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Abstract

We consider stochastic approximation processes with constant step size whose
associated deterministic system is an upper hemicontinous differential inclusion. We
prove that over any finite time span, the sample paths of the stochastic process are
closely approximated by a solution of the differential inclusion with high probability.
We then analyze infinite horizon behavior, showing that stationary measures of the
stochastic process must become concentrated on the Birkhoff center of the deterministic
system. Our results extend those of Benaim for settings in which the deterministic
system is Lipschitz continuous, and build on the work of Benaim, Hofbauer, and
Sorin for the case of decreasing step sizes. We apply our results to the models of
population dynamics in games, obtaining new conclusions about the medium and
long run behavior of myopic optimizing agents.
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1. Introduction

Stochastic approximation theory, whose origins lie in the analysis of stochastic opti-
mization algorithms, links the behavior of certain recursively-defined stochastic processes
with that of associated deterministic dynamical systems. Much of the theory addresses
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the behavior of processes with decreasing step sizes {¢x};2;, which arise naturally when
the state represents a time-averaged quantity. Early work focused on cases in which
the approximating dynamical system is linear or a gradient system (Ljung (1977); Duflo
(1996); Kushner and Yin (1997)). A series of papers of Benaim (1998, 1999) and Benaim
and Hirsch (1996, 1999) considered the case of Lipschitz continuous dynamical systems,
including a model from game theory known as stochastic fictitious play (Fudenberg and
Kreps (1993), Fudenberg and Levine (1998), Hofbauer and Sandholm (2002)). Their main
results show that the stochastic process converges almost surely to an internally chain
transitive set of the deterministic flow.

More recently, Benaim et al. (2005) develop the theory for the case in which the deter-
ministic dynamic is not a differential equation, but a upper hemicontinuous differential
inclusion. This level of generality is important in game-theoretic applications in which
choices are determined by exact maximization, as the maximizer correspondence is nei-
ther single-valued nor continuous, but rather multi-valued and upper hemicontinuous.
An important application of these results is to the original fictitious play process, defined
in the early days of game theory by Brown (1949, 1951). Indeed, Benaim et al.’s (2005) anal-
ysis provides a simple proof that the fictitious play process must converge to a connected
set of Nash equilibria in any two-player zero-sum game and in any potential game.

While the discussion above concerns stochastic approximation processes with decreas-
ing step-size, a distinct branch of the theory has considered processes with constant step
size. Such processes are parameterized by a constant ¢ > 0, which represents both the
step size of the process and the inverse of the step rate of the process, so that the expected
increment per time unit can remain fixed as ¢ varies. The analysis concerns the behavior
of the processes as ¢ approaches zero.

While the decreasing step-size theory leads naturally to one basic limit theorem, the
constant step-size theory leads to two. Kurtz (1970) (also see Ethier and Kurtz (1986),
Benveniste et al. (1990), and Benaim (1998)) shows that over finite time horizons, the
sample paths of the stochastic process are well-approximated by a solution trajectory of
the deterministic system with probability approaching one. To describe infinite horizon
behavior, Benaim (1998) shows that the stationary measures of the stochastic process must
become concentrated on the Birkhoff center of the deterministic system.

Existing analyses of stochastic approximation with constant step size focus on cases
in which the deterministic system is Lipschitz continuous. Building on the work of
Benaim et al. (2005) for the decreasing step size case, we develop the dynamical systems
approach to stochastic approximation with constant step size when the deterministic
system is an upper hemicontinuous differential inclusion. Our two main results parallel
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those of Benaim (1998) for the Lipschitz case. We prove a finite-horizon deterministic
approximation theorem, and we prove that stationary measures of the stochastic process
must become concentrated on the Birkhoff center of the deterministic system.

Stochastic approximation theory with constant step size is of basic importance in evo-
lutionary game theory, where it is used to understand the dynamics of behavior in large
populations of strategically interacting agents whose decisions are based on simple my-
opic rules (Benaim and Weibull (2003), Sandholm (2003, 2010)). Much research in this field
focuses on deterministic continuous-time dynamics, which provide an idealized descrip-
tion of the population’s aggregate behavior. Stochastic approximation methods connect
the properties of these ideal systems with those of processes describing the stochastic
evolution of play in large but finite populations. Existing results have drawn these con-
nections for cases in which the deterministic system is Lipschitz continuous. But many
interesting deterministic dynamics from game theory, particularly those reflecting exact
optimization by individual agents, take the form of differential inclusions. These include
the best response dynamics of Gilboa and Matsui (1991) and Hofbauer (1995), which
(along with the replicator dynamic of Taylor and Jonker (1978)) represent one of the two
leading dynamics studied in the field. More recent optimization-based models, includ-
ing the refined best response dynamics of Balkenborg et al. (2011), the tempered best
response dynamics of Zusai (2011), and the sampling best response dynamics of Oyama
et al. (2011), also yield differential inclusions. By combining the main results in this paper
with existing analyses of the relevant deterministic dynamics, we obtain a variety of new
results on medium and long run behavior under optimization-based decision protocols.

A few recent papers have obtained results for special cases of the model considered
here. Gorodeisky (2008, 2009) supposes that the deterministic dynamic is piecewise Lip-
schitz continuous with unique solution from each initial condition, and uses his analysis
to study the behavior of myopic optimizers in the Matching Pennies game. Gast and
Gaujal (2010) consider a Markovian model whose mean field is arbitrary, and obtain
finite-horizon deterministic approximation results stated in terms of a regularized mean
field that takes the form of a differential inclusion.

The rest of the paper proceeds as follows. Section 2 provides background on differential
inclusions and introduces the stochastic approximation processes. Section 3 presents our
main results. Section 4 offers applications to evolutionary game dynamics. Section 5
contains all proofs.



2. Definitions

2.1 Differential inclusions

A correspondence V: R" =3 R" defines a differential inclusion on R" via
(DI) x € V(x).

Definition 2.1. We call (DI) a good upperhemicontinuous (or good UHC) differential inclusion if
Vis

(i) Nonempty: V(x) # @ for all x € R";

(i) Convex valued: V(x) is convex for all x € IR?;

(iii) Bounded: There exists a K € R such that sup{|y| : ¥ € V(x)} < K for all x € R";

(iv) Upper hemicontinuous: The graph of V, gr(V) = {(x, y) : y € V(x)}, is closed.

Let X be a compact convex subset of R", and let
TX(x)=cl({zeR":z=a(y - x) for some y € X and some a > 0})
be the tangent cone of X at x € R". Suppose that
(1) V(x) € TX(x) forall x € X.

Then standard results (see Aubin and Cellina (1984) or Smirnov (2002)) imply that from any
initial point x € X, the differential inclusion (DI) admits at least one positive Carathéodory
solution: that is, an absolutely continuous mapping x: R, — X with x(0) = x satisfying
x(t) € V(x(t)) for almost every t € R,. In the following, we will suppose that (DI) is a good
UHC differential inclusion that satisfies (1).

Let C(R,, X) denote the space of continuous X-valued maps, endowed with the topol-
ogy of uniform convergence on compact sets. This topological space is metrizable with
the distance D given by

(2) D(x,y) := Y 5 min{1,sup, ‘x(t) -y},

kelN

under which the space is complete.
Denote by S, € C(R,, X) the set of solutions of (DI) with initial condition x(0) = x.
The set-valued dynamical system induced by the differential inclusion will be denoted



®: R; X X 3 X, defined by
Dy(x) :={x(t): x € S\}.

Finally, S¢ := U,exS. is the set of all solution curves of (DI). Since X is compact, Barbashin’s
(1948) theorem implies that Sq is a compact subset of C(IR;, X).

The translation semi-flow ©: R, X C(R,, X) — C(R,, X) assigns each time t € R, and
trajectory x € C(R,, X) the translated trajectory ©'(x) € C(R, X) defined by

O (x)(s) = x(t + s).

So is invariant under ©, meaning that ®'(Sy) = Sq for all t > 0.
Finally, let the map my: C(IR, X) — X be the time 0 projection, defined by 7y(z) = z(0).
Evidently, 7ty is Lipschitz continuous.

2.2 Stochastic approximation processes with constant step size
2.2.1 The discrete-time case

We now introduce a class of stochastic approximation processes with constant step size
defined on the probability space (€2, F,P). The processes we define here arise naturally
in the context of stochastic evolutionary game dynamics. We present this application in
detail in Section 4. Some readers may prefer to read Section 4.1 along with the present
section before proceeding to our main results in Section 3.

