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Abstract: We present discrete-time stochastic extremum seeking algorithms and prove their convergence
using stochastic averaging theory that we recently developed. First, we provide a discrete stochastic
extremum seeking algorithm for a static map, in which measurement noise is considered and an ergodic
discrete-time stochastic process is used as the excitation signal. Second, for discrete-time nonlinear
dynamical systems, in which the output equilibrium map has an extremum, we present a discrete-
time stochastic extremum seeking scheme and, with a singular perturbation reduction, we prove the
stability of the reduced system. Compared with classical stochastic approximation methods, while the
convergence that we prove is in a weaker sense, the conditions of the algorithm are easy to verify and no
requirements (e.g., boundedness) are imposed on the algorithm itself.
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1. INTRODUCTION

Extremum seeking is a real-time optimization tool and also
a method of adaptive control. Since the first proof of the
convergence of extremum seeking Krstic and Wang [2000],
the research on extremum seeking has triggered considerable
interest in the theoretical control community (Teel and Popovic
[2001], Choi et al. [2002], Tan et el. [2006], Stankovic
and Stipanovic [2009], Moase et al. [2010], Stankovic and
Stipanovic [2010]) and in applied communities (Ou et al.
[2007], Popovic et al. [2006]).

In Liu and Krstic [2010], we establish a framework of
continuous-time stochastic extremum seeking algorithms by
developing general stochastic averaging theory in continuous
time. However, there exists a need to consider stochastic ex-
tremum seeking in discrete time due to computer implementa-
tion. Discrete-time extremum seeking with stochastic perturba-
tion is investigated without measurement noise in Manzie and
Krstic [2009], in which the convergence of the algorithm in-
volves strong restrictions on the iteration process. In Stankovic
and Stipanovic [2009] and Stankovic and Stipanovic [2010],
discrete-time extremum seeking with sinusoidal perturbation is
studied with measurement noise considered and the proof of the
convergence is based on the classical idea of stochastic approxi-
mation method, in which the boundedness of iteration sequence
is assumed to guarantee the convergence of the algorithm.

In this paper, we investigate general discrete-time stochastic ex-
tremum seeking with stochastic perturbation and measurement
noise. We supply discrete-time stochastic extremum seeking
algorithm for a static map and analyze stochastic extremum
seeking scheme for nonlinear dynamical systems with output
equilibrium map. With the help of our developed discrete-time
stochastic averaging theory Liu and Krstic [2013], we prove
the convergence of the algorithms. Unlike in the continuous-
time case Liu and Krstic [2010], in this work we consider the
measurement noise, which is assumed to be bounded. In the
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classical stochastic approximation method, boundedness condi-
tion or other restrictions are imposed on the iteration algorithm
itself to achieve the convergence. In our stochastic discrete-time
algorithm, the convergence condition is only imposed on the
cost function or considered systems and is easy to verify, but as
a consequence, we obtain a weaker form of convergence.

The remainder of the paper is organized as follows. In Section
2 we present stochastic extremum algorithms for a static map.
In Section 3, we give stochastic extremum seeking scheme for
dynamical systems and its stability analysis. In Section 4 we
offer some concluding remarks. The discrete-time stochastic
averaging results are listed in Appendix.

2. DISCRETE-TIME STOCHASTIC EXTREMUM
SEEKING ALGORITHM FOR STATIC MAP

Consider the quadratic function

(p//

() = @7+ T (x—x")%, (1
where x* € R, ¢* € R, and ¢" are unknown. Any C? function
@(-) with an extremum at x = x* and with ¢@” # 0 can be locally
approximated by (1). Without loss of generality, we assume that
¢"” > 0. In this section, we design an algorithm to make |x; —x*|
as small as possible, so that the output y = ¢(x;) is driven to its
minimum ¢*. The only available information is the output with
measurement noise.

