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A SURVEY ON THE REPLICATOR DYNAMICS FOR GAMES

WITH STRATEGIES IN METRIC SPACES

SAUL MENDOZA-PALACIOS AND ONESIMO HERNANDEZ-LERMA

ABSTRACT. This survey concerns the replicator dynamics for games in which the
strategy sets are metric spaces. In this case the replicator dynamics evolves in a
Banach space. We provide a review on the existence of solutions for the replicator
dynamics, characterizations on the relation between a Nash equilibrium of a
normal form game and the replicator dynamics, stability criteria for the replicator
dynamics with respect to different topologies and metrics, and approximation
theorems for numerical implementation. These approximations are studied in
both the weak topology and the strong topology. Some numerical examples
illustrate our results.

1. INTRODUCTION

Evolutionary games form a class of noncooperative population games that study
the population decisions as an interaction of the strategies using evolutionary ideas
from two different approaches, static and dynamic. The static approach captures
evolutionary concepts by defining and studying equilibrium terms. The dynamic
approach, on the other hand, studies the interaction of strategies as a dynamical
system, which is determined by a system of differential equations. By a population
decision, we mean the decision of a (very) large number of small competitors, where
“small” means that each competitor has a very little influence on the behavior of
the overall system.

This survey concerns the dynamic approach with a specific dynamical system
known as the replicator dynamics for evolutionary games where the set of strategies
are measurable spaces. In game theory it is important to consider models with
strategies in measurable spaces because this allows us to present in a unified manner
essentially all standard model, namely, games with finite strategy sets, compact or
unbounded intervals, and so on. This is the case of some models in oligopoly theory,
international trade theory, war of attrition, and public goods, among many others.

An evolutionary game is said to be symmetric if there are two players only and,
furthermore, they have the same strategy sets and the same payoff functions. This
type of games models interactions of the strategies of a single population. In con-
trast, an asymmetric evolutionary game, also known as a multipopulation game, is
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a game with a finite set of players (or populations) each of which has a different set
of strategies and different payoff functions.

If for an evolutionary game the pure strategies set of each player (or population)
is a metric space, then consequently the replicator dynamics lives in a Banach space
(a space of finite signed measures). In particular, if we have n players each of which
has m; strategies, for ¢ = 1,...,n, then the replicator dynamics lives in R, where
m=mi+...+my.

The main goal of this survey is to provide a general framework to study the
replicator dynamics for games in which the strategy set is a measurable space—
more precisely, a separable metric space. In fact, we are particularly interested
in reviewing topics such as the existence of solutions to the replicator dynamics,
characterizations of the relation between a Nash equilibrium of a certain normal
form game and the replicator dynamics, stability criteria for the replicator dynamics,
and finite-dimensional approximations for numerical implementation.

For characterizations on the relation between a Nash equilibrium of a normal
form game and the replicator dynamics, see, for instance, relations 5.5 and Propo-
sitions 4.4, 4.5, and 5.4. With respect to stability criteria for the replicator dy-
namics for asymmetric games we refer to Theorems 4.7 and 4.10. For symmetric
games, we also present results about stability on different topologies and metrics,
as in Theorems 6.1, 6.2, and 6.3. We also review conditions under which a finite-
dimensional dynamical system approximates the replicator dynamics for games with
strategies in metric spaces. In this manner, we can use numerical techniques for
finite-dimensional differential equations to approximate a solution to the replica-
tor dynamics, which typically lives in an infinite-dimensional Banach space. See
Theorems 8.1 and 8.4, and Sections 9.2 and 9.3.

Conditions for the existence of solutions to the replicator dynamics in measure
spaces for asymmetric games are given by Mendoza-Palacios and Herndandez-Lerma
[31]; for symmetric games conditions are given by several authors, including Bomze
[5], Oechssler and Riedel [35], and more generally (including dynamics different from
the replicator equation) by Cleveland and Ackleh [8].

Similarly, conditions for dynamic stability of asymmetric games are given by
Mendoza-Palacios and Herndndez-Lerma [31] and Narang and Shaiju [33]. For sym-
metric games, conditions for dynamic stability have been developed with respect to
different topologies, as in e.g. Bomze [4], Oechssler and Riedel [35] and [36], Eshel
and Sansone [13], Veelen and Spreij [45], Cressman and Hofbauer [11]. We stan-
dardized different stability criteria with respect to various metrics and topologies in
the probability-measures space and present a brief review of results on the stability
of the replicator dynamics.

In the theory of evolutionary games there are several interesting dynamics, for in-
stance, the imitation dynamics, the monotone-selection dynamics, the best-response
dynamics, the Brown-von Neumann-Nash dynamics, and so forth (see, for instance,
Hofbauer and Sigmund [21], [22], Sandholm [42]). Some of this evolutionary dy-
namics have been extended to games with strategies in a space of probability mea-
sures. For instance, Hofbauer, Oechssler and Riedel [20] extend the Brown-von
Neumann-Nash dynamics; Lahkar and Riedel extend the logit dynamics [28]. These
publications establish conditions for the existence of solutions and the stability of
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the corresponding dynamical systems. Cheung proposes a general theory for pair-
wise comparison dynamics [6] and for imitative dynamics [7]. M. Ruijgrok and T.
Ruijgrok [41] extend the replicator dynamics with a mutation term.

We selected the replicator dynamics partly because it is the most studied dy-
namics for games with strategies in metric spaces, and partly because it has many
interesting properties, as can be seen in Cressman [9], Hofbauer and Weibull [23],
and many other references. In particular, with the replicator dynamics it is not dif-
ficult to construct a proof of the existence of Nash equilibria and, moreover, when
the strategy set is finite, we can give a geometric characterization of the set of Nash
equilibria; see Harsanyi [16], Hofbauer and Sigmund [21], Ritzberger [40].

The paper is organized as follows. Section 2 presents notation and technical re-
quirements. Section 3 introduces a heuristic approach to the replicator dynamics
and describes its relation with evolutionary games. Some important technical is-
sues are also summarized. Section 4 establishes the relation between the replicator
dynamics and a normal form game, using the concepts of Nash equilibria and other
static equilibria such as a strong uninvadible profile and a strong unbeatable profile.
Section 5 describes the replicator dynamics for symmetric games. Section 6 contains
a review of results on the stability of the replicator dynamics. In this same section
the different stability criteria are standardized with respect to various metrics and
topologies in a space of probability measures.

Section 7 establishes a relationship between Nash equilibria and other stability
concepts for the replicator dynamics. Section 8 proposes approximation theorems
for the replicator dynamics on measure spaces, by means of dynamical systems on
finite-dimensional spaces. Section 9 presents examples to illustrate our results. We
conclude in section 10 with some general comments on possible extensions. An
appendix contains results of some technical facts.

2. TECHNICAL PRELIMINARIES

2.1. Spaces of signed measures. Consider a separable metric space A and its
Borel o-algebra B(A). Let M(A) be the Banach space of finite signed measures p
on B(A) endowed with the total variation norm

/A f(@)a(da)

where the supremum in (2.1) is taken over functions in the Banach space B(A) of
real-valued bounded measurable functions on A, endowed with the supremum norm

(2.2) If[] == sup | f(a)]
acA

(2.1) [p]| := sup = |ul(A),

IFI<1

Consider the subset Cp(A) C B(A) of all real-valued continuous and bounded
functions on A. Consider the dual pair (Cg(A),M(A)) given by the bilinear form
(+,):Cp(A) x M(A) - R

(2.3) (g, 1) = /A 9(a)u(da).
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We consider the weak topology on M(X) (induced by Cp(X)),i.e., the topology
under which all elements of Cp(X), when regarded as linear functionals (g,-) on
M(A) are continuous. In this topology a neighborhood of a point pu € M(A) is of
the form

(2.4) V() = {v € M(A) : [(g,v — )| < e Vg € H}
for € > 0 and H a finite subset of M(A).