Let 6 > 0 be a positive real number. Then V?: R" =3 IR" is the set-valued map defined

by
V°(x) := {z € R"| Ay € B(x, 6) such that dist(z, V(y)) < 6} .

Definition 2.2. For a sequence of values of ¢ approaching 0, let U* = {Uj};2, be a sequence of
R"-valued random variables and {V} be a family of set-valued maps on R". Letx € V(x) be
a good UHC differential inclusion. We say that {{X{};2}c>0 is a family of generalized stochastic
approximation processes (or a family of GSAPs) for the differential inclusion x € V(x) if the
following assumptions are satisfied:

(i) forallk > 0, we have X € X,
(i1) we have the recursive formula

XI§+1 - Xli - 8UI§+1 € EVS(X;)/



(iii) for any 6 > 0, there exists an ¢y > 0 such that forall ¢ < ¢p and x € X,
Ve(x) € (),

(iv) forall T > 0 and for all & > 0, we have

Xf):x)zo

uniformly in x € X, where [s] denotes the integer part of s.

k-1

> eUiy

i=0

>«

ImIP | max
=0 \kel1]

The first three conditions of Definition 2.2 are basic, and the following propositions, proved
in Sections 5.1 and 5.2, describe two standard settings in which the fourth condition holds.

Proposition 2.3. For a sequence of values of ¢ approaching 0, let U* = {Ui};2, be a martingale
difference sequence, i.e. a sequence of R"-valued random variables such that IE(Uj,,|F) = 0 for
all k > 0. Suppose that for some q > 2,

sup sup E(| U, ) < co.

e>0  k
Then U¢ satisfies condition (iv) of Definition 2.2.

Proposition 2.4. For a sequence of values of € approaching 0, let U* = {U,};2, be a sequence of
R"-valued random variables. Suppose there exists £y > 0 and I' > 0 such that for all € < ¢y, U® is
sub-Gaussian, in the sense that for all 0 € R",

3) E (exp({(0, UL, ) | Fi) < exp(AT [1611).

Then U? satisfies condition (iv) of Definition 2.2.

Remark 2.5. One can show that the sub-Gaussian condition (3) implies that U* is a mar-
tingale difference sequence. Thus the requirements of Proposition 2.4 are stronger than
those of Proposition 2.3. The sub-Gaussian condition provides stronger control of the rate
of convergence of the probability toward zero in the condition (iv) of Definition 2.2; see
Section 5.2 for details.

In applications to game theory and other population models, it is natural to suppose
that the process X¢ undergoes ¢ ! increments per unit of clock time. This feature is captured
in the following definition of the interpolated process X¢, which runs in continuous time.
Let 4¢: XN — C(R,, X) be a map that assigns each sequence x € XV its time-rescaled
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affine interpolation 4¢(x) € C(R,, X), defined by
X - X t
(4) AL (X)(t) = X(t) = x¢ + (£~ ef(t))w, where €(t) = u ,

Applying this map to each sample path of the discrete-time process X generates the
interpolated process X¢, whose sample paths are in C(R, X).
2.2.2 The continuous-time case

In this section we present a continous-time version of a generalized stochastic approx-
imation process. More precisely we adapted the technique used in the previous section to
analyze a class of Markov processes defined on the probability space (Q, F, IP).

Definition 2.6. For a sequence of values of ¢ approaching 0, let {L?},.o be a family of
operators acting on bounded functions f: X — R according to the formula

6) L= [ (e - ) i)

where {u£}:2% is a family of positive measures on R" such that

(1) The function x + pi(A) is measurable for each Borel set A C R";

(if) The support of u: is contained in the set {z € R": x + ¢z € X} as well as in some
compact set independent of x and ¢.

(iif) For any 6 > 0, there exists ¢y > 0 such that for all € < ¢y and for all x € X,
‘) = [ zpi(dz) e V).
0'() = [ zp(dz) € V')

Let the Markov processes {Y¢()}20 solve the martingale problems for {L¢} (see Ethier
and Kurtz (1986)). We call this collection of processes a family of Markov continuous-time
generalized stochastic approximation processes for the differential inclusion x € V(x).

Remark 2.7. The following standard construction of the process {Y*} will prove useful in
the proof of Theorem 3.2 and in Example 4.4. Let {1;};>1 be a sequence of independent
exponential random variables with rate ¢!. Define Ty =0and Ty = 71 + --- + 7 fork > 1,
and let k(s) = max{k : Ty < s} for s > 0. Then define the Markov chain {X{};~; on X with

transition function
P (X, — X € eAIX{ = x) = pi(A)
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for each Borel set A C IR". Then the Markov process {Y¢(t)};>o defined by
YE(t) = X,

is a solution to the martingale problem for L°.

3. Results

3.1 Finite Horizon Deterministic Approximation

Our first main result shows that over any finite-time span, the interpolated process
X¢ closely mirrors a solution trajectory of the differential inclusion % € V(x) with high
probability.

Theorem 3.1. Suppose that {X¢}.~ is a family of GASPs. Then for any T > 0 and any o > 0, we
have

lim P <mf sup ‘

e—0 X€ES ® 0<s<T

X(s) - x(5)| > a ’ X<(0) = x) 0.

uniformly in x € X.

Kurtz (1970) and Benaim and Weibull (2003) prove similar results for Lipschitz (clas-
sical) dynamical systems. In their analyses, the key tool used to control the distance
between the process and the flow is Gronwall’s lemma. This approach does not adapt to
our setting. Here the mean set-valued map V may provides a multitude of directions in
which the flow can proceed at each point in time. In particular, two solutions from the
same initial condition can move away from each other. Instead of relying on Grénwall’s
lemma, we instead make use of Lemma 5.3, due to Faure and Roth (2010), which ap-
proximates solutions of the differential inclusion by approximate fixed points of a certain
set-valued operator; see Section 5.3 for details.

In the continuous-time framework, the direct analogue of Theorem 3.1 is true:

Theorem 3.2. Suppose that {Y¢}.- is a family of Markov continuous-time GASPs. Then for any

T > 0and any a > 0, we have

lgiil(}lP <1nf sup [[Y(s) —z(s)|| > « ' Y (0) = x) =0

2850 ()<s<T

uniformly in x € X.



Theorem 3.1 is an immediate consequence of a more general result, Proposition 5.2,
that we prove in Section 5.3. Theorem 3.2 is proved in Section 5.4.

3.2 Limiting Stationary Distributions and Invariant Measures

In this section, we assume not only that {{X}};2,}~0 is a family of GSAPs for the
differential inclusion * € V(x), but also that for each ¢ > 0, {X{},= is a Markov chain
defined on probability space (Q, ¥, P). We study the asymptotic behavior of a continuous
family of probability measures associated with the resulting family of Markov chains.
The main result of this section shows us that any weak limit as ¢ approaches zero of a
collection of invariant probability measures {u}.-o of the Markov chains {X¢},, is itself
an semi-invariant measure of the set-valued dynamical system @ induced by x € V(x).

We recall some useful definitions and notations. Let M be a metric space, and let (M)
be the space of Borel probability measures on M. The support of a measure v in P(M),
denoted support(v), is the smallest closed subset of measure 1. If M’ is also a metric space
and f: M — M’ is Borel measurable, then the induced map f*: P(M) — P(M’) associates
with v € P(M) the measure f*(v) € P(M’') defined by

ffw)(B) = v(f7'(B))

for all Borel sets B in M’. If 8: R, Xx M — M is a semi-flow on M, a measure v € P(M)
is called O-invariant if v((0;)"1(A)) = v(A) for all Borel sets A € M and t € R,. In the
following we will use this equivalent definition (see e.g. Theorem 6.8 in Walters (1982)): v
is O-invariant if for all bounded continuous functions f : M — Rand all £ > 0,

(6) | f@dv@ = | fooixdve),

We now state the definition of semi-invariant measures for set-valued dynamical sys-
tems which uses the translation semi-flow © introduced in Section 2.1.

Definition 3.3. A probability measure p on X is an semi-invariant measure for the set-valued
dynamical system @ if there exists a probability measure v on C(IR,, X) such that

(i) support(v) C Se,
(i) v is @-invariant, and
(iii) myv) = u.
In words, condition (iii) requires that v have time 0 marginal distribution y. We use the
prefix “semi” because the measure v places its mass on the set S of forward solutions,
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rather than on the smaller set of entire solutions (i.e., solutions defined on all RR) as in
the definition of invariant measure from Faure and Roth (2011). Every invariant measure
is an semi-invariant measure, but whether the converse statement is also true is an open
question (see Remark 2.8 in Faure and Roth (2011)).