Denote X as the k step estimate of the unknown optimal input
x*. Design iteration algorithm as

)/C\k+1 :xAk—SSin(Vk+1)yk+1, kZO,l,..., 2)
where yii1 = @(x) + W1 is the measurement output, { vy, k =
1,2,...,} is an ergodic stochastic process with invariant mea-

sure 4 and living space Sy, and {Wi,k = 1,2,...,} is mea-
surement noise, which is assumed to be bounded with a bound
M > 0 and ergodic with invariant measure v and living space
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Fig. 1. Discrete-time stochastic extremum seeking scheme for
a static map.

Sw. € € (0,&) is a positive small parameter for some constant
& > 0. The perturbation process {v¢,k = 1,2,...,} is indepen-
dent of the measurement noise {Wy,k=1,2,...,}.

Define x; = £ + asin(vgy1), @ > 0 and the estimate error %, =
X — x*. Then we have

"

"+ 2 (% +asin(vig1))” +Wig | -

2

3)
To analyze the solution property of the error dynamics (3), we
use stochastic averaging theory provided in Appendix. First,
to calculate the average system, we assume that the excitation
process {vi,k = 1,2,...,} is ii.d. gaussian random variable

2

o . o | -
sequence with invariant distribution p(dy) = Nz 262 dy and

Fry1 = X — esin(vy)

that the measurement noise process {Wy,k = 1,2,...,} is any
bounded ergodic process.

By (A.4), we have

Ave{sin(vi1)} 2 | sin(y)u(dy) =0, )
s [ 11,
Ave(sin* (v} 2 [ S ()dy) = 3 =3¢ ©)
JSy

Ave{sin(vis1)Wep) 2 /S | sin()xu(dy) x v(d

_ / sin(y)u(dy) x / xv(dx) = 0.(6)
Sy Sw
Thus, we obtain the average system of the error system (3)

a " 1—67262
B =0- e‘p(f))fzve- @)

Since ¢@” > 0, there exists € = —; such that the

-2
a@ (176*2‘72)
average system (7) is globally exponentially stable for € €
(0,&%).

Thus by Theorem A.2, for the discrete-time stochastic ex-
tremum seeking algorithm in Fig. 1, we have the following
theorem.

Theorem 2.1. Consider the static map (1) under iteration algo-
rithm (2). Then there exist constants ¢ > 0 and 0 < ¥ < 1 such
that for any initial condition %, € R and any 6 > 0,

lim inf{k eN: [T > ce || ;/g+5} = 4o as.  (8)
£—0
and

limP{|)Zk| < celfo| Y+ 8,k =0, 1,...,[N/s]} —1.
£—0

These two results imply that the norm of the error vector &
exponentially converges, both almost surely and in probability,
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Fig. 2. Discrete-time stochastic ES with independent variables
with the same gaussian distribution as the stochastic per-
turbation.

to below an arbitrarily small residual value &, over an arbitrarily
long time interval which tends to infinity as € goes to zero. To
quantify the output convergence to the extremum, for any € > 0,
define a stopping time

8 :inf{k EN: || > ce \x0|q¢+5}.
Then by (8), we know that liII(l) ‘cg = +o0, a.s. and
E—

%] < ce|Fo| ¥+ 6, Vk<tl. (10)

Since yrir1 = @(x* + % +asin(veeq)) + Wie1 and (p/ (x*) =0,
we have

Vi1 — @(x7) = S (zx*)

+0 (()fk —&-asin(vkﬂ))s) + Wip1.
Thus by (10), it holds that Yk < ¢

(% +asin(viy))?

1)

Vst — ()| < 0(@?) +0(8%) +Ce [T 7+ M, (12)
for some positive constant Ce. Similarly, by (9),
tim P{ [y = 9(*)| < 0(a®) +0(8%) + Ce %o 12
+M, Vk=0,1,...,[N/e]} =1, (13)

Remark 2.1. As an optimization method, besides the different
derivative estimation methods, there are some other differences
between stochastic extremum seeking (SES) and stochastic ap-
proximation (SA)(Ljung [1977], Spall [2003], Stankovic and
Stipanovic [2010]). First, in the iteration, the gain coefficients
in SA is changing with the iteration step, but for SES, the
gain coefficient is a small constant and denotes the amplitude
of the excitation signal; Second, stochastic approximation may
consider more kinds of measurement noise (i.e., martingale
difference sequence, some kind of infinite correlated sequence),
but here we assume the measurement noise as bounded ergodic
stochastic sequence; Third, to prove the convergence of the
algorithm (P{limj_,coxy = x*} = 1) , SA algorithm requires
some restrictions on the cost function or the iteration sequence,
while the conditions of SES algorithm are simple and easy to
verify.

