A. Asin (2.1) the expected payoff of the population P against a population Q
is

(P, Q>=/fr(x,y)P(dx>Q(dy).
A A

For B € B and fixed n > 0 the logit best response to a population P is given by
_ [zexpln'r(z, P))dz
o Saexpin='r(u, P)}du’

Lahkar and Riedel [31] show that L, (P) has an associated density function which, for x € A, is
given by

Ly(P)(B):

exp(n”'r(x, P)}
L (P)(x) = — . (5.1
Jaexp{n='r(y, P)}dy
In a similar manner to the N-player logit best response dynamic from (4.1), the single population
logit best response dynamic on M (A, B) is given by the differential equation,

P=1L,(P)—P. (5.2)

In the single population context let L&}, be the set of rest points for (5.2). L&, contains the fixed
points of the logit best response map, i.e. the logit equilibria.

Definition 5.1. A linear, single population game is negative definite if for all P, Q € P(A, B),
with P # Q,

r(P—-—Q,P—-0)<0.

The game is negative semi-definite if the inequality is replaced with a non-strict inequality.

As discussed by Hofbauer et al. [23] the class of negative semi-definite games includes many
common games including, for example, symmetric zero-sum games. The following result is
largely taken from Lahkar and Riedel [31] although identical techniques used in Appendices C
and D are required to prove the result. For this reason the full proof is omitted.

Theorem 5.2. If the rewards are bounded and Lipschitz continuous, then, with respect to the
bounded Lipschitz norm M(A, B), for any initial population P(0) € P(A, B) there exists a
unique solution to the logit best response differential equation (5.2) and P(t) € P(A, B) for all
t € RT. In addition, if the game is negative definite then LE, is an attractor for the logit best
response dynamics for all initial populations in P(A, B).

Sketch Proof. As in Section 4, the logit best response (5.2) is studied using the total variation
norm on M (A, BB). An identical approach to the proofs of Propositions 4.2 and 4.3 proves a
unique solution to (5.2) exists and L&, is non-empty when the rewards are bounded and Lipschitz
continuous.
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Then the Lyapunov function used by Lahkar and Riedel [31] can be shown to produce a result
as in Proposition D.4 for initial populations in a compact set Ap. The convergence result on
‘P (A, B) for negative-definite single population games follows the proof of Theorem 4.4. Finally,
this result is produced for the weak topology on P(A, 1) as in Corollary 4.5. O

Now we study a stochastic fictitious play-like process for single population games which is
similar to the population interpretation of stochastic fictitious play used by Ellison and Fudenberg
[16]. At each iteration every member of the population knows the true population P,. A strategy,
Xp41 € A, is randomly generated from the distribution with density /,(P,). All the members of
the population observe x,+1 and a proportion, &, 1, of the population then revise their strategy
by abandoning their previous pure strategy in favour of x,4. Alternative interpretations of the
learning process are available (see [21] for details). This discrete time logit best response learning
process is therefore given by

Pop1=P, + 05n+1[6x,,+1 — Pyl (5.3)

where the action x,, 11 is an action selected randomly from the logit best response density, [, (P,),
and Py can be any probability measure in P(A, B). The following theorem states the convergence
result for the iterative process in (5.3) which is based upon the logit best response dynamic.

Proposition 5.3. Assume that A is a compact, convex subset of R, the rewards are bounded and
Lipschitz continuous and

Zan =00, Za,zl < 00.
neN neN

Then a linear interpolation of the stochastic fictitious play-like process (5.3) is almost surely an
asymptotic pseudo-trajectory to the single population logit best response dynamics (5.2).

Proof. The proof is omitted as it has an identical structure to the proof of Proposition 4.6. O

Theorem 5.4. Assume that A is a compact, convex subset of R, the rewards are bounded and
Lipschitz continuous and

Zanzoo, E a,%<oo.

neN neN

If the game is single population negative definite then the stochastic fictitious play-like pro-
cess (5.3) almost surely converges to LE, under the bounded Lipschitz norm on P(A, B).

Proof. These results follow immediately by combining Theorem 5.2 and Proposition 5.3 with
Theorem 3.5. O

6. Examples

An important feature of any learning algorithm is that it can easily be implemented. This is
demonstrated in this section for extensions of two well-studied classical games. These extensions
both have reward functions which are linear in the players’ actions which allows the cdf-inversion

method to be used to simulate actions x’ 41 from L’;; (0,7"). If the reward function is quadratic then
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Fig. 1. Evolution of stochastic fictitious play for the continuous “matching pennies” game with 001 = dp, (rg =941,

an = (n+20)~"! and = 0.005. In each pair of plots a sample from O’nl is in the left-hand plot and a sample from cr,%

in the right-hand plot and the logit equilibrium of the game is also displayed.

is

Lf7 (0,7") corresponds to a truncated normal distribution. If the reward function is more complex
then more sophisticated methods are required to produce a simulation from Lf7 (crn_i ).

In the first example the stochastic fictitious play algorithm of Section 5 is studied in a two-
player zero-sum extension to the standard matching pennies game. Let ! (x, y) = (x — 1/2) x
(y — 1/2) and r%(x,y) = —r'(x,y), where A’ =[0,1] for i = 1,2. For any ¢ € [0, 1/2],
6" =1/2(8 +81_¢), for i = 1,2, is a Nash equilibrium, as is the joint strategy for both players
to play an action in [0, 1] uniformly at random. However, there is a unique logit equilibrium in
which &7 is the uniform distribution on [0, 1] for i = 1, 2. Theorem 4.7 shows that the beliefs in
the stochastic fictitious play process (2.6) converge to this logit equilibrium. This convergence is
demonstrated in Fig. 1.