2.2. Metrics on P(A). There are many metrics that metrize the weak topology
on the set of probability measures. Here we use the Kantorovich-Rubinstein metric
and the Wasserstein distance. Let (A,4) be a separable metric space, and P(A) the
set of probability measures on A. For any p,v € P(A) we define the Kantorovich-
Rubinstein metric ry,., as

25)  rlur) = sy {/ lawtde) - [ fia HfuL<1}

where (L(A), ||-||z) is the space of continuous real-valued functions on A that satisfy
the Lipschitz condition

(2.6) Ifllz :=sup|f(a) — f(b)|/P¥(a,b) < oo Va,be A, a+#b.
Let ag be a fixed point in A and

feL(A

(2.7) Mg (A) := {u € M(A) : sup / |f(a)|p(da) < oo}

The Kantorovich-Rubinstein metric rg, can be extended as a norm on Mg (A) de-
fined as

(2.8) [l == |u(A) + sup {/ fla Al <1, flao) = 0}
FEL(A)
for any p in M(A) (see Bogachev [3], chapter 8). Note that for any u,v € P(A),

e () = |10 = | or-

Let us suppose that the separable metric space A is also complete (that is, A is a
so-called Polish space), and let ag be a fixed point in A. For each p with 1 < p < oo,
we define the space P,(A) as

()= {ue ) s [ e anPutaa) < oo

The LP-Wasserstein distance r,,, between p and v in P,(A) is defined by

(2.9) Tw, ([, V) 1= [;relg//ﬁa b)m(da db)] ,

where II is the set of probability measures on A x A with marginals g and v. In
particular, when p = 1 we write the L'-Wasserstein distance r,, as 7, and in
addition we have that r,, = r, on P(A).
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Remark 2.1. There are some metrics that metrize the weak topology on P(A)
that are particularly useful, for instance, the Prokhorov metric r,, the bounded
Lipschitz metric r;,;, the Kantorovich-Rubinstein metric r,., and the LP-
Wasserstein distance r,,. (For details see, for instance, Shiryaev [43], Billingsley
[1] or Villani [46].) In the rest of this paper we will denote by r,+» any metric that
metrizes the weak topology on P(A) (not to be confused with the notation r,,
of the L'-Wasserstein distance). Moreover, we denote by r any metric on P(A)
that is either the total variation norm (2.1) or any distance that metrizes the weak
topology. An open ball in the metric space (P(A),r) is defined in the classical form

(2.10) V(1) = {y e P(A): (v, p) < a}
where o > 0.

Remark 2.2. Let A be a separable metric space, and 7,,+ any distance that metrizes
the weak topology 7,+ in P(A). Let p be any measure in P(A), and consider the
family V¥ (1) of neighborhoods V7 (u) of the form (2.4). In addition, consider the
family V™" (1) of the open balls V" (1) of the form (2.10). Both families V7 (p)
and V"v* (u) are neighborhood basis for p in the space (P(A), 7+ ). For details see
Pedersen [38], chapters I-11.

Then, a neighborhood V() for p is contained in some open ball Va** (1) with
center p. The inverse is also true, i.e., any open ball V,*" () is contained in some
neighborhood V().

2.3. Differentiability.

Definition 2.3. Let A be a separable metric space. We say that a mapping u :
[0,00) — M(A) is strongly differentiable if there exists p/(t) € M(A) such that, for
every t > 0,

plt+€) — p(t)

2.11 i
( ) im ;

e—0

-] =0
Note that, by (2.1), the left-hand side in (2.11) can be expressed as

| [ sttt + eda) - [ gante.an) - [ .o

lim sup
<=0jg)<1

For weak differentiability, see Remark 8.3, below.

2.4. Product Spaces. Consider a finite family of metric spaces {X;}7; and their
o-algebras B(X;), as well as the Banach spaces (M(X;), || - ||) and (Mg (X5), || - [|%r)-
For i = 1,...,n, let pu; € M(X;) and consider the elements u = (u1, ..., ptn,) in the
product space M(X1) x ... x M(X,,) with the norm

(2.12) litlloo = max [|pi]] < oo.

These elements form the Banach space (M(X7) x ... x M(X,,), | - [[«). We can
similarly define the Banach space (Mg (X1) X ... x Mg (X,), | - ||%7), where

kr . .
(2.13) me~g%wwm<w



608 S. MENDOZA-PALACIOS AND O. HERNANDEZ-LERMA

3. REPLICATOR DYNAMICS FOR ASYMMETRIC GAMES

3.1. A heuristic approach to the replicator dynamics. Let I =: {1,2,...,n}
be a set of different species (or players). Each individual of the species i € I can
choose a single element a; in a set of characteristics (the set of pure strategies or
pure actions) A;, which is a separable metric space. For every i € I and every vector
a:= (ay,...,a,) in the Cartesian product A; x --- x A,, we write a as (a;,a—;) where
a—i = (A1, ooy Qj—1, Qjy1, ..y Ap) 18 In

A_itzAlX“-XAZ‘_leH_lX”'XAn.

For each i € I, let B(A;) be the Borel o-algebra of A;, and N; € M(A4;) a positive
measure such that for each F; in B(A;), N;(E;) assigns the number (or mass) of
individuals using pure strategies a; in F;. Then the total population of the species
i is N;(A;) and the proportion of individuals using strategies in E; is
Ni(E;)

Ni(Ai)’
so u; is a population distribution over the set of actions A; and it is an element

of P(A;), the set of probability measures on A;, also known as the set of mized
strategies. For every i € I and vector pu := (1, ..., ptn) in P(A1) x -+ x P(A,), we

write Has (MZHU'—Z) where H—i = (:u’lv ooy Mi—15 Hi41, 7,“%) is in
P(Al) X P(Alfl) X P(Al+1) X oo X ]P)(An)

For each species i we assign a payoff function J; : P(A;) x---xP(A,) — R defined

(3.1) pi(Ei) =

(32) S n) = /A /A Us(@1, oy ) in(datn)...p11 (da ),

where U : Ay x---x A, — R is a given measurable function. If i,y is a probability
measure concentrated at a; € A;, the vector (J44,, ;) is written as (a?i, u—;), and
then

Ji(Oay i) = Jilai, pi)
= Ula;,a—;)p—i(da_;).
A

In particular, (3.2) yields
(3-3) Ji(pis pr—i) 1=/A Jilai, p—i)pi(da).

For each i € I, E; € B(A;) and time ¢ € [0,00), let N;(¢, E;) and p;(t, E;) be the
mass-measure V;(t) € M(A;) and the probability measure p(t) € P(4;) (as in (3.1))
evaluated at E;. Let 1, 2 be the background per capita birth and death rates in
the population. The background per capita net birth rate v := 1 — 2 is modified
by the payoff J;(a;,-) for using strategy a; € A;. The rate of change of the number
of individuals is

(3.4) N{(t, Ez) = 'yNZ-(t, Ez) + Ni(t, Az) /E Ji(ai, u_i(t)),ui(t, dai)
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for E; € B(A;), with some initial positive measure N;(0) in M(A;). The notation
N/(t, E;) represents the strong derivative of N;(¢) in the Banach space M(A4;) (see
Definition 2.3) valued at E; € B(A;) and p;(t) is a probability measure defined as
in (3.1).