While the definition of an semi-invariant measure on X for a set-valued dynamical sys-
tem @ is specified in terms of shift-invariant measures on the space C(IR,, X) of continuous-
time trajectories through X, the stochastic approximation processes introduced in Section
2.2.1 runin discrete time. It is therefore useful to have a sufficient condition for invariance
on X that is stated in terms of shift-invariant measures on the sequence space X™. Propo-
sition 3.4 provides such a condition. To state it, we let O be the left shift on XN, and let 7,
be the map which associates with each sequence in XN its first coordinate. In addition, let
N?(A) denote the 6-neighborhood of a subset A ¢ C(IR,, X) for the distance D defined in

(2).

Proposition 3.4. Let u be a probability measure on X. If there exist a vanishing sequence {&,},>0
of real numbers and a sequence {¥,}, of probability measures on XN satisfying

(IM1)  for every 6 > 0, %1_%10 v(N°(So)) = 1, where v, = (A)*(#,),
(IM2) 7, is ©-invariant, and
(IM3) r111_r)£1<) 7i5(Va) = W (in the sense of weak convergence),

then u is semi-invariant for the set-valued dynamical system ®.

We present the proof of Proposition 3.4 in Section 5.5.

The following result shows us that the invariant measures of the Markov chains {X¢},.¢
tend to an semi-invariant measure of the set-valued dynamical system ®@. The correspond-
ing result was proved by Benaim (1998) for the case of classical dynamical systems. We
follow a different line of proof here, since the definition of an semi-invariant measure of a
set-valued dynamical system forces us to work in a larger space.

Theorem 3.5. For each ¢ > 0, let u® be an invariant probability measure of the Markov chain
X¢. Let u be a limit point of {u®}e>o in the topology of weak convergence, and let @ be the set-
valued dynamical system induced by (DI). Then u is an semi-invariant measure of the set-valued
dynamical system O.

We present the proof of Theorem 3.2 in Section 5.6.

In the continuous-time framework, the invariant measures of the Markov jump process
Y¢ are the invariant measures of the Markov chain X® defined in Remark 2.7. Since this
Markov chain satisfies the conditions of Theorem 3.5, the following result is immediate.
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Theorem 3.6. Let {Y¢},.o be a family of Markov continuous-time GSAPs. Let u® be an invariant
probability measure of Y¢, and let u be a limit point of {1*}.>o in the topology of weak convergence.
Then  is an semi-invariant measure of the set-valued dynamical system .

It is generally difficult to compute the collection of semi-invariant measures of a set-
valued dynamical system @. It is therefore of interest to derive restrictions on the limit
measure 1 that are easier to evaluate than those from Theorems 3.5 and 3.6. In order to
do so, we now introduce the notion of the Birkhoff center of ®.

Recall that the limit set L(z) of a solution z of (DI) is defined by

L(z) = () cl(z([t, o[)),

t>0

and the limit set L(x) of a point x € X is defined by

L(x) = | L(2).

Z€S,

We define the set of recurrent points of @ by
RE = {x e X: x € L(x)}.

The closure cl(R) of the set of recurrent points is called the Birkhoff center of @ and is
denoted by BC(®D).

Remark 3.7. The limit set L(x) may be equal to or strictly contained in the w-limit set of the
point x, defined by

w(x) = [ l(Ppeop)

t>0

={ye X| nlgl;o z"(t,) = y for some {t,} T oo and {z"} C S¢ with z"(0) = x}.

Unlike the definition of L(x), the definition of w(x) allows one to move between different
solution trajectories starting from x as one considers later moments in time. For instance,
if V:[0,1] =2 Ris defined by V(0) = [0,1] and V(x) = 1 — x for x € (0, 1], then L(0) = {0, 1}
but w(0) = [0, 1]. Under our definition of recurrence based on L(x), point x is recurrent if
there exists at least one solution curve starting from x whose limit set contains x.

The following theorem is a version of the Poincaré recurrence theorem for standard
set-valued dynamical systems for semi-invariant measures.
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Theorem 3.8. Let u be an semi-invariant measure for ®, then
u(BC(@)) = 1.

The proof of Theorem 3.8, which is directly inspired by the one of Faure and Roth (2011)
for invariant measures, is presented in Section 5.7.

The following result follows immediately from the previous theorems.

Corollary 3.9. Under the conditions Theorem 3.5 or Theorem 3.6, the support of u is contained
in the Birkhoff center of ®.

4. Applications to Game Theory

We now define classes of Markov process from game theory that fit within the frame-
work introduced above. Convergence results for these stochastic evolutionary game
dynamics are presented in Section 4.4. For background on the material presented here,
see Sandholm (2010).

4.1 Population Games and Stochastic Evolutionary Game Dynamics
4.1.1 Population games

Consider a population of N € IN agents, each of whom chooses a strategy from the set
S =1{1,...,n}. The distribution of strategies chosen by the members of this population is
represented by a point in the simplex X = {x € R}: > ;x; = 1}, or, more precisely, in the
uniform grid XV = X N Z". We typically refer to such a point as a population state.

A population game is defined by a continuous function F: X — IR". Here F;(x) represents
the payoff to strategy i € S when the population state is x. One could allow payoffs to
depend directly on the population size N, but to keep the notation manageable we do not
do so here.

Since we are concerned with behavior in large populations, the relevant notion of
equilibrium for F is that for the large N limit. We therefore call state x € X a Nash
equilibrium of F if x; > 0 implies that F;(x) > F;(x) for all j € S. In other words, at a Nash
equilibrium, no (infinitesimal) agent could improve his payoffs by switching strategies.
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4.1.2 Revision protocols

In our model of game dynamics, each of the N agents occasionally receives opportu-
nities to switch strategies. The arrivals of these opportunities across agents are such that
the expected number of revision opportunities that each agent receives in a unit of clock
time is 1. Three specifications of the arrival process are introduced below. Each variant of
the model generates a Markov process on the grid XV; for a more general extension, see
Remark 4.8.

The behavior of an agent playing game F after receiving a revision opportunity is
governed by a revision protocol, a pair of functions (rV, ¢"V) with r*N: XN — [0,1]" and
ofN: XN — X". When a current i player receives a revision opportunity, he considers
switching strategies with probability r/(x); if he does consider a switch, he chooses
strategy j with probability GE}N (x). (To be clear, the choice probabilities of an i player at
state x are given by the probability vector o{™(x) € X.)

The dependence of r*N and ¢'N on N allows for vanishing finite-population effects—
for instance, the effects of sampling without replacement. We ensure that any such effects
are small by requiring the existence of a limit protocol (rf,of) with rf: X — [0,1]" and
of: X — X" that satisfies

. EN(a\ _ Fian| — - EN(Y _ Fay| —
Il{l_t)l{}gg;}&g}(‘r (x)—r (x)' =0 and I%l_r)r‘}oarel)%‘a (x)—o (x)' =0.

4.1.3 Mean dynamics

The mean dynamic (or mean field) v: X — R" induced by the population game F and
revision protocol (, o) represents the expected increment per time unit in the proportions
of agents playing each strategy. The mean dynamic is defined by

) vi(x) = JEE; xj 17 () 0j(x) = xi 77 (3).
The initial sum in (7) represents the expected inflow to strategy i from other strategies,
while the second term represents the expected outflow from strategy i to other strategies.
It is easy to verify that v(x) € TX(x) for all x € X for any choice of game and revision
protocol. While earlier papers (e.g., Benaim and Weibull (2003), Sandholm (2003)) focus on
revision protocols under which the mean dynamic v is Lipschitz continuous, the examples
introduced in Section 4.2 lead to mean dynamics that are discontinuous selections from a
good UHC differential inclusion.
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4.1.4 Arrivals of revision opportunities and stochastic approximation processes

We now introduce three distinct models of the arrivals of revision opportunities:

I. A simple discrete-time model: Each unit of clock time is divided into subintervals of
length ;. At the end of each subinterval, one of the N agents is chosen at random to
receive a revision opportunity, with these choices being independent over time.

II. An alternative discrete-time model: Each unit of clock time is again divided into
subintervals of length .. At the end of each subinterval, each of the N agents receives
arevision opportunity with probability ;, with these draws being independent across
agents and over time. Thus, the number of opportunities arriving at the end of each
subinterval follows a binomial(N, %) distribution.