Fig.2 displays the simulation results with @* =1, " = 1,x* =
1, in the static map (1) and a = 0.8, € = 0.002 in the parameter
update law (2) and initial condition Xy = 5. The excitation signal
{vi,k=1,2,...,} is taken as i.i.d. gaussian random variables
with distribution N(0,4) and the measurement noise is taken
as truncated i.i.d. gaussian random variables with distribution
N(0,0.2).

3275



19th IFAC World Congress
Cape Town, South Africa. August 24-29, 2014

191( Xy =[x, B, 0)) /T\W"*'
y? =h(x,)

74
% z-1

asin(v,,,)

Ve =S|z

z-1+ew,

ék EW

z-l+ew

sin(v,,,)

Fig. 3. Discrete-time stochastic extremum seeking scheme for
nonlinear dynamics

3. DISCRETE-TIME STOCHASTIC EXTREMUM
SEEKING FOR DYNAMIC SYSTEMS

Consider a general nonlinear model
Xt = f (oo, i), (14)
W=h(x), k=0,1,2,..., (15)
where x; € R" is the state, ux € R is the input, )? € R is the
nominal output, and f:R?" xR — R” and # : R" — R are
smooth functions. Suppose that we know a smooth control law
ug = P (xr, 0) (16)
parameterized by a scalar parameter 6. Then the closed-loop

system

X1 = f (e, B(xx, 0)) a7
has equilibria parameterized by 6. We make the following
assumptions about the closed-loop system.

Assumption 3.1. There exists a smooth function / : R — R”
such that

Sk, B(x,0)) =0 ifandonlyif x,=1(6). (18)
Assumption 3.2. There exists 8* € R such that

(hol)'(67) =0, (19)

(hol)"(6%) < 0. (20)

Thus, we assume that the output equilibrium map y = h(1(6))
has a local maximum at 6 = 6*.

Our objective is to develop a feedback mechanism which makes
the output equilibrium map y = (h(I(0))) as close as possible
to the maximum y* = A((6*)) but without requiring the knowl-
edge of either 8* or the functions / and /. The only available in-
formation is the measurement output with measurement noise.

As discrete-time stochastic extremum seeking scheme in Fig. 3,
we choose the parameter update law

b1 = b +epér, @21
Err1 = & —ew &+ ewi (e — &) sin(viy 1), (22)
Gt = G — ewa G+ Ewayirr, (23)
Yert =0+ Wert, (24)

where p > 0,w; > 0,wy > 0,€ > 0 are design parameters and
{vi,k =1,2,...,} is assumed to be a i.i.d. gaussian random
2
X
variable sequence with distribution u(dx) = \/217106 202dx .
Wy = (M) V Zy A M is measurement noise, where {Z;, k =
1,2,...,} is i.i.d. gaussian random variable sequence with dis-

X

L_¢ 297 dx. We assume that the probing

V2moy

signal {v,k = 1,2,...,} is independent of the measure noise
{Wi,k=1,2,...,}. Tt is easy to verify that {W,k=1,2,...,}
is a bounded and ergodic process with invariant distribution

tribution v(dx) =

Vi(A) = V(AN (=M, M)) + q1 + g2, where g1 = V([M,+o0))
ifMeA, else g =0and gy = v((—o,—M]) if —M € A, else
q2=0.