For each t in [0,00) the term sz Ji(ai, p—i(t))pi(t,da;) in (3.4) values the effi-
ciency of the strategies in the set F; when the other species have a distribution
p—i(t). Note that if J;(-,-) = 0, the solution of (3.4) is N;(t, E;) = N;(0, E;)e?* for
all E; € B(A;), and t > 0. Using (3.1) we have that

(3.5) N (t, E;) = Ny(t, Ai) s (t, Ei) + N;(t, Ai)pi(t, E;) VE; € B(A;), t > 0.

Hence, by (3.5), we may rewrite (3.4) as the differential equation

66 B = [ Ao = K- (0)] ot de)

for each E; in B(4;) and t > 0, whose solution lives in the space of probability mea-

sures. The equation (3.6) is known as the replicator dynamics for the asymmetric
case.

3.2. Asymmetric evolutionary games. In an evolutionary game, the strategies’
dynamics is determined by a differential equation of the form

(3.7) pi(t) = Fi(p(t), ..o pn(t)) Vi € I, £ >0,

with some initial condition p;(0) = p;,0 for each ¢ € I. The notation p(t) represents
the strong derivative of p;(t) (see Definition 2.3), and F;(-) is a mapping F; : P(A;) x

- x P(A,) — M(4;), which is associated with the payoff (3.2). Let F' : P(A4;) x
o xP(Ap) = M(A,) x - - xM(Ay,), where F'(u) := (Fi(), ..., Fn(pt)), and consider
the vector p/(t) = (u)(t), ..., i, (t)). Then the system (3.7) can be expressed as

(3-8) p(t) = F(u(t)

which is defined on the Banach spaces M(A;) x --- x M(A,,) endowed with the norm
(2.12).
More explicitly we write (3.7) as

(3.9) i (t, Bi) = Fi(u(t), B;) YE; € B(A;),

where (¢, E;) and F;(u(t), E;) are the measures p}(t) and F;(u(t)) valued at E; €
B(A4;).

We shall be working with a special class of so-called asymmetric evolutionary
games which can be described as a quadruple

(3.10) 1 {ran} o {50} w0 = P,

where

i) I ={1,...,n} is the set of players;
i7) for each player i € I we have a set P(4;) of mixed actions and a payoff
function J; : P(41) x -+ x P(A,) — R (as in (3.2)); and
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i7i) the dynamics p/(t) = F(u(t)) (as in (3.8)) is described by the replicator
equation (3.6), i.e., for i € I and each E; in B(A4;),

(311)  Fi(u(t).E) = /

| i pa0)) = Tis0) i (0) | it ).

3.3. Technical issues on the replicator dynamics. For future reference, in
the remainder of this section we summarize conditions for the existence of a unique
solution to the differential equation (3.8), and an important property of this solution
(see Theorems 3.1 and 3.3, respectively) . These results can be traced back to
Mendoza-Palacios and Herndndez-Lerma [31]. See also Bomze [5], Oechssler and
Riedel [35] for the symmetric case.

For each i € I and £ > 0, let

(3.12) Biailp(t)) = Ji(ai, p—i(t)) — Ji(pi(t), p—i(t)),

which is the integrand of (3.6). Hence, by (3.12), 8(-|u(t)) is the Radon-Nikodym
density of F;(u(t)) with respect to u(t), i.e.,

Fi(u(t), Ei) = /E Bilas|pu(t))pi(t, da;) VE; € B(4;).

Theorem 3.1. Suppose that, for each i € I, the function B;(-|p) in (3.12) satisfies:
i) there exists C; > 0 such that

|Bi(ailp)| < Ci Va; € Ay and ||ploc <2,
i1) there is a constant D; > 0, such that

sup |Bi(ailn) = Biailv)| < Dilln = vlloo Yr,n with [[n]leo, [[V]lee < 2.

a;€A;

Then there exists a unique solution to the replicator dynamics (3.6)-(5.8).

Proposition 3.2. Let i € I. If the payoff function U;(-) in (3.2) is bounded, then
Bi(:|p) satisfies the conditions i) and ii) of Theorem 3.1.

Theorem 3.3. Suppose that the conditions i) and it) of Theorem 3.1 are satisfied.
If 1u(t) is a solution of the replicator dynamics (3.6)-(3.8) with initial condition p(0)
in P(Ay) x --- x P(Ay), then:
1) 1i(0) << pi(t) and pi(t) << pi(0) for all i € I and t > 0, with Radon-
Nikodym density

dpi(t) Js Bilail
3~13 a;) =e o Pilaq I«L(S))ds.
19 api(0) )

i1) In particular, for every i € I and t > 0, if v; is a probability measure
satisfying that v; << pi(t) whenever v; << 11;(0), then

dl/i dVi
dpi(t) dpi(0)

(3.14) log -2 _(4;) = log i (a;) - /O Bi(aslu(s))ds.
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4. STABILITY FOR THE ASYMMETRIC CASE

4.1. The replicator dynamics, NE, SUP and SUbP. In this section we con-
sider asymmetric evolutionary games as in (3.10) and compare them with normal
form games (4.1), below. We wish to study the relation between a Nash equilibrium
of a normal form game and the replicator dynamics (Proposition 4.4) . We also
define two important concepts strong uninvadable profile (Definition 4.2) and strong
unbeatable profile (Definition 4.3), and analyze their relation to a Nash equilibrium
(Proposition 4.5).

A normal form game I' (also known as a game in strategic form) can be described
as

(4.1) r.— [I, {P(Ai)}iel, {Ji(-)}ig},

where
i) I ={1,2,...,n} is the set of players,
i1) for each player i € I we specify a set of actions (or strategies) P(4;) and a
payoff function J; : P(41) X ... x P(4,,) = R (as in (3.2)).

Definition 4.1. Let I" be a normal form game. A vector p* in P(A;) x ... x P(Ay)
is called an e-equilibrium (e > 0) if, for all ¢ € I,

Ji(pi, 1) = Jilpa, p=3) — € Vi € P(A;).
If the inequality is true when € = 0, then u* is called a Nash equilibrium.

The following definition is an extended version of strongly uninvadable strategies
of symmetric games (for details see Bomze [5]).

Definition 4.2. A vector p* € P(A;) x P(A2) X ... x P(4,) is called a strong
uninvadable profile (SUP) in a set C if p* is in C and the following holds. There
exists € > 0 such that for any p € C with ||p — p*|lec < €, and every ¢ € I,

it imi) > Ji(pisy i) if pa # . T particular, if
C=P(A;) x P(A2) x ... x P(4,),

then p* is simply called a strong uninvadable profile (SUP). In both cases, we call
€ the global invasion barrier.

The following definition is an extended version of strongly unbeatable strategies
of symmetric games (for details see Hingu, Rao, and Shaiju [18]).

Definition 4.3. A vector p* € P(A;) x P(Az) x ... x P(4,) is called a strong
unbeatable profile (SUbP) if there exists € > 0 such that for any u € P(A4;) x
P(Az) x ... x P(Ay,) with ||p — p*||eo <€, Ji(p], p—i) > Ji(pi, p—;) for every i € I.

As usual, the open neighborhood with center y* and radius € > 0 is defined as
(4.2) Vo(u) = {1 € P(A1) % o X B(An) ¢ [l = pi*lloo < €}

The following proposition gives an important property, namely the relation be-
tween a Nash equilibrium of a normal form game and the replicator equation.