The second example is a single population game, which extends the classic hawk-dove game
to the continuous action framework. For C > V > 0 let

Cc

5

and A = [0, 1]. An action in A corresponds to an aggression level, so x = 1 corresponds to
playing ‘hawk’ in the classic game and x = 0 corresponds to playing ‘dove’. The first term in
the reward function represents the likelihood of obtaining a resource of value V and the second
term is the cost of ‘injuries’ sustained in contesting the resource. Both of these terms depend
linearly on how aggressively each of the players contests the resource. It is straightforward to

Vv
r(x,y):[l —(y—x)]E — Xy
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Fig. 2. Evolution of single population stochastic fictitious play-like process for the continuous “Hawk—Dove” game with
V=1,C=4,0,=n+20)""! and 5 =0.005. In each plot a sample from the population is shown along with the logit
equilibrium of the game.

show that this continuous hawk-dove game is negative definite (see Definition 5.1), and so Theo-
rem 5.4 guarantees the stochastic fictitious play-like process in (5.3) converges to the set of logit
equilibria.

This game has infinitely many Nash equilibria as P = 1/28y,c4¢ + 1/28y;c—¢ is a Nash
equilibrium for any ¢ € [0, min{V/C,1 — V/C}], but it has a unique logit equilibrium, as we
show. Let P € P(A, B) be a logit equilibrium, with associated density p. Because the reward
function r(x, y) for this continuous hawk-dove game is linear in x it follows that for any P €
P(A,B), I;(P)(x) x e** for some k € R. In particular, if Pe P(A, B) is a logit equilibrium
then p(x) = l,,(13)(x) o ek, Normalisation? implies that

kekx
P =—2—

6.1)

Knowing that p(x) = ln(ﬁ)(x) for all x € A and combining it with (6.1) and the definition of
ln(15) from (5.1) allows the exact value of k to be calculated. A simulation of this game with
V =1, C =4 and n = 0.005 is shown in Fig. 2. In the discrete action hawk-dove game with
V =1, C =4 the Nash equilibrium is for 3/4 of the population to play ‘dove’. With these same
parameters the logit equilibrium here is also skewed towards the ‘dove’ action, capturing this
particular feature of the traditional hawk-dove game.

7. Discussion

In this work we present a method for studying the limiting behaviour of iterative learning
processes with an uncountably infinite action space. This extends the work of Fudenberg and

2 When C =2V, Iy(P)(x) ek remains true, but k =0 meaning the normalisation in (6.1) is not valid and the logit
equilibrium is a uniform distribution.
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Kreps [17], Benaim and Hirsch [2], Hofbauer and Sandholm [21] and Hofbauer and Hopkins
[20] to games with actions selected from a continuous set.

To achieve this we have developed new tools for stochastic approximation. These build on the
asymptotic pseudo-trajectory approach to stochastic approximation of Benaim [1] and extend
the abstract stochastic approximation approach presented by Shwartz and Berman [43] to this
now more common framework. As a suitable space for continuous strategies we study the space
of finite signed measures, M (X, BB), using the bounded Lipschitz norm. Unlike Shwartz and
Berman [43] we provide simple conditions in the spirit of Benaim [1] as to when the difficult
martingale noise assumption holds for the bounded Lipschitz norm on M (X, B).

In Section 4 we present the key application of this framework to stochastic fictitious play in
continuous action games. We extend the existence and uniqueness results of Lahkar and Riedel
[31] to the N-player case. As a consequence we can study a logit variant of stochastic fictitious
play for continuous action space games. We prove the convergence of stochastic fictitious play
for two-player zero-sum games with continuous action spaces and bounded, Lipschitz continuous
rewards. This extends the previous results of Fudenberg and Kreps [17], Benaim and Hirsch [2],
Hofbauer and Sandholm [21] and Hofbauer and Hopkins [20] for stochastic fictitious play in
normal form games with finite action sets.

In Section 5 a stochastic fictitious play-like process in single population games is investigated.
The continuous time convergence results of Lahkar and Riedel [31] are extended to this discrete
time process to show convergence of a population for negative definite games with a continuous
action set and bounded, Lipschitz continuous rewards.

In Section 6 two examples are provided to demonstrate the convergence of these processes in
continuous action space games. This demonstrates that stochastic fictitious play can be imple-
mented in these games.

Our abstract stochastic approximation framework could also be used to study learning vari-
ants of the replicator dynamics, such as in [38,6] and [34, Chapter 2]. Although the replicator
dynamics are studied more frequently, especially in the continuous action space literature (see
[39-41,12]), the framework has limitations. In particular, the replicator dynamics do not gener-
ate new strategies, so that the limit point of a trajectory always depends on the initial conditions.
Even when exploration of the state space can be guaranteed convergence of an associated learn-
ing process is generally very slow. In contrast, the logit best response is absolutely continuous
and assigns some probability to every part of the action space, which makes it more straightfor-
ward to study the associated learning processes. This is true of the discrete action case, where
fictitious play and stochastic fictitious play are more frequently studied than similar discrete time
variants of the replicator dynamics, and remains true for the continuous action case.
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Appendix A. Noise criteria: L2

It is important for us to be able to verify that the noise condition (A3) holds for martingales
on M (X, B) so that stochastic approximation can be performed on this Banach space. Doing so
is not straightforward and requires us to use an intermediate result, proving that (A3) holds for
martingale noise on L2, presented in this appendix. The proof that (A3) holds for martingales
in Euclidean space [1, Proposition 4.2] relies on the Burkholder-Davis—Gundy inequality to
study the martingale difference sequence and this inequality can be extended for certain Banach
spaces, notably L% Let (2, F,P)bea probability space and {F; },en a filtration on JF. Further
discussion of Banach space valued random variables is available in [33].

