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A Time-Delay Approach to Multi-variable Extremum Seeking with
Measurement Noise

Xuefei Yang, Bowen Zhao and Emilia Fridman

Abstract—For multi-variable static quadratic map, we
present a time-delay approach to gradient-based extremum
seeking (ES) with measurement noise, and provide a mean-
square exponential ultimate boundedness (MSEUB) analysis.
We consider the uncertain map where the Hessian matrix H
has a nominal known part and norm-bounded uncertainty, the
extremum point belongs to a known ball, and the extremum
value to a known interval. By applying a time-delay approach to
the resulting stochastic ES system, we arrive at the neutral type
time-delay system with stochastic perturbations. We further
present the latter system as a retarded one and employ the
variation of constants formula for the MSEUB analysis. Under
the assumption that the upper bound of the 6th moment of the
estimation error is a known arbitrarily large constant L, explicit
condition in terms of simple scalar inequality depending on the
bound L, tuning parameters and the intensity of measurement
noise is established to guarantee the MSEUB analysis of the
ES control systems. Example from the literature illustrates the
efficiency of the new approach.

I. INTRODUCTION

ES is a model-free adaptive optimization control method
which deals with dynamic problems where the input-output
mapping relationship is unknown but its extremum values
exist. ES control has attracted much attention and has been
investigated from quite different aspects (see [1], [2], [3]).
In the ES process, the measurements are usually noisy. For
instance, the search path needs to be adjusted by measuring
the output which is normally corrupted by measurement
noise, this brings some difficulties in the stability analysis. To
solve the difficulties caused by stochastic perturbations, some
important results have been proposed for the research on the
stochastic ES (see [4], [5], [6]). In [6], the authors studied
the discrete-time ES with deterministic perturbations in the
presence of stochastic noise via the stochastic approximation
method. To guarantee the convergence of the algorithm,
the boundedness of iteration sequence was assumed. The
classical stochastic approximation methods and the general
stochastic averaging theory provide the qualitative analysis
only, and cannot quantitatively give the upper bounds on the
parameters that preserve the stability.

Recently, a new constructive time-delay approach to the
continuous-time averaging with efficient and quantitative
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bounds on the small parameter that ensures the stability was
presented in [7]. Subsequently, this approach to averaging
was successfully extended to discrete-time systems (see [8])
and applied for the quantitative stability analysis of determin-
istic ES algorithms by constructing appropriate Lyapunov-
Krasovskii (L-K) functionals (see [9], [10]). Recently, a
robust time-delay approach to ES by using the variation of
constants formula was proposed in [11], which can greatly
simplify the stability analysis and conditions compared to
L-K method.

In this paper, we develop, for the first time, a time-delay
approach to multi-variable ES with measurement noise via
MSEUB analysis of the averaged system. We consider the
uncertain map where the Hessian has a nominal known part
and norm-bounded uncertainty, the extremum point belongs
to a known ball, and the extremum value to a known
interval. We first apply a time-delay transformation to the
resulting stochastic ES system to get a neutral type time-
delay system with stochastic perturbations, and then we
further transform it to an averaged ODE stochastic perturbed
model. Finally, we use the variation of constants formula to
quantitatively analyze the MSEUB analysis of the averaged
stochastic system (and thus of the original stochastic ES
system). Assuming that the upper bound of the 6th moment
of the estimation error is a known constant L that can be
arbitrarily large, explicit condition in terms of simple scalar
inequality depending on the bound L, tuning parameters and
the intensity of measurement noise is established to guarantee
the MSEUB of the stochastic ES control systems. For the
quantitative results restricted to 1D map, see the companion
conference paper [12].

Notation: The notation (Q,.#,P) refers to a complete
probability space with its filtration {7}, satisfying the
usual conditions (i.e., it is increasing and right continuous
while .% contains all P-null sets). The notation B(t) refers
to a (standard) one-dimensional Brownian motion defined on
the probability space. The notations || and ||-|| refer to the
usual Euclidean vector norm and the induced matrix 2 norm,
respectively.

II. A TIME-DELAY APPROACH TO ES FOR UNCERTAIN
MAP
Consider the multi-variable static map given by

dy(r)= [0 +1(0(0)—0")TH(6(r)— 9*)} dr +CdB (1),
()
where y(¢) € R is the measurable output which is corrupted

by Brownian motion B(¢) € R, 6 (¢) € R" is the vector input
with initial value 6 (0) € R", 0* € R, 6* € R". Here the



scalar C > 0 is noise intensity, H = HT € R"*" is the Hessian
matrix. Without loss of generality, we assume that H > 0 (or
H < 0) meaning that the static map (1) has a minimum or
a maximum value Q* at 0(¢) = 6*. Following [11], in order
to derive efficient qualitative conditions, we assume that:

Al The extremum point 6* to be sought is uncertain
from a known interval 67 € [0F,0f], i = 1,...,n with

i1 (6] _Q}k)z =05

A2 The extremum value Q* is unknown, but it is subject
to |Q*| < Qf; with Q}, being known.

A3 The Hessian H is uncertain and subject to H = H +AH
with H > 0 (or H < 0) being known and ||AH|| < k. Here «
is a known scalar.

