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STOCHASTIC NASH EQUILIBRIUM SEEKING FOR GAMES WITH
GENERAL NONLINEAR PAYOFFS*

SHU-JUN LIUT AND MIROSLAV KRSTIC!

Abstract. We introduce a multi-input stochastic extremum seeking algorithm to solve the
problem of seeking Nash equilibria for a noncooperative game whose N players seek to maximize their
individual payoff functions. The payoff functions are general (not necessarily quadratic), and their
forms are not known to the players. Our algorithm is a nonmodel-based approach for asymptotic
attainment of the Nash equilibria. Different from classical game theory algorithms, where each
player employs the knowledge of the functional form of his payoff and the knowledge of the other
players’ actions, a player employing our algorithm measures only his own payoff values, without
knowing the functional form of his or other players’ payoff functions. We prove local exponential
(in probability) convergence of our algorithms. For nonquadratic payoffs, the convergence is not
necessarily perfect but may be biased in proportion to the third derivatives of the payoff functions
and the intensity of the stochastic perturbations used in the algorithm. We quantify the size of
these residual biases. Compared to the deterministic extremum seeking with sinusoidal perturbation
signals, where convergence occurs only if the players use distinct frequencies, in our algorithm each
player simply employs an independent ergodic stochastic probing signal in his seeking strategy,
which is realistic in noncooperative games. As a special case of an N-player noncooperative game,
the problem of standard multivariable optimization (when the players’ payoffs coincide) for quadratic
maps is also solved using our stochastic extremum seeking algorithm.
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1. Introduction. Seeking Nash equilibria in continuous games is a difficult
problem (see [14]). Researchers in different fields including mathematics, computer
science, economics, and system engineering have interest and need for techniques for
finding Nash equilibria. Most algorithms designed to achieve convergence to Nash
equilibria require modeling information for the game and assume that the players can
observe the actions of the other players. The first serious algorithm perhaps is [28],
in which a gradient-type algorithm is studied for convex games. Distributed iterative
algorithms are designed for the computation of equilibrium in [16] for a general class
of nonquadratic convex Nash games. In this algorithm, the agents do not have to
know each other’s cost functionals and private information as well as the parame-
ters and subjective probability distributions adopted by the others, but they have to
communicate to each other their tentative decisions during each phase of computa-
tion. A strategy known as fictitious play is one such strategy that depends on the
actions of the other players so that a player can devise a best response. A dynamic
version of fictitious play and gradient response is developed in [31]. In [38], a syn-
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chronous distributed learning algorithm is designed to the coverage optimization of
mobile visual sensor networks. In this algorithm, players remember their own actions
and utility values from the previous two times steps, and the algorithm is shown to
converge in probability to the set of restricted Nash equilibria. Other diverse engi-
neering applications of game theory include the design of communication networks in
[22, 1, 3, 29], integrated structures and controls in [27], and distributed consensus pro-
tocols in [5, 23, 30]. A comprehensive treatment of static and dynamic noncooperative
game theory can be found in [4].

Extremum seeking is a nonmodel-based real-time optimization approach for dy-
namic problems where only limited knowledge of a system is available. Since the
emergence of a proof of its stability [13], extremum seeking has been an active re-
search area both in applications [11, 17, 21, 24, 25, 37] and in further theoretical
developments [2, 7, 34, 35, 36]. Based on the extremum seeking approach with sinu-
soidal perturbations, in [12], Nash equilibrium seeking is studied for noncooperative
games with both finitely and infinitely many players. In [33], Nash games in mobile
sensor networks are solved using extremum seeking. Owing to certain advantages
of stochastic perturbations over the sinusoidal ones, in [19, 20], we investigated the
stochastic extremum seeking algorithm for the single perturbation input case.

In this work, a multi-input stochastic extremum seeking algorithm is developed
for finding Nash equilibria in N-player noncooperative games. First, to analyze the
convergence of the algorithm, a multi-input stochastic averaging theory is developed.
Here multi-input means multiscaled stochastic perturbation input. Most of the exist-
ing stochastic averaging theory focuses on the systems with the single-scaled stochastic
perturbation input [6, 8, 15, 18] or on two-time-scales systems with slow dynamics and
fast dynamics [32, 10]. There are few results on stochastic averaging for systems with
multiscaled stochastic perturbation inputs. For an N-player noncooperative game,
each player employs independently stochastic extremum seeking to attain a Nash
equilibrium. Similar to the deterministic case [9], the key feature of our approach
is that the players are not required to know the mathematical model of their payoff
function or the underlying model of the game. The players need only measure their
own payoff values. It is proved that under certain conditions, the actions of players
converge to a neighborhood of a Nash equilibrium. The convergence result is local
in the sense that convergence to any particular Nash equilibrium is assured only for
initial conditions in a set around that specific stable Nash equilibrium. Moreover,
convergence to a Nash equilibrium is biased in proportion to the third derivatives
of the payoff functions and is dependent on the intensity of stochastic perturbation.
Compared to the deterministic case, one advantage of stochastic extremum seeking is
that there is no need to choose different perturbation frequencies for each player and
each player only needs to choose his own perturbation process independently, which
is more realistic in a practical game with adversarial players. Finally, when all players
have the same quadratic payoff, the Nash equilibrium seeking problem for an N-player
noncooperative game reduces to a standard multiparameter extremum seeking prob-
lem. For this special case, we design a stochastic multiparameter extremum seeking
algorithm and analyze its convergence.