Proposition 4.4. Suppose that u* = (u3, ..., 1) is a Nash equilibrium of T . Then

ES

w* is a critical point of the replicator dynamics (3.6)-(3.8), i.e., F(u*) = 0.
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Proof. See Mendoza-Palacios and Hernandez-Lerma [31], Theorem 5.4. O

The following proposition gives the relation between an e-equilibrium (or a Nash
equilibrium), strong uninvadable profiles, and strong unbeatable profiles.

Proposition 4.5. i) Suppose that the payoff function U;(-) in (3.2) is bounded
foralli e I. Let u* be a SUP in a set C with global invasion barrier e > 0.
If the set C N Vg, (u*) has a conver and nonempty interior, then p* is an
€a-equilibrium of I', where ea > 0 depends on €1. Moreover, if u* is a SUP,
then u* is a Nash equilibrium and the boundedness hypothesis is not required.
i1) If u* a SUbP, then p* is a Nash equilibrium.
it) If u* a SUP, then u* is a SUbP.

Proof. See Mendoza-Palacios and Hernandez-Lerma [31] Theorem 5.7; and Narang
and Shaiju [33]. O

4.2. Stability. In this section we are interested in the stability of the replicator
dynamics (3.6)-(3.8) (see Definition 4.6). To this end, we establish that strong
uninvadable profiles (Definition 4.2) and strong unbeatable profiles (Definition 4.3)
have some type of stability.

Definition 4.6. Let p* be a critical point of the replicator dynamics (3.6)-(3.8),
ie., F(u*) =0.
i) p* is called Lyapunov stable if for every € > 0 there exists 6 > 0 such that
if [|1(0) — p*|loo < 0, then ||u(t) — p*||co < € for all ¢ > 0.
i1) p* is called weakly attracting if it is Lyapunov stable and, in addition, there
exists 6 > 0 such that if [|©(0) — p*]|ec < 9, then as t — oo, pi(t) — pf
weakly for all i € 1.

The following theorem establishes that strong uninvadable profiles are stable for
the replicator dynamics.

Theorem 4.7. Suppose that the conditions i) and ii) of Theorem 3.8 hold. Let
Ogr = (5(1;, ..y 0qx) be a vector of Dirac measures, and C an invariant set for the
replicator dynamics (3.6)-(3.8). If 04+ is a SUP in the set C, then there exists € > 0
such that the set
cnN ‘/:5(50,*)7

is invariant for (3.6)-(3.8). Moreover, suppose that for all i in I, the map p +—
Bi(af|p) is weakly continuous and the set of strategies A; is a compact set. If C is
a closed set and p(0) is in C N Ve(d4+), then as t — 0o, u(t) — O weakly.

Proof. See Mendoza-Palacios and Herndndez-Lerma [31]. O

If the vector §4+ in Theorem 4.7 is a SUP, then we obtain the following corollary,
taking C = P(A;) x ... x P(Ay).

Corollary 4.8. Suppose that the conditions i) and ii) of Theorem 3.3 hold. Let
Ogr = (5(1{,...,5%) be a wvector of Dirac measures, and suppose that it is a SUP.
Then 04+ is Lyapunov stable for the replicator dynamics (3.6)-(3.8). Moreover, if
the map p — Bi(al|p) is weakly continuous and the set of strategies A; is compact
for alli € I, then dq+ is weakly attracting.
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Note that if for each i in I the payoff function U;(+) in (3.2) is continuous, then
the map p +— Bi(af|p) is weakly continuous. This fact is of relevance because many
games satisfy that U;(-) in (3.2) is continuous.

The following definition was introduced by Narang and Shaiju [33].

Definition 4.9. A vector u* € P(A;) x P(Ag) x ... x P(Ay,) is called a polymorphic
profile if for every i € I there exist many finite distinct a}, ..., afi € A; and numbers
hl, ... b € (0,1] such that pf = -4, hid,.

The following theorem establishes conditions under which the strong unbeatable
profiles are stable for the replicator dynamics.

Theorem 4.10. Suppose that the payoff function U;(-) in (3.2) is bounded for all
iel. Let u* = (ui, ..., ;) be a polymorphic profile, which is also a SUbP. Then p*
is Lyapunov stable for the replicator dynamics.

Proof. See Narang and Shaiju [33]. O

Narang and Shaiju [33] obtained the following results for polymorphic profiles:

i) if a polymorphic profile is strong uninvadable, then it is a vector of Dirac
measures;

i1) if a set of polymorphic profiles is a strong uninvadable set, then it is asymp-
totically stable for the replicator dynamics.

5. THE REPLICATOR DYNAMICS: SYMMETRIC GAMES

Is this section we consider symmetric evolutionary games as in (5.3), below, and
compare them with normal-form games (5.4). We define the important concept of
strongly uninvadable strategy (Definition 5.2) and its relation to a Nash equilibrium
(Proposition 5.4).

We can obtain from (3.10) a symmetric evolutionary game when I := {1,2}
and the sets of actions and payoff functions are the same for both players, i.e.,
A=A} = As and U(a,b) = Uy(a,b) = Us(b,a), for all a,b € A. As a consequence,
the sets of mixed actions and the expected payoff functions are the same for both
players , ie., P(A) = P(4;) = P(A42) and J(u,v) = Ji(p,v) = Jo(v,pu) for all
w,v € P(A) . This kind of model determines the dynamic interaction of strategies
of a unique species through the replicator dynamics

(5.1) W (t) = F(u(t)),
where F': P(A) — M(A) is given by

(5.2)  F(u(t),E) := / [J(a,u(t)) - J(z/(t),y(t))]u(t,da) VE € B(A).

E
Finally, as in (3.10), we can describe a symmetric evolutionary games as
(5.3) (1= {12}, B(A), J(), V() = Fu(®))].

Similarly, we can obtain from (4.1) a two-player symmetric normal-form game
described as

(5.4) T, = [I: (1,2}, P(A), J(-)].
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For symmetric normal-form games 'y we can express a symmetric Nash equilibrium
(u*, ) in terms of the strategy pu* € P(A), as follows.

Definition 5.1. We say that u* € P(A) is a Nash equilibrium strategy (NES) if
the pair (u*, 1*) is a Nash equilibrium for I';. That is,

J(p* ") > J(ps 1) Vi € P(A).

By Proposition 4.4 if p* is a NES for I'y, then p* is a critical point of (5.1) when
F(-) is described by the replicator dynamics (5.2).

The following definition is a slightly modified version of the strongly uninvadable
strategies used in Bomze [5].

Definition 5.2. Let r be a metric on P(A). A measure p* € P(A) is called an
r-strongly uninvadable strategy (r-SUS) if there exists € > 0 such that for any pu
with r(u, p*) < €, it follows that J(u*, u) > J(u, ). We call € the global invasion
barrier.

When r is the Prokhorov metric r,, Oechssler and Riedel [36] name a r,-SUS
as an evolutionary robust strategy. If r,+ is any metric that metrizes the weak
topology (recall Remark 2.1), Cressman and Hofbauer [11] call a r,=-SUS a locally
superior strategy. Hingu, Roa and Shaiju [19] call a r,+-SUS a superior strategy if
the Definition 5.2 is satisfie with the Kullback-Leibler distance (6.1), below.

We use the notation || - ||-SUS when the metric on P(A) is given by the total
variation norm (2.1). Note that || - [|-SUS is a modified version of the SUP (see
Definition 4.2) for the symmetric case.

Proposition 5.3. Let ry+ be a distance that metrizes the weak convergence on
P(A). If a measure pu* € P(A) is ry+-SUS, then it is || - ||-SUS.