III. A continuous-time model: Each agent receives revision opportunities according to
independent, rate 1 Poisson processes.

Each of these models leads to a distinct collection of stochastic approximation processes.

Example 4.1. Discrete-time process, one revision opportunity per period. To define the Markov
chain {X}¥}32, on XN corresponding to Model I, let ¢; denote the ith standard basis vector in
R", and define on an arbitrary probability space the auxiliary random variables {N* with

distributions

xi 1N (%) 07 (x) if z = %(e; — e),
(8) PV = z) = Zjes X; (1 — rf’N(x) + er’N(x) oi’}\’(x)) ifz=0,

0 otherwise,

Then define the transition law of the Markov chain XV as
PXY, = XN + 21 XY = x) = P(C(M = 2).

Since there are N periods per unit of clock time, the expected increment per time unit
of Markov chain X" is given by

©) 0" () = NEXG, - XX =)
= NIEC™*
=3 > N o () (e - e)
i€S jes
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i€S

e (S e -nf e )

i j€S
Thus

. N _
(10) 1\1]1_r>r010 max ‘v (x) - v(x)‘ =0,
where v: X — R" is defined by (7).

Now suppose that v is a selection from V: X =3 R", a good UHC differential inclusion.
Ifwelete = %, then conditions (i) and (ii) of Definition 2.2 are clearly satisfied with

(1) Uy = Ui =N (X - X - EOGL, - XY170)

and the uniform convergence in (10) implies condition (iii). Finally, since each U" is a
martingale difference sequence, and since the collection {UY HN=n, is uniformly bounded,
Propsition 2.3 implies that condition (iv) of Definition 2.2 is satisfied as well. Thus, the
collection {{X}}}2(}¥_y, is a family of GSAPs. &

Example 4.2. Discrete-time process, random number of revision opportunities per period. To
define the Markov chain corresponding to Model II, first define on an arbitrary probability
space the auxiliary random variables Eﬁé", ¢ e€{1,...,Nx;}, with distributions

@ ol 2= 2 e
PEY =2) =) (1= +rN W o)) ifz=0,
0 otherwise.

On the same probability space, define Rf\]’x to be a binomial(Nx;, %) random variable, and
define all of the random variables so that they are mutually independent. Then define the
random variables EN* by
RN*
DD IS

ieS (=1

Now define the transition law of the Markov chain X" by

P(XkN+1 = XkN + Z| XkN = X) — ]P(é’N,x — Z).
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The expected increment per time unit of this Markov chain is

(12) wN(x) = NEXG,, — XF1XE = x)
= NE&Y
=Y EREEY
i€S
=> x> riN@ ol (v) (e - e)
i€S j€S
= oV (x).

So as before,

Jlim max ‘wN (x) — v(x)) =0,
where v: X — R" is again defined by (7).

Suppose again that v is a selection from a good UHC differential inclusion. If we define
UM as in (11), then conditions (i), (ii), and (iii) of Definition 2.2 are clearly satisfied, so to
prove that the collection {{X} HizolN=n, 1S @ family of GSAPs, we need only verify condition
(iv). Doing so requires the following lemma, which we prove in Section 5.8:

2
Lemma 4.3. There exists a constant M > 0 such that sup, ]E(HUkNJrlH ) <M < oo.

It follows from this lemma and Proposition 2.3 that the collection {{X} oot IN=n, 18 @ family
of GSAPs. &

Example 4.4. Continuous-time process. We now define the continuous-time Markov chains
{YN}is0 on XN corresponding to Model III. To do so, we let the Markov chain {X}}¢2,
be defined as in Example 4.1, and we define YV(t) = Xff(t) as in Remark 2.7. If we let
Z = {e;—e;: 0 <i,j < n}, then the generator LV of the Markov process YN acts on bounded
functions f: X — R according to

L =N (flc+ 52) - f0) 152)
where u(z) = P(CN* = 4z) for the random variable {V* defined in equation (8).
Conditions (i) and (ii) of Definition 2.6 follow immediately from the definition of u}.
Moreover, it is easy to see that vN(x) = [, z ul(dz) is given by the last expression in display
(9), and so (10) implies that v" converges uniformly to the function v defined in (7). Thus,
if v is a selection from a good UHC differential inclusion, then condition (iii) of Definition
2.6 holds, and so the collection {YV}y»1 is a family of Markov continuous-time GSAPs. 4
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4.2 Examples of Revision Protocols and their Mean Dynamics

We now present three examples of revision protocols whose mean fields are described
by differential inclusions. In all of the examples, a central role is played by the maximizer
correspondence M: R" =3 X and the best response correspondence BF : X =3 X, defined by

M(mt) = argmax (y, m) and Bf=MoF
yeX
Because M is convex-valued and upper hemicontinuous, the mean dynamics in the next
three examples are all selections from good UHC differential inclusions.
To simplify the presentation, we suppose below that the revision protocol (rN,o"N) =
(rf,o%) does not depend on the population size. Examples 4.1, 4.2, and 4.4 show that our
results for the examples coming next remain valid without this assumption, so long as the

protocol converges uniformly to its limit.

Example 4.5. The best response dynamic. Suppose that an agent who receives a revision
opportunity only chooses a strategy with positive probability if it is optimal at the current
population state. This corresponds to revision protocols with r/ = 1 and of(x) € Bf(x).
Note that by allowing revision probabilities to depend on the agent’s current strategy i,
one can allow players of different strategies to break ties in different ways; for instance,
one can suppose that an agent currently playing a best response does not switch to an
alternate best response. For a further generalization, see Remark 4.8 below, and for the
implications for stochastic approximation, see the examples in Section 4.3.

For any revision protocol of the form described above, the mean field v is a selection
from the differential inclusion

(13) x e V(x) = Bf(x) — x.

Equation (13) is the best response dynamic of Gilboa and Matsui (1991) and Hofbauer (1995).!
¢

Example 4.6. Tempered best response dynamics. It may be more realistic to assume that
an agent who receives a revision opportunity becomes less likely to bother to revise
as his current payoff becomes closer to the optimal payoff. This is achieved by letting

!In some games, the best response protocol may be seen as too permissive, as it allows agents to switch
to strategies that are optimal at the current state, but that fail to be optimal at any nearby states. To remedy
this, Balkenborg et al. (2011) suppose that players only switch to strategies that are not only best responses
to the current state, but also unique best responses at certain states arbitrarily close to the current state. This
refinement of the best response correspondence leads to a refinement of (13) called the refined best response
dynamic. See Balkenborg et al. (2011) for further discussion and analysis.
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rE(x) = p(ﬁi(x)), where Fi(x) = max; F;(x)—Fi(x) is the payoff deficit of strategy i at population
state x, and p: R, — [0,1] is a nondecreasing, Lipschitz continuous function satisfying
p(0) = 0 and p(s) > 0 when s > 0. If we then assume maximization by again letting
of(x) € Bf(x), then the mean field v is a selection from the differential inclusion

(14) 1 e V(x) =Y x p(Fi(x) (BF(x) — &),

i€S
Equation (14) defines the tempered best response dynamic of Zusai (2011). &

Example 4.7. Sampling best response dynamics. If agents cannot directly observe the popula-
tion state, they can estimate this state by taking a finite sample from the population, and
using the empirical distribution of strategies in the sample as an estimate of the actual
population state. Dynamics based on this idea are introduced by Oyama et al. (2011).

Let Z'* = {z € Z"": Y sz = k} be the set of possible outcomes of samples of size k,
and define the k-sampling best response correspondence B¥*: X =3 X by

(15 B =3 <21 - ) (x?---xi")BP(llcz)

nk
z2€Z.

If an agent who receives a revision opportunity takes a sample of size k from the population
and switches to a best response to its empirical distribution, we obtain a revision protocol
with v/ = 1 and of (x) € B¥(x). The resulting mean field is a selection from the differential
inclusion

(16) x € V(x) € B (x) — x,

which is known as the k-sampling best response dynamic.