Define 6, = 6, + asin(vgy1). Then we obtain the closed-loop
system as

Xpr 1 :f(xk7[3(xk,ék—I—asin(ka))), (25)
Oii1 = O+ eply, (26)
Eert =& —ewi1 &+ ewi O + Wit — G sin(ver1),  (27)
et = G — ewale+ ewa () + Wig1). (28)
With the error variable
0, = 6, — 6%, (29)
G=&—hol(67), (30)
the closed-loop system is rewritten as
X1 = f (%, Bk, O+ asin(vi 1)), €Y
i1 = O +€p&y, (32)

et = & —ew &+ ewy (h(x) —hol(07) — G+ W)

x sin(vgi1),
(33)

§k+l = fk — 8W2§k + Ewy (h(xk) —hOl(e*) —|—Wk+1). (34)

We employ a singular perturbation reduction, freeze x; in (31)
at its quasi-steady state value as x; = [(0* + 0 + asin(vg11))
and substitute it into (32)-(34), and then get the reduced system

6;, 1 = 6] +epé, (35)

EL =& —ewi & +ewi(G(6f +asin(ves)) — CE+Wir)

x sin(vgr1), .y
(36)

Er =& —ewa 8l + ews (6 (6 +asin(veg 1)) + Werr) . 37)

where ¢(0f +asin(viy1)) = h (1(0* + 6f +asin(v.1))) —ho
1(6*). With Assumption 3.2, we have

5(0) =0, (38)
'(0) = (hol)'(6") =0, (39)
¢"(0) = (hol)"(6) <0. (40)

Now we use our stochastic averaging theorems to analyze sys-
tem (35)-(37). According to (A.4), we obtain that the average
system of (35)-(37) is

ér,ave _ ér,ave

]sz'l\l/e _ grave
S%k+1 Sk

rave  Zrave

k+1 k

pgligave
Sy [ (@ +asin() sin()u(dy)

= €& v s

~r,ave

—w & (6™ +asin(y))p(dy)

Y

+W2/S
(41)

where we use the following facts: [g xvi(dx) = 0,[5, s,
xsin(y)vi(dx) x u(dy) =0.

Now, we determine the average equilibrium (62¢ £ fae)
which satisfies
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=0, @2)
g [ g8 +asin(y) sin()u(dy) =0, 43)
Y
—wy 8 + wz/s ¢(6*¢ +asin(y))u(dy) =0. (44)
Y

We assume that %€ has the form

6%° = bia+ bya® + 0(a’). (45)
By (38) and (39), define
" "

e =0 2(0) 2y 3(‘0) 200, 46)

Then substituting (45) and (46) into (43), we have
+o0 1 2

- g(b1a+b2a2+0(a3)+asin(y))sin(y)mce_ﬁdy
=0(a*)+¢"(0)b; <; - ;6_262> a+
iy, S0 S\ (11 50
szg (0)+ > b1 5 2e
¢"(0) é,l —202 1 —80? 3_
53¢ 7 e =0, (47

2
- . 2
2171'6 fjoo sin?*! (y)e 20%dy

oo . . oy
=0k=0,1,2,..., \/21—71_6 fi; slnz(y)e 202 dy = % _ %e 20 ’
2
;M J72sin*(y)e 207dy =3 — %6*262 + %e*sgz. Comparing
the coefficients of the powers of a on the right-hand and left-
1 —262 | 82
hand sides of (47), we have by =0, by = — (B3¢ =2 +e 77 )
246" (0)(1—e~297)
and thus by (45), we have

A2 QA2
62 — _g’”(O)(3—4e 2 te s )a2+0(a3)
24¢"(0)(1 — e=207) '

From this equation, together with (44), we have fa’e =

where the following facts are used:

7

(48)

" — 0'2
%ﬁe‘z)az +0(a®). Thus the equilibrium of the average
system (41) is

g///(o) 3— 46‘_202 +e—802)

na.e - 2 0] 3
e ugo)(i e ¢ O
£ 1 = 0
ae " _ —20?
6 3 <o><14 %) 2 4 o)
(49)

The Jacobian matrix of the average system (41) at the equilib-
rium (03¢ E3¢ £ is