The paper is organized as follows: we introduce our general problem formulation
in section 2, state our algorithm and convergence results in section 3, and present the
convergence proof in section 4. We provide a numerical example for a two-player game
in section 5. Finally, we state our extremum seeking algorithm for multiparameter
quadratic static maps in section 6 and state our stochastic averaging theory for the
multi-input case in the appendix.
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2. Problem formulation. Consider an N-player noncooperative game where
each player wishes to maximize his payoff function of the general nonlinear form.
Assume the payoff function of player i is of the form

(2.1) Jl = hi(ui,u_i),

where u; is player i’s action, the action (strategy) space is the whole space R, u_; =
[1, ..., Ui—1,Uit1,...,un] represents the actions of the other players, h; : RY - R
is smooth, and i € {1,...,N}.

Our algorithm is based on the following assumptions.

ASSUMPTION 2.1. There exists at least one, possibly multiple, isolated stable Nash
equilibrium v* = [uf, ..., ul]| such that

Oh;
22) Fu () =0,
9%h; .
(2.3) 2 (u*) <0
forallie{l,...,N}.
ASSUMPTION 2.2. The matriz
hi(u)  Pha(u¥) 0%hy (u*)
au% Ouq0uz T Ou0uN
Pho(u*)  9ha(u®) 0%ha(u*)
(24) == Ouq0us duZ . TiaOun
BQhJ\;(u*) azh]\;(u*) azh]\;(u*)
Our0un Ouz0un u?,

is strictly diagonally dominant and hence, nonsingular.

By Assumptions 2.1 and 2.2, = is Hurwitz.

In our scheme, player i has no knowledge of other players’ payoff h; (j # i) and
actions u; (j # ¢). He can measure only his own payoff h;. Our objective is to
design a stochastic extremum seeking algorithm for each player to approximate Nash
equilibrium.

3. Stochastic Nash equilibrium seeking algorithm. In our algorithm, each
player independently employs a stochastic seeking strategy to attain the stable Nash
equilibrium of the game. Player ¢ implements the following strategy:

(3.1) wi(t) = @i(t) + ai fi(ni(t)),
(32 T a0 ),

where for any ¢ = 1,..., N, a; > 0 is the perturbation amplitude, k; > 0 is the
adaptive gain, J;(t) is the measured payoff value for player i, and f; is a bounded
smooth function that player i chooses, e.g., a sine function. n;(¢t),s = 1,..., N, are
independent time homogeneous continuous Markov ergodic processes chosen by player
i, e.g., the Ornstein—Uhlenbeck (OU) process

(63 w= 2] o cdn(t) = ()it + VEadWi()

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



1662 SHU-JUN LIU AND MIROSLAV KRSTIC
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Fic. 1. Stochastic extremum seeking scheme for a two-player noncooperative game.

gi > 0, g; are small parameters satisfying 0 < max; g; < ¢ for fixed €9 > 0, and W;(¢),
i =1,...,N, are independent 1-dimensional standard Brownian motion on a com-
plete probability space (£2, F, P) with the sample space 2, o-field F, and probability
measure P.

System (3.2) is given by an ordinary differential equation with stochastic pertur-
bation (see [8]), namely, a stochastic ordinary differential equation, and its solution
can be defined for each sample path of the perturbation process (n;(t),¢ > 0), which
is given by Ito stochastic differential equation (3.3).

Figure 1 depicts a noncooperative game played by two players implementing the
stochastic extremum seeking strategy (3.1)—(3.2) to attain a Nash equilibrium.

To analyze the convergence of the algorithm, we denote the error relative to the
Nash equilibrium as

(3.4) i(t) = i(t) — ul.

Then, we obtain an error system as

(35) dad;t(t) = kip{" (t)hi (u i+ o (), u + i+ ) ))

where pl(-l)(t) = a;fi(mi()), p(_lz)() = [a1f1(771( )) i i (i1 (),
i1 fir1 Mg (), an (i (B)], G5, = [@F,... 05,k .., i), and @_; =
[ﬂl,...7ai71,ﬂi+17...,ﬂ]\]].

If the players choose f;(x) =sinz for alli =1,..., N, and n; as independent OU
processes (3.3), we have the following convergence result.

THEOREM 3.1. Consider the error system (3.5) for an N-player game un-
der Assumptions 2.1 and 2.2. Then there exists a constant a* > 0 such that for
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maxi<;<n a; € (0,a*) there exist constants r > 0, ¢ > 0, v > 0 and a function
T(e1) : (0,e0) — N such that for any initial condition |A°*(0)| < r and any 6 > 0,

(3.6) limO inf {t >0: AT (8)] > c|AT (0)]e " + 5+ O(maxa?)} =00 a.s.
£1—> 7

and

(3.7)  Jim P{IA% (O] < clA% (0)e " + 6+ O(maxaf) ¥t € [0, T(e1)]} =1

with
lim T(El) = 00,
g1—0
where
N N
(3.8) A () = | (t) =Y dja3,... an(t) — > dad|,
j=1 j=1
_ R _
éGO (QJ) azlgzz (UJ*)
4l "
JJ 3h_ N
; %Go(qj)m(u )
.'71
dg‘j 1 Gi(q;) 9%h; ( *)
(3.9) &, | =-271 6 Go(g;) ouf ,
77
dg‘;rl 9%h
: ;Go(qj)auﬁa;til( *)
N :
L by 1 2%
ZGO(qj)auiauN( *)

and Go(q;) = %(1—671112'), Gi(g) =3 - %e’q? +%e*4q?: %(1—@"112')2(@*2‘1? +2% +
3).
Several remarks are needed in order to properly interpret Theorem 3.1. From