Proposition A.1. Consider the stochastic approximation process given in (3.1) on the Banach

space of L* functions with associated norm | - || 12. If for some g > 2,
. e 1+q/2
(1) {an}nen is deterministic with ), . 0tn < 00,

2) {Up}lnen is adapted and measurable with respect to F, for all n such that

ElUn11Fal=0,  supE[|U,]l1,] < o0,
n

then
k—1

Zai+lUH—l

i=n

lim sup{ :k:n+1,...,m(rn+T)}:O, wp. 1.
n—oo
L2

Because the Burkholder-Davis—-Gundy inequality can be extended for L?-valued martingales
the proof of this result follows a similar pattern to Benaim [ 1, Proposition 4.2] for martingales in
Euclidean space.

Proof. The first issue is to ensure that the term of interest,

sup
k

is measurable with respect to the probability space (£2, F, P). Firstly, a topology, T, is produced
using the open subsets generated by || - || ;2. 7 is the collection of all Borel sets on the space of L?
functions so that 7 forms the Borel o -algebra on L. Let B(R) be the Borel o -algebra over R.
Il 1lg2: L? — R is a continuous function from (L2, T) to (R, B(R)) and therefore an inverse
11172 () : R = L? exists. Now for any open set A € BR), || |3 (A)={U € L? : |U||;2 € A}.
Since A is an open set it follows from the continuity of || - || ;2 that {U € L% IU|l;2 € A} is an
open set. Since 7 contains all such open sets it follows that

k—1

Y ajt1Ujs

j=n

:k:n—l—l,...,m(rn—i—T)}, (A1)
L2

I3 ={UeL?: |Ul,2eA}eT,

and therefore || - ||;2 is a measurable function from (L%, T) to (R, B(R)). Now, fix T > 0.
Since U,, which maps from (2, F,P) to L2, is measurable with respect to the probability
space (£2, F,P) then for k € {n + 1, ..., m(z, + T)}, the finite (countable) weighted summa-
tion, le‘;}q aj+1Uj41 is also measurable with respect to (£2, F,P). Then
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El

L2

k-1
Y @jt1Ujs
j=n

is measurable with respect to (£2, F, P) as it is the composition of the two measurable functions
YA iU (2, F.P)— L2and || |2 : L — R. Finally, (A.1) must be measurable with
respect to (§2, F, P) since a finite (countable) supremum of measurable terms remains measur-
able.

Brzezniak [10] shows that the Burkholder-Davis—Gundy inequality can be extended for a
class of Banach spaces which includes L?. This means that for any ¢ € (1, 00) there exists a

Cy4 > 0 such that for an L?-valued martingale {Y; },cn and stopping time N > 0 then

N qa/2
Blsup 1,019, ] < CE| [ Y 1v - vaeniZa ) | (A2)
n<~N

n=1

The remainder of the proof is an extension to the proof of Benaim [1, Proposition 4.2]
for L? using (A.2) rather than the original Burkholder—Davis—-Gundy inequality. Let W, ,, :=
Z?;n ®i+1Uj+1 for m > n. Since Uj 4 € L2, it follows that Wim € L?. Now fixing n € N, we
have that

E[an|fm] = Wn,m—l,
and hence W, ,, is a martingale in L. Using (A.2) there exists some constant C, > 0 such that
m(ty+T) q/2
El:nSkSS}'rltl(Il)'n+T) “Wn’k”iz] = C‘IE|:< i;ﬂ}ﬂ Wi — Wai-1 ||iz) }

Now by noticing that |W,; — W, ;—1ll;2 = ai+1||Ui+1llz2 and using the original definition of

Wy m gives
q m(ta+T)—1 q/2
}5&@[( > a,alnu,-ﬂniz) }
L2

i=n

k
Zai+1Ui+1

i=n

E sup
n<k<m(t,+T)

The remainder of the proof continues exactly as in [1, Proposition 4.2] with the only difference
being the norm used here is || - ||;2 and in [, Proposition 4.2] this is the standard Euclidean
norm. 0O

Remark A.2. BrzeZniak [10] shows that the Burkholder—Davis—Gundy inequality can be ex-
tended for a class of Banach spaces which includes L?-spaces for any p € [2, oo). The result in
Proposition A.1 for L? can be extended to any Banach space in the class for which Brzezniak’s
result holds with no alteration to the proof.

Appendix B. Proof of Proposition 3.6

If we could show that M (X, B), with an appropriate norm, is in the class of Banach spaces
for which BrzezZniak [10] proves the Burkholder—Davis—Gundy inequality holds then the proof
of Proposition 3.6 would be identical to the proof of Proposition A.l. However, we have been
unable to show this and so we are forced to take a different approach. Here we approximate all
Dirac measures with a spike of fixed width. This allows us to consider functions with proper
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density functions in L2. We are then able to use Proposition A.1 to show the convergence, while
also showing that the additional error term introduced in this approach is not significant.

Proof of Proposition 3.6. Firstly, the measurability of

sup
k

with respect to the probability space (£2, F, IP) follows as in the proof of Proposition A.1.