1 ep 0
Ji=|el5 1—ew; O , (50)
ey 0 l—ew

[ —
where J3,, =

‘,2
BL [T (6% +asin(y)) sin(y)e 207 dy, JY, =

2no
2

Wy [Heeci(gre 4 asin(y))e_zycizdy. Thus we have

2no
det(AI—J2) = (A — 14 €ewy)
x (A=1)*+ewi (A —1)—€pJs;). (51)
With Taylor expansion and by calculating the integral, we get

teo 2
/ ¢’ (6*¢ +asin(y)) sin(y)e 207 dy

1 1

=a 2ﬂ6g//(0) <2 — 26202> + O(Clz), (52)

By substituting (52) into (51) we get

det(AI—J*) = (A —1+ewr)(A —1—e®) (A — 1 — D),

(33)
where ®; = 1 (—w; +sqrt(w? +2pwiag” (0)(1 —e720%) +%
0(a?))), @2 = 3(—wi —sari(w} + 2pwiag’ (0)(1 — e77)
+22Y 0(a?))). Since ¢"(0) < 0, for sufficiently small a,

2no

sqrt(w? +2pw) ac" (0)(1— e*2"2) + %0((12)) can be smaller
than wq. Thus there exist & > 0, such that for € € (0, &), the
eigenvalues of the Jacobian matrix of the average system (41)
are in the unit disc, and thus the equilibrium of the average
system is exponentially stable. Then according to Theorem A.2,
we have the following result for stochastic extremum seeking
algorithm in Fig. 3.

Theorem 3.1. Consider the reduced system (35)-(36)-(37) un-
der Assumption 3.2. Then there exists a constant a* > 0 such
that for any 0 < a < a* there exist constants r > 0,c > 0, and
0 < % < 1 such that for any initial condition |A8| < r, and any
6 >0,

lim inf{k eN:|Af] > cS\AgHyg\k—&—S} — too, as. (54)
£
and
tim P {[AF] < celA§l17e +8,vk =0,1,...,[N/e] } = 1
£
YN €N, (55)

~ ~ "o 37467262 ~8¢2
where A} £ (6,8, &) — (‘ = (2412”(0)(1%;22) La? + 0(a®),

1" — 0'2
0, L0 )a2+0(a3)>.

These results imply that the norm of the error vector A7 expo-
nentially converges, both almost surely and in probability, to
below an arbitrarily small residual value § over an arbitrary
large time interval as the perturbation parameter € goes to zero.
In particular, the 6;-component of the error vector converges to
below 8. To quantify the output convergence to the extremum,
we define a stopping time

o = int{k € N: 6f] > ce|ag| 7t + 8 ).

Then by (54) and the definition of AZ, we know that lirr(l) ‘L‘f =
£—

2 2
oo ar [ V"(0)(3—4e1 +e %) 5 3 <
+oo, a.s. and |6] ( Oy ° +0(a )) <
ce |AS| Y5+ 8, Vk < 2, which implies that
|61 < O(a®) +ce |A§| Yo+ 8, Vk<7. (56)

Since the nominal output y? = h(/(6* + 6F + asin(vis1)))

and (hol)' (6*) = 0, we have W—hol(6%) = w(é,f+
asin(vi+1))* 4 O ((6f + asin(v41))?) . Thus by (56), it holds
that

b —hol(67)] < O(a®) +O(8) +CelAF]* 72¥, Wk <<,
for some positive constant Ce. Similarly, by (55)
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tim P {0 ~ ho1(67)] < O(a®) + 0(8%) +Ce A 72,
Vk=0,1,...,[N/e]} =1
With the measurement noise considered, we obtain that
ka1 —ho1(8")] < O(a?) +0(8") +Ce o RS
Yk < 12,
for some positive constant Ce, and moreover,

tim P { i1 —ho1(6)] < 0(a?) +0(8%) +Ce 185 72
+M, Vk=0,1,...,[N/e]} =1

4. CONCLUDING REMARKS

In this paper, we develop stochastic discrete-time extremum
seeking algorithms. Compared with other stochastic optimiza-
tion methods, e.g., stochastic approximation, simulated anneal-
ing method and genetic algorithm, the convergence conditions
of discrete-time stochastic extremum seeking algorithm are
easier to verify and clearer. Compared with continuous-time
stochastic extremum seeking, in the discrete-time case, we con-
sider the bounded measurement noise. In our results, we can
only prove the weaker convergence than almost surely conver-
gence of the classic stochastic approximation. Better conver-
gence of algorithms and improved algorithms are our future
work directions.
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Appendix A. DISCRETE-TIME STOCHASTIC
AVERAGING