(3.6) and the fact [A%*(t)] > max; |ii;(t) — Y1, di;a?], we obtain

e1—0 7

N
lim inf ¢ £ > 0:max q |@(t) — Y _di;a?| p > c[A*(0)[e ™" + 6 + O(maxal)
i=1 '

By taking all the a;’s small, max; |u;(¢)| can be made arbitrarily small as ¢t — oc.
The bias terms Zjvzl d’;a3 defined by (3.9) appear complicated but have a simple

physical interpretation. When the game’s payoff functions are not quadratic (not

symmetric), the extremum seeking algorithms, which employ zero-mean (symmetric)

perturbations, will produce a bias. According to the formula (3.9), the bias depends
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on the third derivatives of the payoff functions, namely, on the level of asymmetry
in the payoff surfaces at the Nash equilibrium. In the trivial case of a single player
the interpretation is easy—extremum seeking settles on the flatter (more favorable)
side of an asymmetric peak. In the case of multiple players the interpretation is more
difficult, as each player contributes both to his own bias and to the other players’
biases. Though difficult to intuitively interpret in the multiplayer case, the formula
(3.9) is useful as it quantifies the biases.

The estimate of the region of attraction » can be conservatively taken as indepen-
dent of the a;’s, for a;’s chosen sufficiently small. This fact can be seen only by going
through the proof of the averaging theorem for the specific system (3.5). Hence, r is
larger than the bias terms, which means that for small a;’s the algorithm reduces the
distance to the Nash equilibrium for all initial conditions except for those within an
O(max; a?) to the Nash equilibrium.

On the other hand, the convergence rate v cannot be taken independently of the
a;’s, because the a;’s appear as factors on the entire right-hand side of (3.5). However,
by letting the k;’s increase as the a;’s decrease, independence of v from the a;’s can
be ensured.

In the rare case where the error system (3.5) may be globally Lipschitz, we obtain
global convergence using the global averaging theorem in [18].

4. Proof of the algorithm convergence. We apply the multi-input stochastic
averaging theory presented in the appendix to analyze the error system (3.5). First,
we calculate the average system of (3.5).

Define x;(t) = n;i(est) and B;(t) = —=W;(g;t). Then by (3.3) we have

Vei
(41) dxi(t) = —Xi(t)dt + qidBi(t),
where [Bi(t),...,By(t)]T is an N-dimensional standard Brownian motion on the

space (Q, F, P).
Thus we can rewrite the error system (3.5) as

@2) PO @ 4z ng (4t oD e i+ 0Dt/
where p( )( t) = a;sin(x;(t)), p @) (t/e—i) = [arsin(x1(t/e1)), ... ai—1sin (xi—1(t/gi=1)),
aisrsin(xip (t/2i1)). - . an sin(xx (t/en).
Denote
(4.3) gi:%, i=2...,N

for some positive real constants ¢; and consider the change of variable
(44) Zl (t) = X1 (t), Zg(t) = X2 (Cgt), sy ZN(t) = X(CNt)

Then the error system (4.2) can be transformed as one with single small parameter
£1:

= kipt” (/e (uf + s 4+l (1/2) 0t i 00 (120))

where pz(-g) (t) = a;sin(Z;(1)), pigz(t/al) = [arsin(Z1(t/e1)), - - ., ai—1 sin (Z;—1(t/e1)),
541 SiH(ZiJrl (t/é‘l)), ., aN sin(ZN(t/gl))].
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For (x;(t),t > 0) that is ergodic and has invariant distribution p;(dx;) = fq 9% da;

(see [26]), by Lemma A.2, the vector-valued process [Z1(t), ..., Zn(t)]" is also ergodic
with invariant distribution (g1 X -+ X pn). Thus by (A.4), we have the average error
system

(4.6)
a0)

= kiai/ sin(z;)hi (uf + ¢ + a; sin(z;),u”; + @ + a_;sin(z_;))

RN
pi(dey) x - x pn(dey),

where a_;sin(x_;) = [aysin(z1),...,a;—1sin(x;—1), a;ip18in(zip1),...,ansin(zy)],
and p; is the invariant distribution of the process (x;(t),t > 0) or (Z;(t),t > 0).
The equilibrium @¢ = [uf, ..., a%] of (4.6) satisfies

(4.7) 0= / sin(z;)h; (uf 4+ G5 + a;sin(z;), u’; + @, + a_;sin(z_;))
RN
ul(dxl) X e X /LN(diN)
foralli ={1,...,N}.

To calculate the equilibrium of the average error system and analyze its stability,
we postulate that u¢ has the form

(4.8) szaj + szﬂc%ak +O( maxa 3.

j=1k>j

By expanding h; about v* in (4.7) and substituting (4.8), the unknown coefficients bj»

and d 1 can be determined.
The Taylor series expansion of h; about «* in (4.7) for an N-player game is

(49) h»(u*+v- o o, Z Z Ul . 8n1+ +mvh (U*)
' ! B ny! outt - Ouy ’

n1=0 ny=0

where v; = 4§ +a;sin(z;) and v_; = ¢ ,+a_;sin(x_;). Although foranyi=1,...,N,
h; may not have its Taylor series expansion only by its smoothness, here we give Just
the form of Taylor series expansion. In fact, we need only its third order Taylor

formula.