Proof. See Mendoza-Palacios and Herndndez-Lerma [32] Proposition 3. O

The following proposition shows that a strongly uninvadable strategy is also a
Nash equilibrum strategy. Compare with Proposition 4.5.

Proposition 5.4. Let r be a metric on P(A). If u* is a r-SUS, then p* is a NES
of I's.

Proof. See Mendoza-Palacios and Hernandez-Lerma [32], Proposition 4. O

Summarizing, in this section we have that
(5.5) r—SUS c N c¢C

where C is the set of critical points of the replicator dynamics, A is the family of
Nash equilibrium strategies for the replicator dynamics, r —SU S is the subfamily of
r-strongly uninvadable strategies for any metric r. This result will be complemented
in Corollary 7.3.

6. STABILITY OF THE REPLICATOR DYNAMICS: SYMMETRIC GAMES

6.1. Stability of SUSs. By Propositions 5.4 and 4.4, a SUS is a critical point of the
replicator dynamics. In this section we present a review of results on the stability of
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a SUS in the replicator dynamics. These results include different stability criteria
with respect to various metrics and topologies in the space of probability measures.

Assume that v << u. We define the cross entropy or Kullback-Leibler distance
of v with respect to u as

(6.1) K(pv) = /A log [fl:(a)] v(da).

From Jensen’s inequality it follows that 0 < K(u,v) < oo and K(u,v) = 0 if
and only if p = v. The Kullback-Leibler distance is not a metric, since it is not
symmetric, i.e., K(u,v) # K(v, ).

Given p* € P(A), € > 0, and a strictly increasing function ¢ : [0,00) — [0, 00),
we define the set

(6.2) W) i= {1 € P(A) s K (") < o(e) }.

Theorem 6.1. Suppose that A is a separable metric space, and that the conditions 1)
and i) of Theorem 3.1 hold. Let p* be a ||-||-SUS with global invasion barrier e > 0,
and p(-) the solution of the replicator dynamics (5.1)-(5.2). If u(0) € Wy (1),
with o(€) = [5]2, then:
i) p(t) € Wye)(1*) for all t > 0;
i1) |lpe(t) — p*|| < e for all t > 0;
iii) u(t) is in some open ball Vo™ (1*) as (2.10) for allt > 0, where ry« is some
distance that metrizes the weak topology.
iv) Moreover if A is compact and the map p — J(pu*, p) — J(u, p) is continuous
in the weak topology, then ry«(u(t), u*) — 0,.

v) Furthermore, parts i) to iv) are also true with the hypothesis that p* is
rw*-SUS.

Proof. Parts 4),4i) and iv) are proved in Bomze [4] 1. Part 4ii) is a consequence of
i7) and Remark 2.2. Finally, v) follows from Proposition 5.3. O

The following theorem characterizes the stability of the replicator dynamics with
respect to the L;-Wasserstein metric 7, (2.9). This distance metrizes the weak
topology and has important relationships with other distances that also metrize the
weak topology (see Proposition A.2). Furthermore, the L;-Wasserstein metric is
closely related to the variation norm (2.1) and the Kullback-Leibler distance (6.1);
see Proposition A.1. The following two propositions give better approximations to
parts iii) and v) of Theorem 6.1.

Theorem 6.2. Suppose that A is a compact Polish space (with diameter C > 0),
and the conditions i) and ii) of Theorem 3.1 hold. Let u* be a ry,-SUS with global
invasion barrier € > 0, and u(-) the solution of the replicator dynamics (5.1)-(5.2).

. ) 2
If 1(0) € W) (1*), with ¢'(€) = [55]", then
i) pu(t) € W) (p*) for all t > 0;
ii) ||p(t) — p*|| < & for allt > 0;
1Bomze proves a more general case for point iv) of Theorem 6.1, where any topology 7 in P(A)

is included. Bomze only requires that P(A) be a 7-compact set and the map pu — J(u™, u) — J (i, 1)
be T-continuous.
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1) ro(p(t), p*) < € for all t > 0.
iv) Moreover, if the map p — J(u*,pu) — J(p, 1) is continuous in the weak
topology, then 1y (u(t), u*) — 0.
v) Furthermore, parts i) to iv) are also true with the hypothesis that p* is

|| - [|-SUS, with barrier &.
Proof. See Mendoza-Palacios and Herndndez-Lerma [32] Theorem 5.1. O

The next theorem characterizes the stability of the replicator dynamics of a SUS
that is also a Dirac measure.

Theorem 6.3. Let A be a separable metric space and suppose that the conditions i)
and ii) of Theorem 3.1 hold. Let d,+ be a Dirac measure and r any metric on P(A).
If 6q is 7-SUS , pu(-) is a solution of (5.1), with F(-) as (5.2), and ||po — 04+ < €
for some small € > 0, then

i) |lpe(t) — 0g|| < € for allt > 0;

ii) u(t) is in some open ball Vo™ (u*) as in (2.10) for all t > 0, where 1y« is
some distance that metrizes the weak topology;

ii1) if A is a compact Polish space (with diameter C' > 0), then, for all t > 0,
Tw(p(t), 0q+) < Ce;

iv) if A is compact (not necessary a Polish space) and the map pn — J(0g, ) —
J(u, p) is continuous in the weak topology, then ry=(u(t),u*) — 0, where
T+ 1S any distance that metrizes the weak topology.

Proof. Parts i), ii) and iv) follow from Proposition 5.3 and Corollary 4.8. Finally,
part 7ii) follows from Proposition A.2. O

This theorem is also proved by Oechssler and Riedel [35] with slight changes in
the definition of SUS.

6.2. Other stability results. The following conjecture was proposed by Oechssler
and Riedel in [36], when 7y~ is a distance that metrizes the weak topology.

Conjecture 6.4. Let r be any metric on P(A) and r,+ any distance that metrizes
the weak topology. Suppose that A is a separable metric space, and that the con-
ditions ¢) and i) of Theorem 3.1 hold. Let p* be a m-SUS and pu(-) the solution of
the replicator dynamics (5.1)-(5.2). Then

i) for € > 0 there exist 6 > 0 such that if r(u(0),u*) < 0, we have that
r(u(t), p*) < e for all t > 0;

i1) moreover, if part i) is satisfied, and the map p — J(u*,pn) — J(u, p) is
continuous in the weak topology and p* << u(0), then 7y« (u(t), u*) — 0.

Remark 6.5. A double symmetric game (named a potential game by Cressman
and Hofbauer [11]) is a game where J(u,v) = J(v, p) for any p,v € P(A). Let ry«
be any distance that metrizes the weak topology. Oechssler and Riedel [36] prove
that if A is a compact set and p* is r,+-SUS, then for double symmetric games, p*
satisfies part ) of the Conjecture 6.4. Cressman and Hofbauer [11] prove that if
part i) is satisfied, then ii) follows for any symmetric game.
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Oechssler and Riedel [36] prove that a r,+-SUS satisfies other static evolution-
ary concepts such as evolutionary stable strategy (ESS), continuously stable strategy
(CSS), and neighborhood invader strategy (NIS), which are sufficient to guaran-
tee dynamic stability in the weak topology for the replicator dynamics. Eshel and
Sansone [13], Cressman [10], Cressman, Hofbauer and Riedel [12], use these evo-
lutionary concepts and different hypotheses in the payoff function U(+) in (3.2) to
guarantee dynamic stability. Norman [34] and Hingu [17] establish the dynamic
stability in terms of strategy sets.