Consider system

Xk+]:Xk+£f(Xk7Yk+1)7 k2071327"'7 (A.1)
where X € R"k = 1,2,..., are the states, {¥; € R" k =
1,2,...} is a stochastic perturbation sequence defined on a
complete probability space (Q,.%,P). Let Sy C R™ be the
living space of the perturbation process. € € (0, &) is a small
parameter for some fixed positive constant &.

The following assumptions will be considered.

Assumption A.1. The vector field f(x,y) is a continuous func-
tion of (x,y), and for any x € R", it is a bounded function of
y. Further it satisfies the locally Lipschitz condition in x € R”
uniformly in y € Sy, i.e., for any compact subset D C R", there
is a constant kp such that for all x;,x; € D and all y € Sy,

|f(x1,y) = fx2,9) < kp [x1 —xa].
Assumption A.2. The perturbation process {Y;,k =1,2,...} is
ergodic with invariant distribution u .

Under Assumption A.2, we define two classes of average sys-
tem of system (A.1) as follows:

Discrete average system: Xg, | = X! +ef(X{), (A.2)

) _ s,

Continuous average system: (A.3)

where X§ = X¢(0) = X, and

x,y)u(dy) = hm — Zf X, Y1) as.

—oo N +
(A.4)

Here the definition of discrete average system is different from
that in Solo and Kong [1995], where the average vector field is
defined by f(x) £ Ef(x,Y,) (there, the perturbation process
{Y+1,k=0,1,...,} is assumed to be strict stationary). Here
we consider ergodic process as perturbation. It is easy to find
discrete-time ergodic processes, e.g., (i) i.i.d random variables
sequence; (ii) finite state irreducible and aperiodal Markov
process; (iii) {¥;,i =0, 1,..., } where {¥;,7 > 0} is OU process.
In fact, for any continuous-time ergodic process {¥;,7 > 0},
the subsequence {Y;,i = 0,1,...,} is a discrete-time ergodic
process.

By (A.1), we have

k
=Xo+e) f(Xi,Yir).
i=0

We introduce a new time #;, = €k. Denote m(t) = max{k:# <t}
and define X (¢) as a piecewise constant version of Xy, i.e.,

Xi+1 (A.5)

X(t) =X, asty <t <fyyq, (A.6)
and Y (¢) as a piecewise constant version of ¥, i.e.,
Y([):Yk, asty <t <fyy1. (A7)
Then we can write (A.1) in the following form:
m(t)
X(t)=Xo+e ) f(X-1,Y) (A.8)

or as the continuous-time version
ot t
:x0+/0 F(X(s Y(s—i—s))ds—/ F(X(5),Y (& +5))ds.

Ii(r)
(A.9)

Similarly, we can write the discrete average system (A.2) in the
following continuous-time version

—_ t - - t - -
X0 =Xo+ [ FRU@ds— [ FER(s)ds.  (A10)
0
and write the continuous average system (A.3) by
!
X<() = Xo+ [ FX(s))ds
0

where X9(t) is a piecewise constant version of X, i.e., X9(¢) =
X,f, as 1 <t < tx+1. We now rewrite the continuous-time
version (A.9) of the original system (A.1) as two forms:

X (1) =Xo + / CF(X(s))ds

/ F(X(s)ds+RV (1, X (1), Y (e +)),

Xo+/f

where R((1,X(-),Y (e +-)) =

(5)))ds, R (1,X(-),Y (e +)) =
(D) ds— ., f
(A.12) as a random perturbation of the continuous-time version
(A.10) of discrete average system (A.2) and consider system

(A.13) as a random perturbation of the continuous average
system (A.11).