2?2

Since the invariant distribution p;(dx;) of OU process (x;(t),t > 0) is \/%qi e~ @ duy,

o0 z
. . 1 -4
4.10 /sm%Jrl xi) i (dx; :/ sin?F+1 T;)——e % dx;
(4.10) i e = [ s )

o0 1 T
4.11 /sin2 x; ) i (dz; z/ sin?(z; e % dux;
(4.11) ; (i) pi(dz;) - ( )ﬁqi
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(4.12) Abln4(xi)ui(dxi)=/+w81n( )\/_qze T
= g — %e*q? + ée*‘*q? = G1(q),
(4.13) /R2 sin(z;) sin(z;) i (da;) x pj(dz;)
+oo oo , 1 -4 -3
:/_OO /_OO sm(a:i)sm(xj)m % \/_qje i daidr; =0,
(4.14) /R2 sin? (z;) sin(z; )i (da;) x pj(da;)
= /+00 /+°° sin%x-)sin(mﬂ;ei% eijzda: dx; =0,
—oo J—oco ' VTG /T B
(4.15) /}R2 sin® (z;) sin(z; )i (da;) x p;(da;)
:/Jroo/Jroosing(oc»)sin(;zcj)Lea‘:mz —e iszx dxj =0,
—oo J—oco ' VTG /T Y
(4.16) /R2 sin®(z;) sin® (z) i (da;) % pj(da;)
:/+OO /+OO sinQ(xi)sinQ(xj)Le_% ! e %dxldx
e Joo 2 NG ’
— Z(l —e ) (1—e %) 2 Gy, qp),
(4.17) / sin(z;) sin(z;) sin(zx) i (de;) x pj(dr;) x pr(der)
+oo oo oo R R T PR
/ / / sin(x;) sin xj)sm(a:k)ﬁqie % ﬁqje % ﬁ%e T
x dx;dzjdr, =0,
(4.18) /}R3 sin(z;) sin® (z;) sin(2g ) pi (d;) x ;i (dw;) x pg(day)
:/+OO/+OO/+Oosin(a:i)sinz(a:j)sin(xk) ! e_g ! e_g ! 67%
oo Joo S VTG TG Vg

x dx;dzjdry = 0.

Based on the above calculations, substituting (4.9) into (4.7) and computing the
average of each term gives

L 9%h;
_ 2 . 2
(419) 0= aPCo()itf 7y (u) + afGola; Z Jauzauj

2 4 3
i Nae)? 4 . 8 hi (v
+ ( 5 Gol(gq)(as)* + 5 Gl(qz)) 3 (u*)
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+ai GO (g:)a Z J@uzau w)

2.2

, azaj 3h;
+Z< Go(qi)(af)” + 2JG2(Qi7Qj)> 8ui(‘9u2(u)

J#i J
N

N Ph;
3 Y @2Go(a)ig 5o (u) + O(maxal),

u Uk
U; 0U;0U
i k> ki OuiOu; Oy

or, equivalently,

1 . a? Gi(q:)\ 9h;
420) 0= w)+ (@) + )
(4.20) 0 E: Jauﬂﬁh +'<20%) - G(LK%)) 5“?(U)
~ L oh,
o ; Ja«ﬂauj +§ 2 Cl®) Quidu; )

~e~e ah * 3
—I—Z Z (A0 uzé?ujauk( )—|—O(mlaxai).

J#i k>j,k#i
Substituting (4.8) into (4.19) and matching first order powers of a; gives
0 b
(4.21)

(1]

0 by
which implies that bj» =0 for all 4, j since Z is nonsingular by Assumption 2.2. Simi-

larly, matching second order terms ajay (j > k) and a? of a; and substituting b;- =0
to simplify the resulting expressions yields

0 d,
(4.22) =2 : , j=1,...,N, j >k,
0 ax
and
_ 5 -
%Go(%)ailg; (u”)
LGola)) o5 (u”)
20lq; 8u],18u§
1
0 djj 1Gi(gy) 0 hJ( )
(4.23) =] |+ 0@ o
0 an. 5
9%h y
" 2G0(47)) 5uzgu, 7 ()
.3
5Go(q;) a?@ggN (u”)

Thus, dzk =0 for all 7, j,k when j # k, and di»j is given by (3.9).
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Therefore, by (4.8), the equilibrium of the average error system (4.6) is
N
(4.24) Z a +O( max a?).

By the dominated convergence theorem, we obtain that the Jacobian ¥*V® = (¢;; ) nxn
of the average error system (4.6) at @° has elements given by

(4.25) Yij = ki/ a; sin(ocl)gi (uf 4+ a$ + a;sin(wz;), u*; + 4,
RN
(4.26) + a_;sin(z_;)) p1(dzy) x - X py(dey)
— Ka2Gola) gt (u*) + O( maxa)
O Bulﬁuj % ’

and is Hurwitz by Assumptions 2.1 and 2.2 for sufficiently small a;, which implies
that the equilibrium (4.24) of the average error system (4.6) is locally exponen-
tially stable. By the multi-input averaging theorem in the appendix, the theorem
is proved.

5. Numerical example. We consider two players with payoff functions

(5.1) Ji = —uf + 2ugus +ui — Sug,

4
(5.2) Jo = 2uiug — uj.