Finally, Hingu, Rao and Shaiju [18], establish two important concepts: strong
unbeatable state (SUbS) which is a modified version of SUbP (see Definition 4.3)
for the symmetric case; and polymorphic population state (PPS) which is a modified
version of polymorphic profile (see Definition 4.9). Hingu, Rao and Shaiju [18] show
the following results:

i) every asymptotically stable critical point of the replicator dynamics, in the
norm (2.1), is finitely supported. If a polymorphic profile is strong uninvad-
able, then it is a vector of Dirac measures;

i1) if a PPS is SUbS, then it is Lyapunov stable; moreover, it is asymptotically
stable in the norm (2.1).

7. NESS AND STABILITY FOR SYMMETRIC GAMES

In this section we introduce a general definition of dynamic stability for the
replicator dynamics (see Definition 7.1), and prove that any stable critical point of
the replicator dynamics is a NES of I'y (see Proposition 7.2). Finally, in Corollary
7.3 and Remarks 7.4 and 7.5 we establish relations between the stability of the
replicator dynamics (5.1)-(5.2), and the static evolutionary concepts of a strategy,
NES and SUS.

Consider p,v € P(A). By Propositions A.2 and A.3 we know that if 4 and v are
close with respect to the Kullback-Leibler distance K, then they are close in the
total variation norm || ||, and consequently they are close in the weak topology. This
argument is not true in the opposite direction. Hence we say that the Kullback-
Leibler distance is “stronger than” the total variation norm, and, similarly, the total
variation norm is “stronger than” any distance that metrizes the weak topology.

Definition 7.1. Let A be a separable metric space, and r1 and r9 the Kullback-
Leibler distance or some metric in P(A) where 7 is equal to or “stronger than” rj.
A critical point p* of the replicator dynamics (5.1)-(5.2) is said to be

i) [r1,7re]-stable (in symbols : [r1,ra]-S) if for any € > 0 there exists § > 0 such
that if 71 (u(0), u*) < 0, then ro(u(t), u*) < efor allt > 0. If ry =ro =1r*
then we only say that p* is r*-stable (in symbols : r*-S).

i1) [r1,ro]-asymptotically weakly stable if it is [rq,r3]-stable and tllglo wu(t)

= p* in the weak topology.
Consider the Kullback-Leibler distance K, the total variation norm

| - ||, and any distance r,- that metrizes the weak topology. The following dia-
gram gives the natural implications between the different concepts of stability. (For
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details see Mendoza-Palacios and Hernandez-Lerma [32].)

K-S = [K,|-[]-S = [K,r4]—S
T fr
(7.1) =S = ll-lre] =S5
T
Tw* — O

Van Veelen and Spreij [45] study other relationships among the different con-
cepts of stability in diagram (7.1). They also study relationships between static
evolutionary concepts and asymptotic evolutionary stability.

Proposition 7.2. Let A be a separable metric space, and r1, ro the Kullback-Leibler
distance or some metric in P(A) where r1 is equal to or “stronger than” ra. Suppose
that the conditions i) and i) of Theorem 3.1 are satisfied, and let p* be a critical
point of the replicator dynamics (5.1)-(5.2). If p* is [r1,72]-stable, then p* is a
Nash equilibrium strategy (NES) of Ts.

Proof. See Mendoza-Palacios and Hernandez-Lerma [32], Proposition 6. O

Now, we define the following sets:
i) N :={u* €P(A): u* is a NES of [},
C:={p* € P(A) : p* is a critical point of (5.1) — (5.2)}.
i1) If r is any metric in P(A),

r—SUS:={u* €P(A):u"is r—SUS }.

i7i) Let r1 and ro be the Kullback-Leibler distance or some metric in P(A),
where r; is equal to or “stronger than” ro,

[r1,72] =S == {u* € P(A) : " is [ry,m2] — S}

Corollary 7.3. Let A be a separable metric space, and consider the conditions 1)
and i) of Theorem 3.1. Let r1 be a metric on P(A), and let ro be the Kullback-
Leibler distance or some metric on P(A) equal to or “stronger than” ri. Then we
have:

ri—SUS C [K,TQ]—S c N c C.

Proof. This is consequence of Theorem 6.1, and Propositions 4.4, 5.4 and 7.2. [
Compare Corollary 7.3 with (5.5).

Remark 7.4. Suppose the hypotheses of Corollary 7.3 and let A be a compact
Polish space. Then by Theorem 6.2 and Propositions A.2, A.3, we can obtain the
implications in Theorem 7.3 with a specific value for the barrier ¢ > 0, for the
metrics |- ||, rp, Tb1, Tw, and 7. See Mendoza-Palacios and Hernandez-Lerma [32],
Corollary 1.

Remark 7.5. Let 71 be a metric on P(A), and let r9 be the total variation norm
in P(A) or some metric that metrizes the weak topology. By Theorem 6.3 and
Propositions 4.4, 5.3,5.4 and 7.2, we have the following implications if a Dirac
measure g+ is a r1-SUS.

dgx €71 —SUS = b= €[|| |,72] =S = da» €N = 04 € C.
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8. FINITE DIMENSIONAL APPROXIMATIONS

An infinite-dimensional dynamical system, as the replicator dynamics (3.6)-(3.8),
is not a computable model. Mendoza-Palacios and Herndandez-Lerma [30] introduce
some approximation schemes and propose two approximation theorems that ex-
tend the results in [36]. They establish the proximity of two paths generated by
two different dynamical systems (the original model and a discrete approximation
model) with different initial conditions. These approximations are studied in the
weak topology using the Kantorovich-Rubinstein metric (2.8), and also in the strong
topology using the norm of total variation (2.1).

8.1. Discrete approximations to the replicator dynamics. To obtain a finite-
dimensional approximation of the replicator dynamics (3.6)-(3.8) for an asymmetric
game (3.10) (or (5.1)-(5.2) for the symmetric game (5.3)), we can apply the following
Theorems 8.1 and 8.4 to a discrete approximation of the payoff functions U; in
(3.2) and the initial probability measures y; 0, for i in I. For some approximation
techniques for the payoff function in games, see Bishop and Cannings [2], Simon
[44].

Oechssler and Riedel [36] propose a finite approximation for a symmetric game.
Following [36], consider an asymmetric game (4.1) where, for every i in I, A; =

[¢i1,ci2] (for some real numbers ¢; 1 < ¢;2), and U; is a real-valued bounded func-
2ki—1

tion. For every ¢ in I, consider the partition Py, := {&m, mi—0 over A;, where

m;lcio — ¢i1
fmi = [ami,ami+1), A, = ci71 —+ M

2k '
for m; = 0,1,...,2% — 2 and Eoki_q = [agk;_q,Ci2]. For every i in I, the discrete
approximation to Uj; is given by the function
Uk, (1, s Tiy ooy ) = Ui(amy, --Qys ooy Gy )

if (21,00 @iy ooy ) 1810 Epyy X+ - X &y, X+ - X, - Also, for each 4 in I we approximate
a probability measure p; € P(A;) by a discrete probability distribution py, on the
partition set Pj,. Then we can write the approximation to the payoff function (3.2)
as