Fix y > 0. We approximate atoms in X by measures that have a spike density with base
width 2y. Hence we need to consider an expanded space X to accommodate spikes near the
boundary of X3 Suppose X C [a, b] C R, and define X = [a—y,b+y]l Let| -z, BL and
| - Il g+ be as defined in (3.4)—(3.6) but with integrals over X and B the Borel o -algebra over X.
M(X, B) is the space of finite signed measures on X and is equipped with the BL* topology
using || - ”B_L*'

Consider arbitrary 7 € X C X, let & be a spike density on X centered on Z defined as

k—1

Yo aiiUjs

Jj=n

ck=n+1,....m(t,+7T)y,

BL*

S@=GE-y), zelz-y.1]
haD=11a-Le-2) zeGi+y] (B.1)
0, otherwise
and let H (%) be the measure in M (X, B) associated with density A(-, 7). We firstly show that
|6: = H®)| y» =¥

First note that if g € BL then g has a Lipschitz constant that is not more than 1,s0 [z —y| <y =
|g(z) — g(¥)| < y. Conversely if |z — y| > y then h(z, y) = 0. Hence

= ‘g(i) — /é(z)ﬁ(z,i)dz

'/é(z)(sz — H(Z))dz
X

X

= ‘/[g(i) — 2@z, 2)dz
X

4y
sf|g(2)—g(z>|ﬁ<z,z>dz
-y
Z+y
= / yh(z,?)dz
=y
=7. (B.2)

Hence

3 Thisisa particular issue which Chen and White [11] did not address when using probability densities on L2
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|8: = H@)| j,+ = sup /g’(z)(sz—f_l(i))(dz) <y.
geBﬁ J

To use this within our stochastic approximation process we define H, := H (x,) so that for all
neN,

185, — Hull g1+ <. (B.3)
To examine the convergence of {U,},cn we also need to consider the convolution
4n(2) :=/ﬁ(z,y)pn(y) dy, (B.4)
X

where £ is the spike density defined above and p, is the density of measure P, and z € X. Let
Q,, be the measure on M(X B) associated with g, . This is useful since hn+ 1 can be viewed as
an L2-valued random variable and importantly we have that

Elhp1|Fnl =4 (B.5)

Since both hn+1 and g, are in LZ(X) (B.5) means that hn+1 gn 1S an L2-valued martingale
Finally, we need to define Un+1 =8y, — P,, which is the extension of Up+1 to X, where
= P,, onlkX,

0, on X\X,

and P, has a density function p,. For fixed T > O itisclear fork=n+1,...,m(t, + T) that

k—1 k—1
ZaH-lUi—H Zai+lUi+l
i=n i=n

v

BL* BL
Zai+1(3x,«+l — Hip) {41 — 01)
i=n BL" BL"
k—1
> ein1(Qi — Pi) (B.6)
i=n BL"
We address each of these terms in turn. Using (B.3) we see that
k—1
v — Hig)| =D ey ~Ty. (B.7)
BL*  i=n

The definition of || - || 5, » implies that || - || 5« < || - | .1, and a standard result for the L'-norm,
which follows from Holder’s inequality, is that if X is a compact, convex subset of R then
Iz < IX[Y2] - Il 2. Hence
k—1
> aivihivi — Gi)

i=n

11— 00| <IX|'? (B.8)

Sk

BL L?

We have already observed that /1,1 — g, is an L?-valued martingale sequence, and under the
assumptions of Proposition 3.6, since p, is bounded g, is also bounded, and there exists C > 0
such that
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_ _ 2 _ _
SUpE[[l7n 41 = Gull72] < sup{E[lan 1171} + sup{E[lIga17.]} < X1+ C?X| < o0
n n n

Using Proposition A.1 immediately gives

k-1
> eii(hivy —Gi)

i=n

:k=n+l,...,m(t,,+T)}=O. (B.9)
L2

lim sup{
n—oo
Finally, following a similar approach to that used in obtaining (B.2), the definition of g, (-)
in (B.4) tells us that for any g € BL

= ‘/é(Z) [/ﬁ(z,y)ﬁn(y) dy — ﬁn(z)] dz
X

X
= V[/é(z)ft(z,y)dz —g(y)}ﬁn(y)dy'
% X

< / ‘ / Gz y) dz — 3()
X

' f F@)[dn(2) — pa(2)]dz
X

pn(y)dy

X
= / ‘ / [2(z) —g(]h(z, y) dz| pa(y) dy
X X
< / Y Pa(y)dy
X
It then follows that
100 — Pall g+ <. (B.10)
and from this
k—1 _ _ k—1 _ _
Dl (Qi—P)| =Y a1 Qi — Pill - <Ty. (B.11)
i=n BL* i=n

Taking the appropriate limit and supremum of (B.6) and substituting (B.7)—(B.9) and (B.11)

gives,

k—1

Zai-i-l Uit1

i=n

:k=n+1,...,m(rn+T)}

n—oo

BL*

lim sup {

k=1
Y aivi(hiv1 —Gi)

i=n

ck=n+1,....m(t,+7T)
L2

<2Ty + |X|1/2HILH;OSUP{

=2Ty.

Noting that the initial choice of y > 0 was arbitrary completes the proof. O
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Appendix C. N-player logit BR dynamics

This section is used to present the proofs of Propositions 4.2 and 4.3. Lahkar and Riedel [31]
prove the existence of a unique solution flow for the logit best response dynamics in single pop-
ulation continuous action games and so many of the results in this section are natural extensions
to these previous results.

The logit best response dynamic, (4.1), is studied under the strong topology on X' using
Il - lz7v. Recall our compact subset of A, defined as

Ap = {1 eA:Vi=1,...,N, xlis absolutely continuous with density pi such that
D! < pi (xi) <D, forall x' € A’ and p[(~) is Lipschitz continuous

with constant D}.

Lemma C.1. If the rewards are bounded and Lipschitz continuous then there exists a D < oo
such that for all w € A then Ly(rr) € Ap. In addition, both A and Ap are forward invariant
under logit best response dynamics.