Since J; is not globally concave in u;, we restrict the action space to A = {u; > 1/3,
ug > 1/6} in order to avoid the existence of maximizing actions at infinity or Nash
equilibria at the boundary of the action space. (However, we do not restrict the
extremum seeking algorithm to 4. Such a restriction can be imposed using parameter
projection but would complicate our exposition considerably)

The game (J1, Jo) yields two Nash equilibria: (uil, u3') = (0.5,0.25) and (u}?, u3?)
= (1.5,2.25). The corresponding matrices are

-1 2 PR
1= 9 o 34 =271 g o |>

where = is nonsingular but not Hurwitz, while =5 is nonsingular and Hurwitz, and
both matrices are not diagonally dominant. From the proof of the algorithm con-
vergence, we know that diagonal dominance is only a sufficient condition for = to be
nonsingular and is not required in general.

The average error system for this game is

(1]

duave ~ave * ~ave ave ave

(5.3) 7dt( ) = kla%Go(ql)(—Bul L Guyas’e + 2a5%° + 2uyvc) — kla‘fGl (q1),
d,&gve (t) 2 ave ave? * ~ave 2 2

(5.4) — = koa3Go(g2)(—2u5"° + 2a7"¢ + 4duja{’®) + 2keaia3G2(q1, ¢2),
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where u} can be uj! or uj?. The equilibria (a$,@$) of this average system are

(5.5) aizl—u*l‘:lz\/(l—u’{)Z (Gl( §—2G0( ))

Gol
(5.6) — 22 iz\/< <G Egi - 2G0<ql>)

2 Gi(q1)

+ 3a3G
1G0( ) O(Q1)

and their postulated form is

—e 1 Gi(q) > 2 3
5.7 ay? = - 2G ai + O(maxay),
5:7) = s (S~ a6u(an) ) af + Ofanaeal)

~ep u»{ Gy (ql) 1-— 3U>{ 2 3
(5.8) Uy = <1 i Golgy) + T~ Go(qu) | af +O(mlaxal).

The corresponding Jacobian matrices are

(59) pave — |: (_Gﬂi - 6UT =+ 2)71 271 :|

(207 + 4ui)ye —272

where v; = k;a?Go(q;), i = 1,2, and their characteristic equation is given by A\? +
a1 A+ as = 0, where

(510) o) = (6’11613 + GUT - 2)'71 + 279,
(5.11) ag = (2a] + ui — 1)4y17v.

Thus ¥¢ is Hurwitz if and only if oy and ao are positive. For sufficiently small aq,
which makes @¢ ~ (0,0), ay and ag are positive for uj = 1.5, but for u = 0.5, asg is
not positive, which is reasonable because =1 is not Hurwitz, but =, is Hurwitz. Thus,
(uit,uzl) = (0.5,0.25) is an unstable Nash equilibrium, but (ui2, u3?) = (1.5,2.25) is
a stable Nash equilibrium. We employ the stochastic multi-input extremum seeking
algorithm given in section 3 to attain this stable equilibrium.

The top picture in Figure 2 depicts the evolution of the game in the @ plane,
initialized at the point (u1(0),u2(0)) = (0,3), i.e., at (@1(0),u2(0)) = (—1.5,0.75).
Note that the initial condition is outside of A. This illustrates the point that the region
of attraction of the stable Nash equilibrium under the extremum seeking algorithm is
not a subset of A but a large subset of R?. The parameters are chosen as k; = 14, ko =
6, a1 = 0.2, as = 0.02, 1 = 0.01, e5 = 0.8. The bottom two pictures depict the two
players’ actions in stochastically seeking the Nash equilibrium (uf,u}) = (1.5,2.25).
From Figure 2, the actions of the players converge to a small neighborhood of the
stable Nash equilibrium.

In the algorithm, bounded smooth functions f; and the excitation processes
(ni(t),t > 0), ¢ = 1,...,N, can be chosen in other forms. We can replace the
bounded excitation signal sin(n;(t)) = sin(x:(t/e;)) with the signal HT (1};(t/e;)),
where 1j;(t) = [cos(W;(t)),sin(W;(t))]T is a Brownian motion on the unit circle (see
[19]), and G = [g1, g2]T is a constant vector.

Figure 3 depicts the evolution of the game in the @ plane for games with Brownian
motion on the unit circle as perturbation. The initial conditions are the same with the

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



1670 SHU-JUN LIU AND MIROSLAV KRSTIC

0.8 \

0.6/ o

0.4t
¢

0.2 —— (@ (¢), T2 (t)) {

x (a5, as) ~ (0,0) I
or * (@1(0), @2(0))
_o._22 15 -1 -0.5 0 0.5

T A e

uy(t)
0.5 -- -y}

. . . 2 . . .
0 5000 10000 15000 20000 0 5000 10000 15000 20000
Time (sec) Time (sec)

Fia. 2. Stochastic Nash equilibrium seeking with an OU process perturbation. Top: evolution
of the game in the u plane. Bottom: two players’ actions.
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F1c. 3. Stochastic Nash equilibrium seeking with Brownian motion on the unit circle as pertur-
bation. Top: evolution of the game in the 4 plane. Bottom: two players’ actions.
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case of the OU process perturbation. The parameters are chosen as k1 = 5, ko = 9,
a; = 0.2, ap = 0.04, g1 = 0.02, €2 = 0.02. From Figure 3, the actions of the players
also converge to a small neighborhood of the stable Nash equilibrium.

In these two simulations, a possibly different high-pass filter for each player’s
measurement on the payoff is used to improve the asymptotic performance but is not
essential for achieving stability (see [36]), which can also be seen from the following
stochastic multiparameter extremum seeking algorithm.