More generally, one can allow the size of a revising agent’s sample to itself be random.
If the sample size is determined by the probability distribution A = {A};2; on IN, so that
rf =1 and of (x) € Sren AB¥(x) the mean dynamic is a selection from the A-sampling
response dynamic,

(17) xeVE) =Y ABHx) —x. &

keN
Remark 4.8. Since the processes introduced in Section 4.1 are Markov processes, the maps
(9) and (12) describing the expected increment per time unit as a function of the state x
are single-valued. Thus the mean fields in Examples 4.5-4.7 are (single-valued) selections
from good UHC differential inclusions.
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Since our discrete-time deterministic approximation result, Theorem 3.1, does not
require the underlying processes to be Markov, it can also be applied to more general
processes. Let (RFN,TEN) with REN: XN =3 [0,1]" and oN: XN =3 X" be nonempty,
convex-valued, and upper hemicontinuous correspondences. When a current i player
receives a revision opportunity, he considers switching strategies with probability given
by a random variable rl-F N(x) that takes values in R¥N(x); if he does consider a switch, his
choice probabilities are given by a random variable o'V (x) that takes values in ZFN(x). We
make no assumptions about the dependence of these random variables on the history of
the process.

Let XV be the resulting stochastic process, with revision opportunities arriving as in
Example 4.1 or 4.2, and suppose that RN and TFN converge to Rf: X =3 [0,1]" and
¥F: X =3 X" uniformly in the Hausdorff topology. If

(18) eV =) e <Z X R} (x) 2 (%) — x; Rf(x)) .
i€S j€S

is a good UHC differential inclusion, as is true under the protocols from Examples 4.5-4.7,

then it is easy to verify that {{X}Y};2,}}¥-y, is a family of GSAPs for ¥ = V(x).

4.3 Which Solution Trajectories Approximate Sample Paths?

When the mean field is Lipschitz, it admits a unique solution trajectory from every
initial condition, but when it is a differential inclusion, there may be multiple solutions.
While sometimes more than one such solution can approximate sample paths of the
stochastic process, it need not be the case that all solutions do so. Thus, if the differential
inclusion is understood as an approximation of the underlying stochastic process, not all
solutions are relevant. We show in the following examples that solutions sometimes can
be ruled out by basic considerations about the stochastic processes. For definiteness, we
assume below that revision opportunities arrive in discrete time as specified in Example
4.1o0r4.2.

Example 4.9. When considering two-strategy games, it is convenient to let the strategy
set be S = {0,1}, to let x = x; denote the mass of agents using strategy 1, and to abuse
notation by using this x € X = [0, 1] as our state variable. Doing so now, we define the
coordination game F: X — R? by

(X0 1-x) _ [(A-na"
F(()“(g 1—7(*)( X >_<?C(1—?C*)>'
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where x* € (0,1). This game has three Nash equilibria, x =0, x =1, and x = .

Suppose that agents follow a best response protocol as introduced in Example 4.5,
and let X" denote the resulting N-agent stochastic process. By Theorem 3.1, finite horizon
behavior of sample paths must be approximated by solutions to the best response dynamic
for F, here given by the differential inclusion

{—x} if x < a7,
(19) kx=B"(x)-x=S[-x1-x] ifx=x"
{1-x} if x > x*.

From each initial condition x # x*, this differential inclusion admits a unique solution,

which converges to state 0 or state 1 according to whether x is less than or greater than
*

X -

(20) x < x* implies that x(t) =e™'x,

(21) x> x" implies that x(t) =1 —e™(1 - x).

From initial condition x* itself, (19) admits many solutions: there is the stationary solution
x(t) = x*, solutions of forms (20) and (21) that proceed directly to a pure equilibrium, and
solutions thatstay at x* for a finite amount of time before proceeding to a pure equilibrium.

Which solutions of (19) approximate sample paths of the process XN? If x* is not a
state in the set XN = {0, %, ..., 1} where the process XN runs, the only solutions of (19) are
relevant for stochastic approximation are those of forms (20) and (21). Of course, this is
necessarily the case whenever x* is irrational.

If instead x* is in X and is the initial condition of XV, then which solutions of (19)
are relevant depends on just how XV is specified. If one assumes that indifferent agents
do not switch strategies, then XY never leaves state x*, so only the stationary solution of
(19) is relevant. If any other Markovian specification is used, so that there is a positive
probability that the initial increment of X" is not null, then for large N only the solutions of
(19) that immediately leave x* can approximate sample paths of XV. Thus, the solutions
of (19) that leave x* after some delay are only relevant if a non-Markovian specification
of XN is followed, as described in Remark 4.8.2 ¢

21f the population game is intended to model random matching in a normal form game, then adjustments
should be made to F and ¢ to account for the absence of self-matching. If this is done, then the only solutions
of (19) starting from x* that are relevant for stochastic approximation are those that immediately leave x*.
See Sandholm (2010, Sec. 11.4 and 12.5.3) for related observations.
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€, €3 € €3
@) (ii)

Figure 1: The best response dynamic in two variations on Zeeman’s game.

Example 4.10. Now suppose that agents follow a best response protocol when playing the
following game (Zeeman (1980), Hofbauer (1995)):

0 6 —4 X1
Fx)y=1 -3 0 5 X
-1 3 O X3

The phase diagram for the best response dynamic in this game is presented in Figure

Figure 1(i). Solution trajectories from most initial conditions are unique and converge

111
37373

stationary solution at x*, as well as solutions that head toward e, possibly after some

to the Nash equilibrium e;. However, from Nash equilibrium x* = ( ), there is a
delay. Other solutions head toward the Nash equilibrium y* = (é, 0, %). Some of these
converge to y*; others leave segment x*y* before reaching y*. Of those that leave, some
head to e;, while others head toward e; and then return to x*. If x* is revisited, any of the
behaviors just described can occur again.

Suppose that the initial state of the process X" is from some state x in the interior of
segment x*y*. The possible increments in the state are of the form 1 (¢; — ¢;). In terms of
the figure, the direction of any such increment is parallel to a face of the simplex, and in
particular is not parallel to segment x* y*. Therefore, any non-null transition must take the
state off of the segment. This implies that the only solutions to the best response dynamic
starting in the interior of segment x*y* that can be relevant for stochastic approximation
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are those that immediately leave the segment.

The game
0 3 -2 X1
Gx)=|1 -9 0 10 X7
-1 2 0 X3

has a similar incentive structure to F, but in this game the segment between the Nash
equilibria x* = (3, 3,1), and y* = (3,0, }) is parallel to the e,e; face of the simplex (Figure
1(ii)). Now suppose that the process XN begins at some state x in the interior this segment.
(Such a state is in XN if and only if N is a multiple of 3). If one assumes that agents playing
an optimal strategy do not switch, and that strategy 2 players who are indifferent between
strategies 1 and 3 always switch to strategy 1, then the process X" will stay on segment
x*y*, sometimes remaining in place and sometimes moving toward y”. So in this case, the
only approximating solution of the best response dynamic for G is the unique one that
starts at state x and converges to equilibrium y*. ¢

4.4 Convergence of Stochastic Evolutionary Game Dynamics

We now use our main results to understand the finite-horizon and infinite-horizon
behavior of the processes introduced in Section 4.2 in certain classes of well-behaved
games. Analyses of this sort were performed by Hofbauer and Sandholm (2007) for
processes based on perturbed best responses, under which agents choose optimally after
the payoffs to each of their strategies is subject to a random perturbation. These random
perturbations ensure that the relevant mean dynamics are smooth, allowing results on
stochastic approximation in classical contexts to be applied. The main results in the present
paper allow us to understand the behavior of processes based on exact best responses.

4.4.1 Stable games and potential games

Stable games and potential games are classes of games in which a variety of evo-
lutionary processes are known to converge to equilibrium. To introduce these classes
of games, we define ® = [ — 111" € R™" to be the orthogonal projection of R" onto
TX = {z € R": 2’1 = 0}, the tangent space of the simplex X.

The population game F: X — R" is a potential game (Monderer and Shapley (1996),
Sandholm (2001b, 2009)) if it admits a C' potential function f: X — R, meaning that

(22) ®F(x) = Vf(x) forallx € X.
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Applications of potential games include models of genetic competition, firm competition,
network congestion, externality pricing, evolutionary implementation.
The population game F: X — IR" is a stable game (Hofbauer and Sandholm (2009)) if

(23) (y—x)(F(y) —F(x)) <0 forallx,y € X.

Stable games include zero-sum games, games with an interior ESS (Maynard Smith and
Price (1973)), wars of attrition, and perturbed concave potential games as instances.

In games from either of these classes, the set of Nash equilibria has desirable proper-
ties. The Nash equilibria of a potential game are the states that (along with appropriate
multipliers) satisfy the Kuhn-Tucker first order conditions for maximizing the potential
function f on the set X (Sandholm (2001b)). And in any stable game, the set of Nash
equilibria is convex (Hofbauer and Sandholm (2009)).