(8'1) sz‘(uk’lv“'vukn) = Z Z Ui(am17"'7amn)ukn(£mn)'“Mkl(&ml)‘

f’ml ePkl émnepkn

For every i € I and every vector py := (fky, -y fk, ) 0 P(Pg,) X ... X P(Py,, ), we

write piy, as (fg,, f—k; ), Where p_p, := (fbhys oo Moy 1> Hkiy s os My ) 18 T P(Pry ) X0 X
P(Py, ) X P(Pr, ) X ... x P(Py,). If 0g¢,. y is a probability measure concentrated

at &m; € Py, then the vector (dy¢,, y,1—i) is written as (am,, pi—i), and so

(82) sz (5{51711}7 :u—ki) = sz (am—ki ) /’L—ki)'
In particular, (8.1) yields
(8.3) Jk; (/“Lki’ﬂ_ki) = Z J/Ci(amiv:u—ki)uki (é-mz)
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Note that pg == (fkyy -y i, ) I P(Pg,) X ... x P(Py, ) is a vector of measures in
P(A;) x ... xP(Ay,). Then for any ¢ € I and E; € B(A;) N Py,, the replicator induced
by {Uk, }ier has the form

G E) = D0 [Tk 1ok (8)) = Ti (i, (8), 5 ()] (8 m,),
fmiEEil"IPki

which is equivalent to the system of differential equations in R2"1+-42"" of the form

k_

fori=1,2,...,n and m; =0,1,..., k;, with initial condition {Mki,o(fmi)}iiizlo-

Hence, using Theorem 8.1 or Theorem 8.4, we can approximate (3.6)-(3.8) by a
system of differential equations in R2" 42" of the form (8.4).

8.2. Finite dimensional approximation: strong form. In this section we pro-
vide an approximation theorem that gives conditions under which we can approxi-
mate (3.6)-(3.8) by a finite-dimensional dynamical system of the form (8.4) under
the total variation norm (2.1).

Theorem 8.1. For each i in I, let A; be a separable metric space and let U;, Uy :
A1 x ... x A, — R be bounded functions such that max \U; — U] < e, where || - || is
1€

the sup norm in (e3.2). Consider the replicator dynamics induced by {U;}l, and
{US},, d.e.,

(8.5) 1t Ey) = / [Ji(as, i) = Jipa(t), i) gt ),

7

(8.6) Vit Ey) = [E [ (as, i) = JE @), v-i(0) |t day),

for each i € I, E € B(A;), and t > 0. If p(-) and v(-) are solutions of (8.5) and
(8.6), respectively, with initial conditions u(0) = up and v(0) = vy, then for T < oo

1
(8.7) sup [l = (0l < o = wolloe” + 2 (97 - ).
+€[0,T] Q
where Q :== (2n+1)H and H := max Ui
1€
Corollary 8.2. Let us assume the hypotheses of Theorem 8.1. Suppose that for

each i in I, there exists a sequence of functions {U™}72, and probability measure

vectors {v"}2° | such that maIXHUZ' — U = 0 and ||po — v§|looc = 0. If pu(-) and
1€

v"™(-) are solutions of (8.5) and (8.6), respectively, with initial conditions 1u(0) = o

and v"(0) = v, then for T < oo,

lim sup [u(t) - va(t)l]oo = 0.
=200 410,77
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8.3. Finite dimensional approximations: weak form. The next approxima-
tion result, Theorem 8.4, establishes the proximity of two paths generated by two dif-
ferent dynamical systems (the original model and a discrete approximating model)
with different initial conditions, under the weak topology. To this end we use the
Kantorovich-Rubinstein norm || - ||, on M(A), which metrizes the weak topology.

Remark 8.3. Let A be a separable metric space. We say that a mapping u :
[0,00) — M(A) is weakly differentiable if there exists p/(t) € M(A) such that, for
every t >0 and g € Cp(A)

1
58 | [ tut+edo - [ s@utan] = [ gwne.do)
e—0 € A A A
If || - ||, is the Kantorovich-Rubinstein metric in (2.8), then (8.8) is equivalent to

p(t+e) —p(t) ()

(8.9) lim

e—0

=0.
kr

Theorem 8.4. For each i in I, let (A;,9;) be a bounded separable metric space
(with diameter C; > 0), and U;, Uf : Ay x ... x A, — R be two bounded functions
such that max |U; = Uf|| < e. For each i in I, suppose that |U;|| < oo and consider
the replicator dynamics induced by {U;}1, and {Uf}?_,, as in (8.5) and (8.6). If
wu(-) and v(-) are solutions of (8.5) and (8.6), respectively, with initial conditions
w1(0) = po and v(0) = vy, then for T < oo

1
(8.10) sup {|pu(t) = v(DI5 < llpo — vol|5e?T +2¢ (eQT - > |
te[0,7) Q
where Q = [2H + (2n — 1)CH], H := maIXHUiH, Hp = maIXHUi”L; and C :=
e 1S
max C;.
i€l

Corollary 8.5. Let us assume the hypotheses of Theorem 8.4. Suppose that for
each i in I, there exist sequences of functions {U™}>2 | and of vectors of probability
measures {v"}>° | such that max |U; — U || — 0 and ||uo — v |50 — 0. If u(-) and
1€

v (-) are solutions of (8.5) and (8.6), respectively, with initial conditions u(0) = po
and v"(0) = v, then, for T' < oo,

lim sup [|u(t) — va(8)52 = 0.

=00 te[0,T7

9. EXAMPLES

9.1. A quadratic linear model: asymmetric case. Consider games in which
we have two players with the following payoff functions:

(9.1) Ui(z,y) = —ayz? — bixy + crx + dyy,

(9.2) Us(z,y) = —asy® — bayz + coy + daor,

with a1, ag2,b1,ba,c1,c2 > 0 and dy,dy any real numbers. Let A; = [0, M;] and
Ag = [0, My] for My, My > 0 and large enough, be the strategy sets.
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This class of games could represent a Cournot duopoly or models of international
trade with linear demand and linear cost (see Mas-Colell, Whinston and Green [29]).

It can also represent some models of public good games.
If

(2@201 — blcg), (2a102 — bgcl), (4a1a2 — blbg)
are all positive, then we have an interior Nash equilibrium

% 2a9c1 — bica  2a1c9 — bacy
(z%,y") = : :
4aras — bbby’ 4aras — bibs

Let
Cr={(p,v) € P(A1) X P(Ag) : p(a™, My] = v(y”, Ma] = 0},
Co = {(p,v) € P(A1) X P(Az) : p[0,27) = v[0,y") = 0},
and C = C; UCy. The set C is invariant for the replicator dynamics (3.6)-(3.8) and
(02, 0y=) is in C. On the other hand, let

x“:zzjglxu<dx» yﬂz::jgzyu<dy»

If (1, v) is in Cy, then by Jensen’s inequality

‘]1(550*3 V) = / U1(a:*,y)y(dy) = Ul(x*7gy) > Ul(jﬂ’gl’) > Jl(lu’a V)
Ao

Bdy) = [ Usloy i) = Us( ") > U@, ) 2 alpv).
Aq

This is also true if (p, v) is in Co. Hence, for any € > 0, the vector (0=, d,+) is a SUP
in the set C. Therefore, by Theorem 4.7, for € > 0 the set CN V¢ (d4+) is invariant for
(3.6)-(3.8). Moreover, since for every i in I, the payoff functions U;(+) are continuous
and the sets of strategies A; are compact sets, we conclude by Theorem 4.7 that if
1(0) € CNVe(dg+), then u(t) — d,« weakly.