6. Multiparameter extremum seeking for static maps.

6.1. Stochastic multiparameter extremum seeking algorithm. Let f(6)
be a function of the form

(6.1) F(0)=f*+(0-0")"P(O—0),

where P = (pij)ixi € R*! is an unknown symmetric matrix, f* is an unknown
constant, 6 = [01,...,0,]7, and 0* = [0,...,07]7. Any C*(R!) function f(#) with
an extremum at § = 0* and with V2f # 0 can be locally approximated by (6.1).
Without loss of generality, we assume that the matrix P is positive definite.

The objective is to design an algorithm to make |6 — 6*| as small as possible, so
that the output y = f(0) is driven to its minimum f*. This problem is a special case
of a finite and multiplayer noncooperative game: all the players’ payoffs are the same
with a quadratic static map, and the corresponding matrix = is 2P. Here, we do not
assume that =, i.e., 2P, is strictly diagonally dominant. For the static map, we can
prove that the condition of strictly diagonal dominance is not necessary.

Denote éj (t) as the estimate of the unknown optimal input 67 and let

(6.2) 0;(t) = 05 — 0;(t)

denote the estimation error.
We use stochastic perturbation to develop a gradient estimate for every parameter.
Let

(6.3) 0;(t) = 0;(t) + a;sin(n; (1)),

where a; > 0 is the perturbation amplitude and (;(¢),t > 0) is an OU process as in
(3.3).
By (6.2) and (6.3), we have

(6.4) 0;(t) — 07 = a;sin(n;(t)) — 0;(t).
Substituting (6.4) into (6.1), we have the output
(6.5) y(t) = f*+(6(t) — ") P(O(t) —67),

where 0(t) — 6% = [ay sin(n1(t)) — 01(t), ..., a;sin(n(t)) — 6;(8)]T.
We design the parameter update law as follows:

(6.5) ott) — ya sinony () (wl1) - &),
(6.7 Ct) _ ) + hute),
(65) ey (1) = (00t + E0,W, 1)
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where hj, kj,j =1,...,1, are scalar design parameters. Different from the extremum
seeking algorithm in section 3, where we excluded the standard washout filter of the
output signal [13], which is not essential for convergence but helps performance, in this
section we use a washout filter —2— for each parameter, and the gradient estimation

S—‘rhj
for each parameter is based on the output ﬁ[y] = y(t) — &;(t) of this filter.
Define x;(t) = n;(e;t) and B;(t) = \/%W] (ejt). Then we have
(6.9) dx;(t) = —x;(t)dt + q;dB; (),

where Bj(t) is a 1-dimensional standard Brownian motion defined on the complete
probability space (2, F, P), while [By(t),..., B;(t)]T is an I-dimensional independent
standard Brownian motion on the same space.

Define the output error variable e;(t) = &;(t) — f*, j = 1,...,l. Therefore, it
follows from (6.2), (6.5), (6.6), and (6.7) that we have the error dynamics

(6.10) dGZl-t(t) _ _dHCJi-Et)

= h((0(t) — 0)TP(O(t) — 07) —e;(t)), j=1,...,1L

Denote 0(t)= [01(t),...,0;(t)]T and e(t) = [e1(t),...,e;(t)]T. Then we have the
following result.

THEOREM 6.1. Consider the static map (6.1) under the parameter update law
(6.6)—(6.8). Then the error system (6.10)—(6.11) is weak stochastic exponentially sta-
ble; i.e., there exist constants r > 0, ¢ > 0, and v > 0 such that for any initial
condition |AT*(0)] < and any 6 >0

(6.12) lim inf {t > 0: [AT ()] > c|AT*(0)[e " + 6} = 400 a.s.
614)0

Moreover, there exists a function T'(e1) : (0,e0) = N such that
(6.13)

lim P ASH ()] = AT (O)|e ™} > 60 =0 with lim T(e;) = oo,
Jim {Ogtsgljg(sl){l ()] = AT 0)e} } with lim T(e1) = o0

where Ail (t) = (é(t)Tv e(t)T) - (Olj;l’ Zi:l piiazzGO(qi)IlT)’ I = [L L..., 1]Txl' Fur-
thermore, (6.13) is equivalent to
(6.14)
lim P {IAT (8)] < ¢|AT(0)|e " + 6Vt € [0,T(e1)]} =1 with lim T(e1) = oo.
E1—>

g1—0
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6.2. Convergence analysis. We rewrite the error dynamics (6.10)—(6.11) as

(6.15)
Ditt) _ kyaysints t/e,)) (fansin(ua(t/e2)) — a0, sin(xalt/en) — (e P
x[aysin(x1(t/e1)) — 01(), ..., arsin(xi(t/er)) — él(t)])
= kya; sin(x; (¢/2,))
l ~ ~
< | X2 pu (arsinuat/)) = 8) (arsin(ue(t/e0) = B() = 5(0)) |
ik=1
(6.16)

l
deilt) _ ( > ir (asin(i(t/=0)) = 8:()) (ansinr(t/ex)) = B (1)) - ej(t)) ,

Now we calculate the average system of the error system. Assume that

€1

(6.17) g = i=2,...,1,

C; ’
for some positive real constants ¢;. Denote
(6.18) Z1(t) = x1(t), Za(t) = xa(cat),..., Zi(t) = x(at).