The standard game-theoretic interpretations of conditions (22) and (23) are obtained
by expressing these conditions in differential form, as the references above show. But it is
also possible to provide direct geometric interpretations of these conditions. To do so, we
introduce the differential equation

(24) x = OF(x) for x € int(X)

By applying the projection @ to the game F: X — IR", we convert the game into a vector
tield ®F: X — TX on the simplex. Thus the solutions of equation (24), known in game
theory as the projection dynamic, “follow the payoff vectors” to the greatest possible extent
while maintaining a population mass of 1.3

Suppose that we run the projection dynamic from two initial conditions, xy and yp.
Then as long as the solutions remain well-defined,

(25) sialye = %P = (y — 0 (F(y) - F(x))

Comparing (23) and (25), we see that F is a stable game if and only if the projection
dynamic for F defines a (weak) contraction. Similarly, comparing conditions (22) and (24)
shows that in a potential game, the projection dynamic proceeds “straight uphill” on the
landscape defined by the potential function f.

Our goal in this section is to obtain convergence results for the best response processes
from Examples 4.5 and 4.6 in potential games and stable games. To do so, we must show

3The projection dynamic can be derived from revision protocols based on “revision driven by insecurity”,
under which the rate at which an agent receives revision opportunities depends inversely on the number
of other agents choosing his current strategy. See Lahkar and Sandholm (2008) for details.
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that the good behavior of the projection dynamic (25) in these games carries over to the
relevant mean dynamics, (13) and (14). For potential games, this is accomplished by
showing that the potential function f defines a strict Lyapunov function (Hofbauer (1995),
Sandholm (2010), Zusai (2011)). In the case of stable games, no single function serves as a
Lyapunov function for all dynamics, but for the best response and tempered best response
dynamics, one can verify that the functions

A@ = max (y = 9'F@) and A0 =x, / 0 (Eix) = 1) dp(r)
ies
are strict Lyapunov functions for (13) and (14), respectively, and that both of these functions
are minimized on the convex set of Nash equilibria of F (Hofbauer (1995), Hofbauer and
Sandholm (2009), Zusai (2011)).

By combining the existence of these Lyapunov functions with our results from Section 3,
we can obtain convergence results for stochastic best response processes. For convenience,
we focus on the discrete time processes XV from Examples 4.1 and 4.2. The results are
stated in terms of the continuous-time interpolated process {X"}_y, defined in Section
2.2.1.

Following Hofbauer and Sandholm (2007), we now introduce two notions of conver-
gence for these families of processes. We say that the interpolated processes XV converge
in the medium run from initial conditions in A to the closed set C C X if for each x € A and
a > 0, there is a time T = T(x) such that forall U > T,

lim P ( sup dist(XV,C) > & ‘ XY = x> =0.

N=eo te[T,U]

If the set of initial conditions is not specified, it is understood to be the entire simplex
X. We say that these processes XN converge in the long run to the closed set C c X if for
N

any sequence of invariant measures {u"}3_y, of these processes, and for each open set O

containing C, we have that limy_ pN(O) = 1.

Theorem 4.11. Consider evolution under any best response protocol or under any tempered best
response protocol for game F, and assume that F is either a potential game or a stable game. Then
the processes {X™}_y, converge in the medium run and in the long run to the set of Nash equilibria

of F.
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4.4.2 p-dominance and iterated p-dominance

We conclude the paper by presenting a convergence result for sampling best response
processes. To do so, we must present some solution concepts for games due to Morris
et al. (1995) and Tercieux (2006).

We say that strategy i is p-dominant in game F if i is the unique best response whenever
it is used by at least fraction p of the population:

Bf(x) = {e;} forall x € X with x; > p.

Evidently, lowering the value of p strengthens the p-dominance criterion, and in any
population game F, at most one strategy can be p-dominant with p > 1.

One can use the idea of p-dominance to obtain solution concepts of broader applica-
bility. A nonempty set of strategies S* C S is a p-best response set of F if

Bf(x) c S* forallx € X with > x; > p.
ies*

Thus S™ is a p-best response set if whenever at least fraction p of the population plays
actions in §¥, all best responses are themselves in S*. We call a nonempty set of strategies
S* c S an iterated p-best response set of F if there exists a sequence S0, St ..., 8™ with
S=8">58'5..- 58" = §* such that S’ is a p-best response set in F|g-1, the restricted
version of F in which only strategies in S”! are allowed, for each ¢ = 1,...,m. Strategy
i € S is an iterated p-dominant equilibrium of F if {i} is an iterated p-best response set of F.

To link these concepts with sampling best response processes, we say that the proba-
bility distribution A = {A};2; on N is 1-good if

k

2 A (1= () > &

=1
Oyama et al. (2011) show that if distribution A is {-good, and if strategy i is an iterated
+-dominant equilibrium that is initially played by a positive mass of agents, then the
A-sampling best response dynamic converges to state ¢;. Combining this fact with our
results from Section 3, we obtain

Theorem 4.12. Suppose that strategy i is an iterated -dominant equilibrium of F, and that A is
+-good. Consider evolution under the A-sampling best response protocol in F. Then the processes
XN W=, converge in the medium run from the set X" = {x € X: x; > 0} to the singleton {e;}.

Analogous results can be stated for iterated ;-best response sets that are not singletons.
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See Oyama et al. (2011) for further discussion.

Theorem 4.12 ensures that starting from most initial conditions, the A-sampling best
response process proceeds to a neighborhood of the equilibrium ¢; and remains in this
neighborhood for a long period of time. Unlike many of the processes studied in stochastic
evolutionary game theory (e.g., those in Hofbauer and Sandholm (2007)), sampling best
response processes are not irreducible: if the process reaches a state at which all agents
choose the same strategy, it remains in that state forever. This suggests the possibility
of strengthening the conclusion of Theorem 4.12 to that of convergence to state ¢; with
probability approaching 1. For work in this direction, see Sandholm (2001a).

5. Proofs

5.1 Proof of Proposition 2.3

To simplify the proof, we suppose g = 2. Using the familiar Holder inequality, the
proof of the general case is almost the same.

LetussetT > 0. By the assumption on the second moment of U¢, there exists a constant
M > Osuch that E (||U%,, Hz) <M, foralli > 1. Since U* is a martingale difference sequence,
Burkholder’s inequality (see, e.g., Stroock (1993)) yields

k=1 2 [f]1
E max Z‘gUigﬂ <E Z €2HU§+1H2
osks[g] i=0 i=0
< T Mce?
e
< C(T)e,

where c > 0is a constant given by Burkholder’s inequality and C(T) = T(cM+1). Markov’s
inequality then implies that

P { max
(ks[z]

so we conclude the proof by taking the limit as ¢ goes to zero. m

k-1

Z Eij+1

i=0

-a) <40,

a2
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5.2 Proof of Proposition 2.4
Fork € N and 6 € R", let

k-1
Zi(0) = exp (Z(Q, eUi,q) — gkez ||9||2> .

i=0

According to (3), (Zi(0))« is a supermartingale. Thus, for any f > 0 and any n € IN, Doob’s
supermartingale inequality implies that

k-1
P (Jlmlgxw, > eUs) = ﬁ) =P <11mkax Zi(0) > exp(B — L1611 n52)>
<Kk<n i—0 <K<n

<exp(Lll0IF ne* - B).

Lete, ..., e, be the canonical basis of R", 6 > 0, and e = +e¢; for some i. Set f = % and
0= ge. Then

k-1 k=1
P (max(e, > eUsy) > 6> =P ({nkaxw, > Uiy > ﬁ)
<k<n i-0

1<k<n =0
52
< .
= &p <2Tn€2>

Fixing > 0, and using the previous inequality with 6 = £ and n = [£], we conclude that

P{ max
(1sks[f]

k-1

Z 8U1§+1

i=0

k-1
> 7/) <P ( U {max{e,ZEUf+1> > y})
e=xe; L<ksn i=0 m

< 2mexp (2T$Tm2) .|

5.3 Proof of Theorem 3.1

We introduce the notations |[x||r := SUP.c1o,7] xS, dpom(x,y) = Hx—yH[O,T] and
dpo,r1(x, A) = inf,eq dpo1i(x,a) for x,y € C(R,,X) and A c C(R;, X). In addition we let
Sio,71 denote the set of all solution curves of (DI) restricted to time interval [0, T].