9.2. A quadratic linear model: symmetric case. We now consider the sym-
metric form of the game in Section 9.1 Thus, we can rewrite the payoff functions
(9.1) and (9.2) as

(9.3) U(zx,y) = —ax® — bry + cx + dy,

with a,b,¢ > 0 and d any real number. Let A = [0, M] for M > 0 and large enough,
be the strategy set. If 2c(a —b) > 0 and 4a? —b? > 0, then we have an interior Nash
equilibrium strategy (NES)
«  2c(a—0b)
T T
For a fixed y the function U(x,y) is concave in x and has the partial derivative
Uz(x,y) = —2ax — by + c. Let

(c—by)
2a
and note that 2/(y) = —(b/2a) < 0. Then if y < 2* or 2* < y, we have

Uz(y),y) > U(z",y) > U(y,y).

z(y) := argmaxU(z,y) =
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t=0
t=1000
t=2000

FIGURE 9.1

On the other hand, let 7 := [, yu(dy). If p is such that §* < 2*, then by
Jensen’s inequality

(e pt) = /A U y)uldy) = U@, 5% > UG 5") > J(u. ),

This is also true if g# > x*. Hence, for any metric r on P(A), the strategy d,« is
r-SUS. Therefore, by Theorem 6.3, if ||puo — 02+ || = 2(1 — po({z*})) < €, then

[l14(t) = O

Moreover, since the payoff function U(-) is continuous and the set A of strategies is
compact, we conclude that p(t) — d,+ weakly.

Consider a game where a =2, b=1, ¢ =5, d =1, M = 2. For this game the
payoff function (9.3) is bounded Lipschitz and by Theorem 8.4 we can approximate
the replicator dynamics by a finite-dimensional dynamical system of the form (5.1)-
(5.2) under the Kantorovich-Rubinstein norm. The Figure 9.1 shows a numerical
approximation for this game where the Nash equilibrium is * = 1. For this numer-
ical approximation we consider a partition with 100 elements with the same size,
and use the forward Euler method for solving ordinary differential equations. We
consider the uniform distribution as initial condition. We show the distribution for
the times 0, 1000 and 2000.

Note that under the strong norm the Nash equilibrium z* = 1 cannot be approx-
imated by a probability measure with a continuous density function.

=2(1 — p(t, {z*})) <€, ry(u(t),dy) < Me ¥t > 0.

9.3. A graduated risk game. A graduated risk game is a symmetric game, where
two players compete for a resource of value v > 0. Each player selects her “level
of aggression” for the game. This “level of aggression” is captured by a probability
distribution on A := [0, 1]. In this case, z € A can be interpreted as the probability
that neither player is injured, and (1 — ) is the probability that player one (or
player two) is injured. If the player is injured, its payoff is v — ¢ (with ¢ > 0), and
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=0
=500
t=1000

FIGURE 9.2

hence the expected payoff for the player is

v—Cc(1 — if
(9.4) T I
(1 —x) ifty<zx

where x and y are the “levels of aggression” selected by the player and her opponent,
respectively.
If v < ¢, this game has a NES with density function
* o o
dp*(z)  « 1:6 ass

dx 2 ’

where o = ¢. Bishop and Cannings [2] show that if v < ¢, then the NES satisfies
that

J(* ) — I () >0 Y € P(A),
that is, p* is a r-SUS for any metric r in P(A), with A = [0, 1].
Hence, by Theorem 6.2, if K (ug, u*) < ¢'(€) = (%)2, then

i) p(t) € Wy (p*) for all t > 0;
i1) |lp(t) — p*|| < e for allt > 0;
i1) Tw(p(t), p*) <e forall t > 0.

Consider a game where ¢ = 10, v = 6.5. For this game the payoff function (9.4)
is bounded, and by theorem 8.1 we can approximate the replicator dynamics by a
finite-dimensional dynamical system of the form (5.1)-(5.2) under the strong norm
(2.1). The Figure 9.2 shows a numerical approximation for this game. For this
numerical approximation we consider a partition with 100 elements with the same
size, and use the forward Euler method for solving ordinary differential equations.
We consider the uniform distribution as initial condition. We show the distribution
for the times 0, 500 and 1000.

In the same way, Figure 9.3 shows a numerical approximation for a game where
¢ = 10, v = 0.5. For this numerical approximation we consider a partition with
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t=0
=500
t=1000

1] 0.5 1

FIGURE 9.3

100 elements with the same size, and use again the forward Euler method for solv-
ing ordinary differential equations. We consider the uniform distribution as initial
condition. We show the distribution for the times 0, 500 and 1000.

10. COMMENTS

In this survey, we introduced a model of evolutionary games with strategies in
metric spaces. The model can be reduced, of course, to the particular case of
evolutionary games with finite strategy sets. We provide a general framework to
the replicator dynamics that allows us to analyze different stability criteria, and
establish conditions to approximate the replicator dynamics in a metric space by
a sequence of dynamical systems on finite-dimensional spaces. We also presented
three examples. The first two models may be applicable to oligopoly models, theory
of international trade, and public good models. The third example deals with a
graduated risk game.

There are many questions, however, that remain open. For instance, when the
set of pure strategies is finite, Cressman [9] shows that under some conditions the
stability of monotone selection dynamics is locally determined by the replicator
dynamics. Is this true for games with strategies in the space P(A) of probability
measures? The study of the stability for other game dynamics with strategies
in metric spaces has few theoretical results. A detailed study might require new
theoretical developments in the stability analysis of dynamic systems in general
spaces.

Another important issue would be to obtain stability results for evolutionary
games with continuous strategies similar to the result by Hofbauer and Sigmund
[22] (Theorem 14) for games with a finite strategy set A.

The replicator dynamics has been studied in other general spaces without direct
applications to game theory. For instance, Kravvaritis et al. [27], [24], [25] [26],
and Papanicolaou and Smyrlis [37] studied conditions for stability and examples for
these general cases. These extensions may be applicable in areas such as migration,
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regional sciences, and spatial economics (see Fujita, Krugman, and Venables [14]
chapters 5 and 6). However, these extensions have not been made for asymmetric
models, that is, for multipopulation games.

APPENDIX A: METRICS ON P(A)

Proposition A.1. Let (A,r) be a separable metric space. Then the Prokhorov
metric r, and the bounded Lipschitz metric ry metrize the weak convergence, i.e.,
for any sequence {u,} C P(A), the following statements are equivalent:
i) fn converges in the weak topology,
“) Tp(/'bnv /'L) - 07
@08) roi(pn, p) — 0.
Moreover, for any p and v in P(A),

1
(Al) g[TP(M’ V)]2 < Tbl(”? V) < 2TP(H7 V)
Proof. See Shiryaev [43] chapter 3. O

Proposition A.2. Let (A,r) be a Polish space and 1 < p < co. The L,-Wasserstein
metric ry, metrizes the weak convergence on Py(A), i.e., for any sequence {pn} C
P,(A) and {u} C P(A), the following conditions are equivalent:

i) Wy converges in the weak topology,

i1) Tw, (fin, ) — 0.
Moreover, if A is bounded, then the L,-Wasserstein metric ry,,, the Prokhorov met-
ric Tp, the bounded Lipschitz metric ry and the Kantorovich-Rubinstein metric ry,
metrize the weak convergence of probability measures in P(A). In addition, if p =1
then

1
(AQ) g[""p(/% l/)]2 < Tbl(,u7 1/) < rk?“(:““? V) = Tw(,LL, V)'
Proof. See Shiryaev [43] chapter 3, and Givens and Shortt [15]. O

Proposition A.3. Let A be a separable metric space. Let i and v be in P(A), with
v << p. Then

1
(A.3) [ — vl < 2[K(p,v)]2.
Moreover, if A is a bounded (with diameter C > 0) Polish space, then
1
(A.4) ru(p ) < Clli— v < 2C[K (1, v)]E.
Proof. See Reiss [39] chapter 3, and Villani [46] chapter 6. O
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