Proof. Let rpgx := max; x r"(i) and ryip := min; ri (x). There exists a D < oo such that for
every m € A,

-1
l;(n—l)(xl) < W{’?_h;lax} — [) < 00.
|A"exp{n~" rmin}
Similarly there exists a D > 0 such that for every 7 € A

. . . =1, .
li]( —l)(xl) > ?XP{TI rrlnln} :Q = 0.
|A'| exp{n~ " rmax}

Furthermore, let L be the Lipschitz constant for all of the reward functions r’. Then

. . ) o 2LIxE — yi -1 - .
™)) — ty () o1) | = ST I T _ iy,
n|A'exp{n~" rmin}
Taking D := max{D, D~', L} proves the first claim.
Note that A is forward invariant under the logit best response dynamics if fori =1,..., N,
fA,» 7' (dx) = 0. Now, by definition, for all w € A, L, () € A. Therefore forw € A

(A =Ly (n ") (A) —n'(A)=1—1=0.
Hence A is forward invariant under the logit best response dynamics.

Similarly, because L, (w) € Ap it must also be that if 7(0) € Ap then 7 (r) € Ap for all
t € R™, so that Ap is forward invariant under the logit best response dynamics. 0O

Lemma C.2. If the rewards are bounded then the logit best response map L;(-) : ¥ — A is
Lipschitz continuous with respect to the total variation norm on A, meaning that there exists a
K > 0 such that forall t, p € A

||Ln(l) - Li](ﬁ) ||ETV = K”E_BHETV

Similarly, if the rewards are bounded and Lipschitz continuous then logit best response map
L,(-) : ¥ — A is Lipschitz continuous with respect to the bounded Lipschitz norm on A.
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Note that this is continuity of the map L, from X to A, in contrast to the Lipschitz continuity
of the density function l;] (") for fixed w " that is considered in Lemma C.1.

Proof. Let 7 :=max; . |r' (x)| and take 7, p € X. It follows that for every x' € A’,

(e ) = (e o) | < ,»l_[/ — p7|(dx’)
J#i 4
N
=[x = o'l 7,
J#
N
<i[[IA|lIx = plisTV.
JF#
This means that 7/ (x’, 7 %) is Lipschitz continuous in 7~ with respect to the total variation
norm on X. Then, since Al is compactfori =1,..., N, fA,- exp{n_1 l(x 71_’)} dx’is Lipschitz
continuous in 7" and clearly for any B’ € A’ [, exp{n~'ri(x’, 7 7))} dx’ is also Lipschitz
continuous with respect to 7 ~*. The ratio of two Lipschitz continuous functions is also Lipschitz
continuous given that the denominator is such that

/ exp{n~'r! (x", 77} dx’ > |A"|exp{n rmin} > 0.
Al
Therefore as the ratio of two Lipschitz continuous functions it must be that L’;] (r ") is Lipschitz

continuous in 7~ with respect to the total variation norm on X . It follows then that Ly(): X —
A is Lipschitz continuous with respect to the total variation norm on A, as required.

Now we prove the Lipschitz continuity with respect to the bounded Lipschitz norm. Fix
xt € Al ri(-,-) : A > R is Lipschitz continuous, so there exists a Lipschitz constant C such
that

) = (o) 2 ey

Let 7 (x', x7") :=ri(x', x7)/(C +7). Tt follows that 7 (x, -) : A= — R is Lipschitz continuous
with Lipschitz constant C/(C + r) and maximum value 7 /(C + 7).
Take 7, p € A. From the definition it follows that

i ) = (e 7))

N

= /.../ri(zl,...,ZN)(Sxi(dzi)l;[i(ﬂj—,Oj)(dzj)
—(C+7) /.../f"(zl,...,zN)Bxi(dzi)lj(ﬁj—Pj)(dzj)

< +)[]lAIz - plissLr
J#i
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where the final line holds because for each fixed 77/, 7 (zl, R 7N ) is a Lipschitz continuous
function mapping from A/ to R which has absolute value and Lipschitz constant less than or
equal to 1. The Lipschitz continuity of L,(-) : ¥ — A with respect to || - | s g+ follows using
identical arguments to those which were used for the total variation norm. O

Proof of Proposition 4.2. Firstly, Ap is shown to be a compact subset of A under the strong
topology. Let AiD :={n! : m € Ap} be the closed set of all absolutely continuous distributions
in P(A', B') whose densities are bounded above and below by D and are Lipschitz continuous
with constant D. Appendix A.1 of Oechssler and Riedel [39] demonstrates that the topology on
A’b under the total variation norm is identical to the topology on the set of L' density functions
on A’ under the standard L' norm. Thus AiD is compact under the total variation norm if and
only if the set of densities functions of measures in A’b is compact under the L' norm. This set of
density functions of elements of A‘b is equicontinuous, since all of the densities have Lipschitz
constant D. The Kolmogorov—Riesz compactness theorem (see [26,19]) therefore implies that
this set of densities is compact. Hence A"D is compact under || - ||7y;. Finally, Ap is compact as
it is the Cartesian product of N compact sets.

Now, by Lemmas C.1 and C.2, when the rewards are bounded and Lipschitz continuous
L,(-): A— Ap is continuous with respect to the strong topology on A and A is a convex set.
Therefore, when the rewards are bounded and Lipschitz continuous, the map L,(-) : A — Ap is
a continuous map (with respect to the total variation norm) from a convex set to a compact subset
of X'. Applying Schauder’s fixed point theorem completes the proof. O

The infinite dimensional Picard-Lindel6f theorem (see [46]) gives a method for verify-
ing (A4), the uniqueness of the solution to the differential equation on M (X, BB) corresponding
to (3.2). This can be directly applied if F(-) : M(X, B) - M(X, B) is Lipschitz continuous
with respect to || - || xpr+ and || F(-)|| x pL* < 00, however, it is possible to show that (A4) holds
even when this is not the case, as is demonstrated in the following proof.