To prove Theorem 3.1, we first demonstrate a similar result for so-called perturbed
solutions of the differential inclusion (DI). We then show that a family of GSAPs is a
perturbed solution of (DI).

Definition 5.1. Let 6 = {67(¢)}¢>0,r>0 be a family of real random variables and U = {U*(t)}.-o
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a family of stochastic process U°: QX R, — R". A familiy {y,}.-o of continuous functions
y.: Ry = R"is a (8, U)-perturbed solution of the differential inclusion (DI) if

(i) y. isabsolutely continuous for all ¢ > 0,

(i) forany T > 0andany a > 0, lim., P (dr(¢) > a) =0,

(iii) for any T > 0 and for almostevery 0 <t < T,

dYe(t)

7~ U e VOye(t),

(iv) for every ¢ > 0, U® is almost surely locally integrable,
(v) forany T > 0and any a >0,

(6  lmP <sup /0 U (s) dsH > a) 0.

0<v<T

Theorem 3.1 is a corollary of the following proposition, which generalizes the theorem
to (6, U)-perturbed solutions.

Proposition 5.2. Let {y.}.-o be a (0, U)-perturbed solution of the differential inclusion (DI). Then
forany a > 0 and any T > 0, we have

lgiil(}lp (dio11(Ye, So) = @) =0,

Before starting the proof, we introduce a useful technical lemma due to Faure and Roth
(2010). Let T > 0, define [|V]| = sup, .y sup, .y, lyl, and consider the compact set

Ky := {y € Lip([0, T], X): Lip(y) < IVl + 1},

where Lip([0,T], X) is the set of Lipschitz functions from [0,T] to X and Lip(y) is the
Lipschitz constant of the function y. Note that Ky contains every solution curve of (DI),
restricted to [0, T].

For y € [0, 1], we define the set-valued map A”: Ky =3 Ky by letting y € A”(z) if and
only if there exists an integrable h: [0, T] — R" such that

h(u) € V(z(u)) for all u € [0, T], and
y(7) = 2(0) + /O h(u) du for all 7 € [0, T].
We adopt the convention that A° = A. Observe that Fix(A) := {z € Ky: z € A(z)} = Sjo 1.

The following lemma of Faure and Roth (2010) says that if z is almost a fixed point of A”
for some small enough v, then it is almost a solution of x € V(x).
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Lemma 5.3. Let a > 0. There exist > 0 and y, > 0 such that for any y < y,
doi(z, N'(2)) < p = dior(z,Spm) < @

forallz € Ky.

Proof of Proposition 5.2. Let {y.} be a (8, U)-perturbed solution of the differential inclusion
(DI). FixT>0and a > 0. For0 <t < T, set

ve(t) = ye(t) = US(t) € VOrO(y,(t)) and
2= y0) + [ vi(s)ds.

J0

Then
@) -y =2 -y.0+ [ UEs

Thus A(e, T) := dio,11 (e, ye) = SUpy_..r Hfos Uf(u) du
and of A7 imply that

, and in addition, the definitions of v,

z, € AN+ (7).
By Lemma 5.3, there exists a yo such that for all ¢ > 0,
A(e, T) + 81(e) < yo = djo11(Ze, Spo,17) < 5-
Furthermore, equality (27) implies that
dior)(ye, Som) < diori(2e, Spory) + Ale, T).
We therefore have

P (d[O,T](Zg, S[O,T]) + A(S, T) > 0()
P (djo,r1(2, Som) > &) + P (A, T) > 2)
P (A(e, T) > %) + P (67(e) > ) + P (A(e, T) > 2).

P (dio,11(Ye, Sporp) > @) <

IA

IA

We conclude the proof by taking the limit in € and using hypotheses (ii) and (v) ony,. ®

The last step in the proof of Theorem 3.1 is to show that the family of interpolated
processes {X¢}.»o induced by a family of GSAPs is a (8, U)-perturbed solution of the
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differential inclusion (DI), where

Or(e) ;= inf{6: V(x) € Vo(x) Vx € X} + € max (O +1IVII + 1),
k<[1]

and where U° is the piecewise constant process induced by the sequence of random
variables U* from Definition 2.2:

' t
Ust) = U;(t)Jrl for t > 0, where £(t) = [J )

To do this, we must verify the five conditions of Definition 5.1. Conditions (i), (ii), (iv)
and (v) are direct consequence of the definitions of X¢ and U*, so we need only consider
condition (iii).

Fix T > 0. By the definition of X* and by assumption (ii) of Definition 2.2, we have for
any 0 <t < T that

(28) XE(t) € X + (= el() (U (1) + V(X)) -

Using assumption (iii) of Definition 2.2, the last inclusion implies that, for ¢ > 0 small
enough,

and then, using this assumption once more, that

XE(t) = X

| < emax(|U]| + VI + 1)
k<[]

(29) V(X)) © VTOXE(H)).

Condition (iii) of Definition 5.1 follows from expressions (28) and (29). This completes the
proof of Theorem 3.1.

5.4 Proof of Theorem 3.2

Denote by {X]}i>1 the Markov chain associated with the process Y* as defined in Remark
2.7. The continuous time affine interpolated process Y¢(-) induced by Y¢ can be defined as

_ Xé _ Xe
(30) V() = Xy + (= Typ) -2 =260
Tr(t)+1
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Fix T > 0. By assumption (ii) on the measure u, there is a constant M > 0 such that

(31) X — X5l < Me as.,

which implies that

(32) sup [Y(H) - Y°(t)|| < Me as..
0<t<T

For each n € N, define U;,,; by

Ui = - (Y () = Y1) — 0 (Y (T,)

1

Tn+1

(X1 = X5,) = (),

where v* is the vector field introduced in assumption (iii) of Definition 2.6. Let U‘(t) be
the piecewise constant process induced by the sequence of random variables {U}:

Qé(t) = Ui(t)+1 fOl‘ t Z O.
We claim that {Y¢} is a (8, U)-perturbed solution of the differential inclusion (DI) for
Or(e) := inf{6: vi(x) € V°(x) Vx € X} + Me.

If this claim is true, then the theorem follows from Proposition 5.2 and inequality (32).
To prove the claim, we check the five conditions of Definition 5.1. Conditions (i), (ii)
and (iv) are direct consequences of the definition of {X¢}. Moreover, by deriving (30) and
using the definition of U;,, we have almost surely for almost all t > 0 that
AY(t) = — (K = X)
dt Taprt KO T 0
= U () + 0" (Xiqp)
e U'(h) + V7" (X))
c Us(t) + VorOYe(h)).

where y = inf{y: v(x) € V7(x) for all x € X}; the second step is a consequence of assump-
tion (iii) of Definition 2.6, and the last inclusion is a consequence of (31) and the definition
of 6r(¢). This establishes condition (iii). Finally, condition (v) is a consequence of the

following lemma.
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Lemma 5.4. Under the hypotheses of Theorem 3.2, we have

t
/OUg(s)ds 204’X5zx> =0,

ljrr(} P < sup

0<t<T
uniformly in x € X.
Proof of Lemma 5.4. Note first that forallt < T,
K(f)

> Uiy = (Teyer — UG
k=0

H /O Ut (s)ds

x(t)

k=0 Tr(t)+1

, ot t—T, . .
= YO =X = [ o (@) ds + 0 - Xe)
0 Tr(t)+1

+ eM.

<y - x - /0 (Y (s)) dis

Fix0 e R",x € Xand T > 0. Let f: X — Rbe the map defined by f(y) = exp({0, y — x)).
By standard results (see Lemma 4.3.2 of Ethier and Kurtz (1986)),

L) )

fovesp (- [ SAES

is a martingale for the natural filtration. Moreover, if we set g(u) = e* —u — 1, then it
follows from the definition of L¢ that

Lf(y) _ ., . 1 g
f =0T [ s k)

From this expression we deduce that there exists a constant I' > 0 such that for all 6 € R"
with [|6]] < 1,

Léf(y) _ & 2
W) (0,0°(y)) < eT||0]]°.

It follows that the process

Zo(t) = exp <<9, YE(f) - x — /0 t vf(yf(s))ds> — teT ||9||2>

is a supermartingale.
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Now fix @ > 0 small enough. Using Doob’s inequality as in the proof of Proposition
2.4, we obtain

Y(H) - x — /0 0 (YE(5))ds

2
>a ‘ Y¢(0) = x> < Cexp(—gZFT>

for some constant C > 0. This concludes the proof of the lemma. =

P (sup

0<t<T

5.5 Proof of Proposition 3.4

Let the probability measure u be given, and let the vanishing sequence {¢,},>; and
the sequence of probability measures {7,},~; satisty (IM1), (IM2) and (IM3). Our aim is
to show that p is semi-invariant for the set-valued dynamical system ®. We begin by
introducing a candidate measure v on C(IR,, X) such that u and v satisfy the requirements
of Definition 3.3.