(A.11)

(A.12)

Nds+RP(1,X(-),Y(e+-), (A.13)

SO (F(X(s), Y (e +5)) — F (X
Jo(F(X(s), Y (€+5)) - F (X

(X(s),Y (e+5))ds. Hence we consider system
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To study the solution property of the original system (A.1), we
develop discrete-time stochastic averaging principle, i.e., using
average systems (A.2) or (A.3) to approximate the original
system (A.1).

Remark A.1. Our developed averaging theory is also applicable
to the following systems

Xk+1 :Xk+8(f(XkaYk+1)+Wk+1)? k:071725"'7 (A14)
where {W, € R" k = 1,2,...} is bounded with a bound M

and ergodic stochastic sequence, which is independent of the
perturbation sequence {Y;,k = 1,2,...}.

Take a function g € Cp(R) such that g(x) = 1,Vx € By(0) =
{x € R"||lx| < M} and denote F(Xi,Zi11) = f(Xk,Yir1) +
g(Wi11). Then we obtain the following system

Xk+1:Xk+8F(Xk,Zk+1), k=0,1,2,.... (A.15)
Since {W; € R" k= 1,2,...} and {¥;,k = 1,2,...} are inde-
pendent and ergodic, we can obtain the combination process
Ze = {( I whHT k= 1,2,...,} is also ergodic.It is easy to
check that the new system (A.15) satisfies Assumption A.l.
Thus we know system (A.14) is included into our considered
system (A.1).

Let (X;,k=0,1,2,...) and (X,?,k =0,1,2,...) be the solutions
of the original system (A.l), discrete average system (A.2),
respectively. Rewrite system (A.1) as

X1 =X+ ef(X0) +RY (X, Yiy1), k=0,1,2,.... (A.16)

where R®) (X, Y1) = €(f(Xx,Yiy1) — f(Xk)). Hence we can
consider system (A.16) (i.e. system (A.1)) as a random pertur-
bation of discrete average system (A.2).

We have the following approximation results. Own to the space
limitation, the proof is omitted and referred to the case without
measurement noise Liu and Krstic [2013].

Lemma A.1. Consider system (A.1) under Assumptions A.l
and A.2. Then for any N € N,

lim sup |[X;—X =0 as.

(A.17)
e=00<k<[N/g]
Theorem A.1. Consider system (A.1) under Assumptions A.l

and A.2. Then we have
(i) for any & > 0, limg_,o inf{k € N: |Xk—)_(,§| > 08} =400 as.;

(ii) for any 6 > 0 and any N € N,

lim P sup
€0 | o<k<[N/g]

|Xk7X/?| >5}0

About the solution property of the original system (A.1) by
analyzing the stability of discrete average systems (A.2), we
have the following results.

Theorem A.2. Consider system (A.1) under Assumptions A.l
and A.2. Then if for any € € (0, &), the equilibrium X = 0 of
the discrete average system (A.2) is exponentially stable, then
it is weakly exponentially stable under random perturbation
R(3)(~7Yk+1), i.e., there exist constants r > 0, ¢ > 0 and 7, >0
such that for any initial condition Xo =x € {¥ e R" : |¥| < r},
and any 8 > 0, the solution of system (A.1) satisfies

lim inf{ke N: [X| > ce\x\;/g+8} — 4o as.  (A.I8)
e—

Moreover,

m%P{\Xk\ < c€|x|7{;+5,w<:o,1,...,[N/s]} —1,
e

for VN € N. (A.19)

If the equilibrium X,? = 0 of the discrete average system (A.2) is
exponentially stable uniformly w.r.t. € € (0, &), then the above
constants ¢g > 0 and % can be taken independent of €. If the
equilibrium X,f = 0 of the discrete average system (A.2) is
globally exponentially stable, then (A.18) and (A.19) hold for
any initial condition Xy = x € R".
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