Proof of Proposition 4.3. This proof extends the proof of Lahkar and Riedel [31, Theorem 5.2]
to the N-player case and has a similar form to proofs from [39] and [23]. Throughout this proof
B:=(B',...,B"), where B’ € B fori =1,..., N. Firstly, since L, (z)(B) — m(B) is nei-
ther bounded nor globally Lipschitz continuous on the space of signed measures the logit best
response dynamics is studied using a secondary dynamical system. This alternative differential
equation is bounded and Lipschitz continuous on X' and coincides with (4.1) on A. Since A is
forward invariant under the logit best response dynamics, showing that this alternative system
has a unique solution flow implies the same result for (4.1) in the case of interest (for any initial
joint strategy in A). For & € X', denote the mean field of the logit best response by

F(z)(B) := Ly(z)(B) — (B), (C.1)
and let

Fi)(B) = L () (B) — ' (BY).
Similarly, for r € X' let

F(@)(B) :=max{(2 - |zl z7v), 0} F(z)(B)

Now the logit best response is studied using the secondary differential equation on X,
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7(B) = F(x)(B). (C.2)

If F () is shown to be Lipschitz continuous then the infinite dimensional Picard—Lindel6f theo-
rem [46, Corollary 3.9] can be used to prove the existence of a unique solution to (C.2). So the
aim is to show that for all 7, JS X there exists a K > 0 such that,

|F@) — Fp)| spy < Kllr = pllizrv. (C3)
As in the similar proof by Oechssler and Riedel [39], (C.3) is proved for three different cases.
In the first case consider ||z | s7v, |plls7v > 2 then F(x) = F(p) =0 and (C.3) is trivially
satisfied. 5
In the second case assume |z|lz7y > 2 > |pllz7yv. Since F(z) = 0, the left-hand side
of (C.3) becomes
”ﬁ(ﬁ) ”ETV =2~ llpllsrv) [ F(p) HETV' (€4

Now it is straightforward to show that
”Fi(B)HTw <1+]e ||TV,« <3 (C.5)

Where the first inequality follows because ||Lf7(p)||TVl. =1 and the second follows from the
assumption lellsry < 2. Combining (C.4) and (C.5) gives

|F@) — F(p)| sry <32 = lplisrv) <3(Izllsrv — llpllsTv)
<3|z —pllzTv.

In the third case assume ||z || sTV, ||£|| sT7v < 2 then the left-hand side of (C.3) becomes

|F@ = F@) sry
=|@-lzlsrv)[F@| 5y — @ = llollzrv) [ FO) | 51yl 57y
<Q2-lzllsrv)|F@ = F©)| sy
+|F) || sryllzlsry —llolzTv]
<2|F@ = F)| zpy +3lz—plsrv, (C.6)

where the final inequality holds because 2 — || || x7v < 2 and using (C.5). Showing that F(-) is
Lipschitz continuous for ||| x7v, |pllz7v <2 will prove the claim for the third case. Clearly,

”Fi(l) - Fi(B)HTV,» = ”Liz(”_i) _Liz(p_i)”Tv,- + ””i —p' ||TV,-' €7

By Lemma C.2 L%(~) is also Lipschitz continuous when the rewards are bounded and so by
combining this with (C.6) and (C.7) implies that for some K > 3 (C.3) must hold.

Therefore using the result of Zeidler [46, Corollary 3.9] the secondary differential equa-
tion, (C.2), has a unique solution flow. Since A is forward invariant under (C.2) and coincides
with (4.1) for all points in A it must be the logit best response differential equation also has a
unique solution flow on A.

Continuity of the semiflow @,(z) follows by applying Gronwall’s lemma (see Proposi-
tions 3.10 and 3.11 [46]) in the same manner as in [31, Theorem 5.2] or the similar proof from
Hofbauer et al. [23]. This implies that for some k > 0 if 7 (0), p(0) € A then

|z = o0 57y < [2©@ = pO] 57 O
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Appendix D. Convergence of the logit best response dynamic

Propositions 4.2 and 4.3 show that the logit best response differential equation satis-
fies the basic properties required to allow further study of the dynamical system associ-
ated with this differential equation. The obvious next step is to explore the behaviour of
this well defined dynamical system. In particular, under what conditions convergence to
a fixed point should be expected. Therefore it is desirable to produce a global conver-
gence result for the logit best response differential equation to a set of equilibrium strate-
gies.

As in the discrete action case the logit best response can be expressed as a maximisation
of an expected reward function and a perturbation term using the entropy, v’(-) as presented
in (2.2). In order to prove the global convergence of the logit best response differential equation
the following intermediate lemma is required.

Lemma D.1. If 7, PEAD with associated densities p.q respectively then fori =1, ..., N,

/[r"(xi’ 7~) = nlog(q" (x")) " (dx")
= [ loglt (x) () = tox(a’ () (2.

Al

Proof. Rearranging the definition of lfl (r~") from (2.4) gives,

rt (xi, n_i) = nlog(l; (n_i)(xi)) + nlog(/ exp{n_lri (yi, n_i)} dyi>.
Al
It then follows by substitution that

/ [ (', 7 77) = nlog(q’ (")) ] (ax')
:/m%@wvuwfmw
+/[nlog</ exp{nlri(yiﬂi)}dyi) _ nlog(qi(xi))]ﬁi(dxi).