Then the error dynamics become

(6.19)
#t) = kja;jsin(Z;(t/e1))
1
X Dik (ai sin(Z;(t/e1)) — ~i(t)) (ak sin(Zx(t/e1)) = Ou(t) — ej(t)) ’
ik=1
(6.20)
0 (e~ 1~ e0)

l
=y | D2 pie (assin(Zit/e0) = (1)) (ansin(Z(t/21) = Bu(0)) = e5(0) |

It is known that for given j = 1,...,l, the stochastic process (x;(t),t > 0) is
ergodic and has invariant distribution

1
pj(da) = Trat
J

Thus by Lemma A.2, the vector-valued process [Z1(t), Za(t), . .., Z1(t)]T is also ergodic
with invariant distribution

pa(dxy) x - x u(day).
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To calculate the average system of system (6.19)—(6.20), we need to consider the
terms

(6.21) sin(Z;(t/e1))sin(Z;(t/e1)) sin(Zp(t/e1)), i#j, j#k, k#1,
(6.22) sin®(Z;(t/e1)),

(6.23) sin(Z;(t/e1))sin®(Z;(t/e1)), i # j,

(6.24) sin®(Z;(t/z1)),

(6.25) sin(Z;(t/e1))sin(Z;(t/e1)), 1 # j.

By the integrals (4.17), (4.10), (4.14), (4.11), and (4.13), we get the following average
error system:

déq,ve(t) —q2 : nave
(6.26) ——— = —ajk;(1 —e D) pife(t),
=1
deave( ) l
J _ —q; ave ave __ ave .
(6.27) =h; Zp”121—eq + ) 0eedy ®).i=1,...,1

i,k=1
In the matrix form, the average error system is
déave (t)
dt

de®v¢ (t) l 2 ave pave
(6.29) =H Zpiiai Go(qi) 1 —e*°(t) + Q(0""°(¢)) | ,

dt ;
=1

(6.28) = —TIPH™(t),

where

a2ky(1 — e~ %) 0 0
0 aky(1— e B) .. 0

0 0 o a2k (1 —em )

n=[1,...,17%,
The average error system has equilibrium (éeT, e ) = (0L, Zli:1 piiazGo(q;)IT).
The corresponding Jacobi matrix at this equilibrium is
[ 1P 0 ]

(6.30) 2=y _g
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Since II and P are positive definite, all eigenvalues of the matrix IIP are positive;
i.e., the eigenvalues of the matrix —IIP are negative. Furthermore, from the fact
h; >0,4i=1,...,1, it follows that the matrix Z; is Hurwitz and hence the equilibrium
is locally exponentially stable. Thus by Theorem A.3 in the appendix, the convergence
results (6.12) and (6.14) hold. The proof is complete. |
To quantify the output convergence to the extremum, for any €; > 0, define a
stopping time
6 _ - . €1 €1 —t
2 =inf {t > 0:|AT'(t)| > c[AT(0)|e 7" + 6} .
Then by (6.12), we know that lim., o 72, = oo a.s. and

(6.31) ’é(t)‘ <c|AS(0) e 45 W<,

Denote 6(t)= ~[él(t),...,él(t)]T, asin(n(t))= [aysin(ny (), ..., a;sin(n(¢))]7. Then
y(t) = f(0* +0(t) + asin(n(t))) for 7 f(0*) = 0, and we have

y(t) = f(87) = (6(t) + asin(n(t)))" Hy(67)(6(¢) + asin(n(t))) + O (Ié(t) + asin(n(t))l?’) ;

where Hj is the Hessian matrix of the function f.
Thus by (6.31), it holds that

(6.32) ly(#) = ()] < O(lal*) + O(6%) + C AT (0) ™" Wt < 78,

for some positive constant C, where |a| = v/af + a3 + -+ - + a?. Similarly, by (6.14),
we have

(6.33)
lim P{|y(t) — F(6")] < O(|a|2) + 0(52) + C|Ai1 (0)|2 e 2ty ¢ [O,T(Sl)]} =1,

614)0

where T'(¢7) is a deterministic function with lim., o 7'(e1) = occ.

Figure 4 displays the simulation results with f* = 1,(07,65) = (0,1), P = [} 1]
in the static map (6.1), and a1 = 0.8, az = 0.6, k1 = 1.25, ko = 5/3, ¢1 = ¢2 = 1,
g1 = 0.25, g5 = 0.01 in the parameter update law (6.6)—(6.8) and initial condition
01(0) = 1, 62(0) = —1, 6,(0) = —1, 6(0) = 2.

7. Conclusion. In this paper, we propose a multi-input stochastic extremum
seeking algorithm to solve the problem of seeking Nash equilibria for an N-player
nonoperative game. In our algorithm, each player independently employs his seeking
strategy using only the value of his own payoff but without any information about
the form of his payoff function and other players’ actions. Our convergence result
is local, and the convergence error is in proportion to the third derivatives of the
payoff functions and is dependent on the intensity of stochastic perturbation. The
advantage of our stochastic algorithm over the deterministic ones lies in that there is
no requirement on different frequencies of the perturbation signal for different players.
As a special case of a multiplayer noncooperative game, stochastic multiparameter
extremum seeking for quadratic static maps is investigated.
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F1G. 4. Stochastic extremum seeking with an OU process perturbation. Top: output and ex-
tremum values. Bottom: solutions of the error system.