As in hypothesis (IM1) we write v, for (,‘th")* (7). We first establish

Lemma 5.5. {v,};>, admits a tight subsequence.

Proof. By hypothesis (IM1) there is an increasing sequence {N}i>o of positive integers
such that

vy (NYE(Sg)) > 1 -1

for every k > 1 and n > N;. We now show that the subsequence {vy, }s>1 is tight, i.e., for all
m > 1, there exists a compact subset K, of C(IR;, X) such that vy, (K,,) > 1 - % forall k > 1.
Let K be the subset of C(IR,, X) defined by

K:=SeU <U (NY¥(Se) N ,qswk(xN))> .
k>1

One can prove that K is a compact subset of C(IR;, X) by showing that every sequence in
K has a convergent subsequence.
Now fix m > 1, and let K, be the compact subset of C(R,, X) defined by
m—1
(33) K, = |J A™%(XN) UK
k=1

For all k < m, the definition of Ay, implies directly that Ay, (K,,) = 1. Moreover, for all
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k > m we have that

(34) v, (Ki) 2 vy, (NY5(S0) 0 A% (X))

This proves that {vy, }i>1 is tight. =

Lemma 5.5 implies that the sequence {v,} admits a weak limit point v. Without loss of
generality we henceforth write v = lim,,_,o, V.

We now verify conditions (i), (ii), and (iii) of Definition 3.3. By construction, we have
that 7o o A% = 7ty for all n > 0, which implies that 75 (v,,) = 75 (9,,). Since 7y is continuous,
we conclude from hypothesis (IM3) that 75(v) = p. This is condition (iii). Moreover,
hypothesis (IM1) implies that

v (N5 (Se)) =1

for all k > 1. By taking the limit as k goes to infinity, we conclude that support(v) C Se.
This is condition (i).

To complete the proof of the proposition, we show that v is invariant under the shift
operator ©, which is condition (ii) of Definition 3.3. Let f: S — R be a continuous
function and let T > 0; by equation (6), it is sufficient to prove that

@) [ f@a@=[ @' @)de.

Since S is closed, the Tietze extension theorem implies that f can be extended to a
continuous function defined on all of C(R;, X) with H f HOO = SUP,ccr, %) ‘ f (z)‘ < oo. We
write

— T _ T
En = /C(R+,X) f(z)dv,(z) and &, = /C(K,X)f 0 O (z) dv,(z),
so that the two sides of equation (35) can be expressed as

&:=1lim¢&, and &' = lim &;.

The definition of 4! implies that ® o 4! = A' 0o © for all t > 0. Thusif §, = T - [Eln]en,
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then

O o 2 = @ o (@“?n)[%] o geén
— @ﬁn o ﬂfn o @[%].

This observation and the ®-invariance of v, (from hypothesis (IM2)) imply that

&= [ /o0 @dA @)
= /XN £o0@ 0 2% (x) di(x)
_ /X o ®F 0 A%(x) d,(x)
= [ o f 0O @A) @)

- /(Z(R+,X)f 0 ©(z) dv,(2)

We now show that |&, — &T| converges to zero. Fix m > 0, and let K,, be the compact
subset of C(IR;, X) defined in (33). Since ®: R, X C(R;, X) — C(IR,, X) is continuous, one
can prove that the set

K* := | ©(K,,) UK,

n>1

is a compact subset of C(IR,, X) by showing that every sequence in K has a convergent
subsequence. Since ©: [0,1] X K,, = C(R;, X) is uniformly continuous with @°(-) the
identity function on K,,, f, vanishes, and f is uniformly continuous on K*, there exists an
Ny € N large enough that

fo®(z)- f(z)| < L

for all n > Ny and all z € K,,. Using this fact and inequality (34), we see that

En_éz

< /K ‘fo OF(z) —f(z)‘ dv,(z) + /K ‘fo@ﬁ”(z) —f(z)‘ dv,(2)

1 1
<u+2|fl.

Taking the limit as m grows large yields equation (35). This completes the proof of the
theorem.
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5.6 Proof of Theorem 3.5

For each ¢ > 0, let u® be an invariant probability measure of the Markov chain X¢, and
let 11 be a weak limit point of {1i°},~o. Then there is a vanishing sequence {ax};2; of positive
real numbers such that u* converges to u € P(X). In addition, let v, be the measure on the
path space X™ induced by the Markov chain {X%} when it is run from initial distribution
p: thatis, vi(A) := Py (X% € A) for each Borel set A C XN,

To show that u is semi-invariant for the set-valued dynamical system ®, we apply
Proposition 3.4 to the sequences {ax};2; and {vi};2;. Because u® is an invariant probability
measure for {X?*}, the measure vy is @-invariant, establishing condition (IM2). Moreover,
fio(vk) = u* by construction, and so {7iy(vk)}y2, converges to u, establishing condition
(IM3).

It remains to verify condition (IM1). Fix 6 > 0, and then choose T > 0 and y > 0 such
that >°7° (7] 2t+1 < 16 and y Zl 0 21+1 < 16. These choices imply that

YES0 0<s<T

{z € C(Ry, X): mf sup Hz(s) y(s)H < y} C N°(So).
It follows that
T(N°(S0)) = vi((A%) ™ (N°(So)))

= Py (X% € (A%) (N (S)))
- /XlPx (X% € (A%) (N (So))) du(x)

> /XIPx<1nf sup [[X%(s) — z(s)|| < 7/> du(x).

2890 ()<g<T

This inequality and Theorem 3.1 imply condition (IM1), completing the proof of the
theorem.

5.7 Proof of Theorem 3.8

In the classical framework of a semi-flow on a separable metric space, the Poincaré
recurrence theorem is stated as follows.

Theorem 5.6 (Poincaré). Let (X, d) be a separable metric space and O = {O4}ier a semi-flow on
X. Define the w-limit set of x € X by we(x) = N0 l(Op.0)(x)), the set of recurrent points by
R§ = {x € X: x € wy(x)}, and the Birkhoff center of O and denoted BC(0) = cl(RY). If p is an
invariant measure for 0, then u(BC(0)) = 1.
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See Mané (1987) for further discussion.

We now show that Theorem 3.8 is a corollary of the above Poincaré theorem. Let u be
a semi-invariant measure for ® and v be an invariant measure for ©;, (henceforth written
as ©) such that 7tj(v) = p. First of all, notice that

10(BC(®)) c BC(D).

Indeed, let z be a recurrent point of ®. Then there exists a sequence of positive real
numbers t, approaching infinity such that lim,,_,., ©;,(z) = z. In particular, ny(z) = z(0) =
lim,,_,. z(t,), which means that z(0) € L(z(0)). Since 7y is continuous, we obtain the
inclusion. The inclusion implies that

H(BC(P)) 2 p(mo(BC(@)))
= (" 0 1o(BC(O)))
> v(BC(0)),

and the last quantity is equal to 1 by Theorem 5.6 applied to semi-flow ©. =

5.8 Proof of Lemma 4.3

Observe that

2
RNk

1 ’ Rl
Go)  E([oN])=NTE( |X - Tt
i€S r=0 r=0

N

We therefore evaluate the conditional expectation

2

el R RM 2
G E[ | &g S )| X =x|=E( |X e -ERYE(@EY)
r=0 r=0 r=0

To do so, we compute the conditional expectation of the right hand side of (36) given that
RN = R, taking advantage of the fact that Effr’x < #:
2>

RN

> & —E(RV)E ()
r=0

R
> & —E(RV)E (&)

r=0

E

RV =R =IE(
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I/\

2((; FE(RY) [E (& >2>

< ((R+ERN)).

Since ERM = x; < 1and E (Rf\]’x)z = (]ERf.\[’x>2 + Var (R}") = x? + ¥lx; < 2, we find that

2

oo B[ |Sarp( Lol ) 2 e en @
r=0 R=0
< 2 (B (R¥)? + 2 (ERY)" + (ER¥)?)
10
=N

We therefore conclude from (36), (37), and (38) that IE(HU,(N+l Hz) <101/S. m
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