Consequently, by rearranging these terms and noting that [ Ai i (dx’) =0

[ i) = ntog(a’ (31 )

Al

= [ Doglt v )(<)) ~tox(g’ ()} (0

Al
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+nlog</exp{nlri(yi,ﬂi)}dyi>/7'fi(dxi)
=1 [ [tog(ty (") (<)) ~ tog(a’ ()] (@x').

Al
Two final concepts are needed before the global convergence result can be presented:

Definition D.2. On a Banach spaces X, Y the Gateaux derivative of a function F(-) : X — Y at
the point x € X in the direction of u € X is defined as

1
DF(x)u := 181&} E[F(x + eu) — F(x)].

The Gateaux derivative extends the definition of a directional derivative in Euclidean space
to the more general Banach space framework. If X is a separable Banach space, Y is such that
every Lipschitz continuous map f(-) : R — Y is differential almost everywhere and the map
F () : X — Y is Lipschitz continuous, then the Gateaux derivative of F(-) exists almost every-
where [35]. The Gateaux derivative satisfies the usual rules associated with differentiation, such
as the product rule and the chain rule (see [46, page 138]).

Definition D.3. Let A C M be a compact invariant set for the semiflow @. A continuous function
V() : M — R is called a Lyapunov function for A if for all t € R™ the function V (®,(0)) is
constant for all & € A and strictly decreasing for all 6 € M\ A.

Recall that

Ap = {l eA:Vi=1,...,N, xlis absolutely continuous with density pi such that
D! < pi (xi) < D, for all x' e A' and pi(-) is Lipschitz continuous
with constant D}.

For the remainder of the article, assume that D is large enough such that L, () € Ap for all
m € A (see Lemma C.1). The following result extends the Lyapunov function used by Lahkar
and Riedel [31] to the two-player zero-sum case and confirms that this is sufficient to obtain a
convergence result on Ap.

Proposition D.4. If a continuous action set game is a two-player zero-sum game with bounded
and Lipschitz continuous rewards then, with respect to the strong topology on Ap,

Vr] ()=

[ (L ). ~) =t (L ()] = S0 () — o ()],

i=1 i=l1

WE

is a Lyapunov function for LE, under the logit best response dynamics on Ap.

Proof. This proof follows a similar form to that of Lahkar and Riedel [31, Theorem 7.3]. Fix
n > 0. Notice that for all = € Ap, V, () > 0. Also notice that by (2.4)
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! (L ~0)) = [ tog(t v (6l ) ()

Ai
:fri(xi,n_i)l;(n_i)(xi)dxi — nlog(/ exp{n_lri(xi,n_i)}dxi>
Al Al
=ri(Lf7(n_i),n_i) — nlog(/ exp{n_lri(xi,n_i)}dxi>.
Ai
From this it follows that
2
V,(x) := anog(/ exp{n~'ri(x, 7)) dxi> —ri (7' 77 + i ().

i=1 yt

The Gateaux derivation (see Definition D.2) is used to check that V() is a decreasing function.
It follows that

V(@) = DV, ()it
2
= ZnDlog</ exp{n~'ri(x, ni)}dx)fri + DV (z')7". (D.1)
i=1 i

Each of these derivatives are evaluated separately. Firstly, note that Dx/ (x)’ = 7 (x) [31].
Using the chain rule gives

nDlog<f exp{n_lri (xi, n_i)}dxi)y'r_i

Al

n 1 ifi —i\\e—i qui
= T expln i )y [/Dexp{" et dx}

At
o [ D A expln T (6, )} o
B Laiexpln=lri(yl, =)} dy!

=1 i i =i
=/Dri(xi,7r_i)7"r_i< eXP{n r (x » T )} )dx’

Lai exp{n=lri(yl, m=)}dy!

Al
=i (L (1), 771). (D.2)

Since € Ap it has an associated joint density p. Using the product rule gives that the second
term of (D.1) is

ani(ni)ﬁi = nD/log(pi(x))ni(dx)J'Ti
Al

=77/Dlog(pi(x))y'rini(dx)+n/10g(pi(x))Dni(x)7'ridx
Al Al
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| , .o , .
=n/ - Dn’(x)frlp’(x)dx+nf10g(p’(x))7'rl(dx)
p'(x)

Al Al

=1 / #l(dx) + 1 f log(p' (x))7" (dx)

Ai Ai
—n/IOg(pi(x))ﬁi(dx). (D.3)
Ai

Where the last line holds because [, 77/ (dx’) = 0. Now substituting (D.2) and (D.3) into (D.1)
gives,

2
\'/,7(1):Zri(L;(n—f),fr—")+n/10g(pf(x))fr"(dx)
i=1

Al
2
=— Z|:ri (rr’ n_i) -7 / log(pi(x))ﬁi(dx)i|
i=1 bt
= —Z[[r’ (x,77") = nlog(p' (1)) Jit' (dx).
i=1y;

The second line follows from Definition 2.1 because the game is two-player zero-sum. Applying
Lemma D.1 gives that

V(n)——nZ/logl‘ () — log(p' ()] (dx')

A

=—n2 / tox(l () (x) = o4 (] () a') = o1

==Y [V(Ly () + v (=)

i=1

+’7g[[103(15}(”_i)(xi))”i(dxi)+[10g(pi(xi))lf,(n‘i)(xi)dx’}. (D.4)

Now by rearranging the definition of V()

2
—nZvi(n =-V,(@ +Z 7T T i —nv (L’ ( 7i))] (D.5)
i=1

It follows by substituting (D.5) into (D.4) that

2
Vytam) = =Vt + Y[ () = 2! (L ()]

i=1
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o] 3 [ st D0 + i 6 i )|

Al

~ o [ ) ) o)

Al

—wzfmy'lmw—mwwmmfwﬂm%

Now by first applying Lemma D.1 (with ¢' =} (7 ")) to the first sum and then cancelling gives

wm~wm»m2/mwlﬂ ) = toa(p! (<) () (x) ax

I (r )b NN
=-Y, (n)—r]Z/lO < Hl(x)x )ln(n_’)(xl)dxl.