Appendix. Multi-input stochastic averaging. Consider the system

(A1) Koy

{ dth(t) = Q(X(t), Y1 (t/€1), }/Q(t/€2), s 71/l(t/€l))7
where X (t) € R™, Y;(t) € R™,1 < i <[, are time homogeneous continuous Markov
processes defined on a complete probability space (2, F, P), where € is the sample
space, F is the o-field, and P is the probability measure. The initial condition X (0) =
2 is deterministic. ;, ¢ = 1,2,...,1, are some small parameters in (0,eq) with fixed
go > 0. Let Sy, C R™ be the living space of the perturbation process (Y;(t),t > 0)
and note that Sy, may be a proper (e.g., compact) subset of R™:.
Assume that

€1

E; = —
¢

for some positive real constants ¢;. Denote Z;(t) = Y1(t), Za(t) = Ya(cat),..., Zi(t) =
Yi(¢t). Then (A.1) becomes

(A2) { X _ (X (1), Z1(t/e1), Zolt/er), ..., Zilt]er)),

About the ergodicity of the processes (Y;(t),t > 0) and (Z;(t),t > 0), we have the
following lemma.
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LEMMA A.1l. Fori=1,...,1, if the process (Y;(t),t > 0) is ergodic with invariant
distribution p;(dx;) (i.e., for any x in the living space of (Y;i(t),t > 0), we have that
|1Pi(x,t,-) — pillvar — O as t — oo, where P;(x,t,-) is the distribution of Y;(t) when
Yi(0) =z, and || - ||var is the total variation norm), then the process (Z;(t),t > 0) is
ergodic with the same invariant distribution p;(dz;).

Proof. Since Z; = Yi, we need only prove for ¢ = 2,...,[. For any i = 2,...,1,
denote by Q;(z;,t,-) the distribution of Z,;(¢) when Z;(0) = Y;(0) = z;. Then, by
the definition of Z;(t), we have that Q;(z;,t,-) = Pi(z;,cit, ), and thus ||Q;(z:,t,-) —
Willvar = || Pi(zi, ¢it, ) — tillvar — 0 as t = oo. The proof is complete. O

Denote Z(t) = [Z:(t)T, Zo(t)T, ..., Z,(t)T]T. Then for the vector-valued process,
we have the following result.

LEMMA A.2. If the process (Yi(t),t > 0) is ergodic with invariant distribution
wi(dx;), and the processes (Y1(t),t > 0),...,(Yi(t),t > 0) are independent, then the
process (Z(t),t > 0) is ergodic with the invariant distribution pi(day) X -« x py(day).

Proof. By the independence of {Y7,...,Y;}, we can assume that the process
(Z(t),t > 0) lives in the product space of Sy, X --- x Sy,. Denote the distribution
of Z;(t) when Z;(0) = z;, i = 1,...,1, by Qi(zi,t,-) and the distribution of Z(t)
when Z(0) = z = (21,...,21) by Q(z,t,-). Then by the independence, we have that
Q(z,t,-) = Q1(z1,t,-) X -+ x Qi(z1,t,-). And thus by Lemma A.1, we get

||Q(Z,t, ) — M1 XX Ml”var

= |Q1(z1,t,-) X -+ X Qi(z1,t,-) — pa X p2 X -+ X ][ var

<|@i(z1,t,) X - x Qu(21,t,+) — pa x Qa(z2,t,-) X -+ X Qu(21,t, ) |lvar
Fllp x Qa(z2,t,-) X -+ x Qi(z1,t,-) — p1 X p2 X Q3(23,t,-) X - -+ x Qi(21,t,*)[lvar
ol XX e X Qi ty ) = X X 1 X |var

<|Q1(21,t, ) = prllvar + - + | Qu(21, L, ) — tullvar — 0, t — o0.

The proof is complete. O
So we obtain the average system of system (A.2) as follows:

(A.3) PO _axm),  Xo=»

where
(A4) a(x) = / a(x, 21, ...,z (dz1) X -+ x w(dz).
Sy1><-~~><Syl

To obtain the multi-input stochastic averaging theorem, we consider the following
assumptions.

ASSUMPTION A.l. The wvector field a(x,y1,y2,---,y1) 18 a continuous func-
tion of (x,y1,Y2,.-.,41), and for any x € R™, it is a bounded function of y =
Wyl yl, ...,y |T. Further, it satisfies the locally Lipschitz condition in x € R™ uni-
formly in y € Sy, X Sy, X --- x Sy;; i.e., for any compact subset D C R", there
is a constant kp such that for all x1,22 € D and all y € Sy, X Sy, X --- x Sy,
la(z1,y) — a(22,y)| < kp |21 — 22].

ASSUMPTION A.2. The perturbation processes (Yi(t),t > 0), i = 1,...,1, are
ergodic with invariant distribution p;, respectively, and independent.

By the same method as in our work [19] and [20] for the single input stochastic
averaging theorem, we obtain the following multi-input averaging theorem.
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THEOREM A.3. Consider system (A.1) under Assumptions A.1 and A.2. If the

equilibrium X (t) = 0 of the average system (A.3) is locally exponentially stable, then
the following statements hold:

[10]

[11]

[12]

[13]

[14]

(i) the solution of system (A.l) is weakly stochastic exponentially stable under
random perturbation; i.e., there exist constants r > 0, ¢ > 0, and v > 0 such
that for any initial condition x € {& € R™ : |Z| < r} and any & > 0, the
solution of system (A.1) satisfies

(A.5) lim inf {t > 0:[X ()| > clzle™ " + 6} = 00 a.s.
(51*)0

(ii) Moreover, there exists a function T'(e1) : (0,e0) — N such that

(A.6)

lim P X(t)| - LS55 =0 ith lim T = 00.
611210 OStsgujP(El){' ()| C|x|e } w 61H—I>10 (81) >

Furthermore, (A.6) is equivalent to

(A.7)
lim P{|X(t)] <clzle"+8§ Vte[0,T(e1)]} =1 with lim T(e1) = oo.
(51*)0 0

£1—
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