The remaining summation is the negative Kullback—Liebler divergence measure of p' from
[, (x™"), which must always be negative. This implies

Vy(@) < =Vy(@). (D.6)
It then follows that under the strong topology Vj,(-) is a Lyapunov function for £&,, under the
logit best response on Ap. O

Although we have shown the existence of a Lyapunov function on Ap, we must show that
convergence occurs uniformly on all of A. Firstly, for a set S C A, define an open ball under the
strong topology on A by letting

Brry(S.8)i={zea: inflo—xlzry <. (D7)
o€
This represents all strategies which are within § of the set A under the total variation norm on A.
For k e R, let
Sk:={meAp: Vy(m) <k} (D.8)

be the level sets in A p of the Lyapunov function V), (-), meaning all strategies in Ap which make
the Lyapunov function less than some threshold k. The following lemma shows that strategies
with small values of V, () are close to the equilibrium set £LE,.

Lemma D.5. For all € > 0 there exists a k > 0 such that

Sc € BsTv(LE,, €).

Proof. Start by noting that if Ap € Byrv(LE,, ) then the result is immediate since S, € Ap
by definition. Hence assume there exists w € Ap such that w ¢ Bx7v (LE,), €). Using the com-
pactness of Ap under the strong topology on A (see the proof of Proposition 4.2 on page 203),
there exists a x > 0 such that
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inf{Vn(E) : leADﬂBgTV(ﬁg,},s)c}zmc. (D.9)
Thus
Se SAp N Bery(LEy, &),

since S consists of elements of Ap with V), values bounded above by «, and (D.9) ensures that
any elements of Ap notin Bx7v (LE,, €) have V;, values at least 2« . It follows immediately that

S € Brrv(LEy, ©). O

It will also be convenient to bound the Lyapunov function uniformly across all elements of
Ap.

Lemma D.6. There exists a C < 0o such that for all m € Ap, Vy(zw) < C.

Proof. Firstly, notice that if ryax := max; 4 ri (@) and rpyjp :=min; 4 ri (a) then it must be that for
allwr € Ap,
—1
; ; ex T,
l;(l)(xl) <— p(n Tax} =D < o0.
|A'| exp{n~ " rmin}
Recall

[\

V() = Zri(LfY(n_i), a7 — vl (L (r77)) + v ().

i=1
It follows that

2
V() < 2rmax + »_ o' (L (1)) + v’ ().

i=1

All that remains is to show that the two entropy terms are bounded for each player. Now
p(x) <D for all x € A" means that p(x)log(p(x)) < Dlog(D) for all x € A* and fAi p(x) x
log(p(x))dx < |Ai | D log(D). Therefore, by letting D= max{D, D'}, it follows that if

2
C :=2rmax + 21 Z|Ai |Dlog(D),

i=1

thenforany w € Ap, V() <C. O

We are now in a position to prove the uniform global convergence of the logit best response
dynamics on A.

Proof of Theorem 4.4. Take 7 (0) € A and let & (¢) be the solution trajectory to the logit best
response differential equation (4.1), so that

(1) = Ly (z (1) — 2 (0).

It follows that (7 (i)e’ ) =e'L,(z(¢)) and subsequently that
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t

x(t)=e "7 (0)+ / e 'Ly (x(s))ds. (D.10)
0
Define
N eSTUL, ((s))ds
o(t) = J @) ds (D.11)
1—e™0

It is immediate that o (71) € Ap, since L, (z) € Ap for all . Furthermore, by (D.10),

|z @) — o) gy <277 (D.12)

So it has been shown that at time t; there exists a o(71) € Ap which is close to the original
trajectory m (71). (Note that this initial construction is unnecessary if 7 (0) € Ap, but allows for
a simpler proof of uniform convergence.)

Let o (71)(-) : Rt — A be a solution to the logit best response differential equation starting at
o (11) described in (D.11). From Proposition 4.3 it follows that there exists a ¢ > 0 (not depending
on 7 (0) or 71) such that for any 75 > 0

|zt + 1) — () (@) | 2y <z — (@) 2y (D.13)
Defining §(t1, 72) := 2e“2 7™ it follows from (D.12) and (D.13) that

|z (@ + 1) — o (@) (@) | o7y <811, T2).
This implies that

n(t1 + ) € Berv(a(t)(2), 8(11, 12)). (D.14)

Now note that, since g (71) € Ap, Lemma D.6 shows that there exists a C < oo, that does not
depend on 7 (0), such that V, (o (71)) < C. By (D.6), we see that

Vy(a(x)(2)) < Ce ™.
This in turn implies that
a(t1)(12) € Scem2s (D.15)

where S, is the level set of the Lyapunov function defined in (D.8).
Given arbitrary ¢ > 0, let 7 be sufficiently large that S¢,-» € Bxrv(LE,, €/2), which is
possible by Lemma D.5. By (D.15) we have that

&
o(t)(n2) € Bzrv<£5n, 5) (D.16)
for all t1. Then choose t; sufficiently large such that § (71, 72) < &/2. By (D.14) we have that
&
n(ti+ 1) € Bory (g(n)(rz), 5>. (D.17)

Hence by (D.16), (D.17) and the triangle inequality we see that

w(t1+12) € Byrv(LEy, €).

This shows the uniform convergence of trajectories starting in A to the equilibrium set £LE,. O
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