Remark 1: In classical ES under stochastic noise (see
[6]), H, O* and 6* in (1) are assumed to be unknown, where
tuning parameters may be found from simulation only. Here
we study a “grey box” model with Assumptions A1-A3 and
provide a quantitative analysis. There is a trade-off between
the quantitative analysis with the plant information and the
qualitative analysis without the model knowledge. For the
“black box” model without Assumptions A1-A3, our method
leads to qualitative results.

In order to derive less conservative results, following [13]
we will first diagonalize the nominal part of the map by using
an orthogonal transformation. Since H > 0 (or H < 0), there
exists an orthogonal matrix U € R"*" such that

UAU" = diag {1, hy, -+ ,h,} & 2, )
where UUT =1 and ||U|| = 1. Then we have
A 2UHUT =URUT +UAHUY 2 57+ a0 )

From (2) and (3), (1) can be further reduced to

dy (1) = @+ 1 (9(0) = 07" (9 (1)~ 97)] di-+CdB (1),

where S(1)=U6 (1), ©* =UB". 5)

Define the real-time estimates  (r) and (1) of 8* and ¥,
respectively, with the estimation errors:

6()=0(@)—0", B(t) =5 (t)—v". (6)
Design 0 (t) = UT9 (¢), then from (5) and (6), we have
6(t)=0(1)—0"=U"(d(1)—0")=U"d().

Since U satisfies |U|| = 1, we get
6@ < IUTID ()| =19 @) <Ul16()=18()],

namely, |0 (¢)| = [0 (¢)]. Then, it is sufficient to consider
bounds on ¥-system.
For (4), the gradient-based ES algorithm is designed as

S()=D(0)+S(), dd@)=KkM(1)-dy(r) (D
with initial value 9 (0) € R”, where S(z) and M(t) are the
dither signals satisfying

S(t) = [alsin(wlt),---

M(1)

,a, sin (a),,t)]T 3

®)

% sin (1) ,- -+, a%l sin (@yt)

)

in which g; are real numbers, @; # ; # 0,i # j and ®;/®;
are rational numbers. To be specific, we let

o= LeEN,, i=1,. )
The adaptation gain K is chosen as
K =diag{ki,k, - ,kp}, i= N (10)
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such that K57 is Hurwitz (for instance, K = kI, with a scalar
k <0 or > 0). From (4), (6) and (7), we have
dd (1) =KM (t) Q*dt + KM (1) T (t) 2D (1) dt
+KM (t)ST (1) A (t)dt
+ KM (1) ST (t) S (t) dt
+CKM (¢)dB(t), t = 0.

(11

In view of (3), system (11) can be rewritten as
dd (1) = KM (t) Q*dt + SKM (t) 8T () 20 (1) dt
+KM (1)S™ (¢) 5 () dt
+ 3KM (1) ST (t) S (t)dt
o (t)dt+CKM (t)dB(t), t >0

(12)

with
o(t)=KM(t)[30T (1) A0 (1)
+8T (1) A D (1) + 38T (1) AS (1)) .
For the initial value ¥ (0), solution of (12) is a stochastic
process ¥ (1) with probability 1 satisfying (see [14])

13)

B (1) = ( )+fo[KM( )Q_*~
+2 M(s) 7 ] s
+ JoKM (5) ST ( ) ( )ds (14)
+ 3 Jo KM (s) ST (s) S (5)ds
+ fy @ (s)ds+ [oCKM (s)dB(s), t >0,

where the last stochastic integral is in the sense of Itd type.

Remark 2: Since 6 (1) = UT®(t) and 6 (r) = UTS (1),
then from (7) it is easy to present the gradient-based ES
algorithm for the original ES problem as follows:

0(t)=0()+U"S(t), d0 (1) =UTKM (1)-dy(r). (1)
By using this algorithm and noting that 8 (1) = UT9 (1), we
can obtain part (ii) in Theorem 1 below.

For the stability analysis of the ES system (12), inspired by
[7], [12], we first apply the time-delay approach to averaging
of (12). Let w; be defined in (9). Integrating from ¢t — € to ¢
and dividing by € on both sides of equation (12), for t > €
we have B

¢ Jiedd(s) =
+og S KM(s) D

+ e KM(s)S" &) B (s)ds

% Ji_e KM (5)S ( ) S (5)ds
+3 [l eo(s)ds+1 : Jl_«CKM (5)dB (s).

Git)=1[ c(s—t+e)f(s)ds, t>¢
where f is defined by
f(6) =KM (1) [Q* + 3BT (1) 52D (1)
+8T(t) 0 (1) + ST (1) S (1)] .
Then we can present the left-hand of (16) as
L)l edd(s)dr=d[d(t) -G ()]
+ 1 co(s)dsdt+1 [ CKM (s)dB(s)dt
—(t)dr—CKM (t)dB(t), t > €.
For the first term on the right-hand side of (16), we get
1 rt *qe — @F 2t (27
e Ji_e KM (s5)Q*ds = % Kcol{ai Ji_esin (=5 s)ds} » (20)

utl ,n) is employed. Then

1ft SKM(S)Q*ds
T(s) A8 (s)ds
(16)

Denote
(17)

(18)

19)

where [/, sin(ZLs)ds=0 (i=1,.
system (12) can be further expressed as
dd (t) = (f(t) + o(t))dt +CKM (t)dB(t),

t>0. (1)



By applying It6 formula (see Theorem 1.6.4 of [14]) and

(21), we obtelin )
A9 (1) 2D (1) =2(f (1) + 0 (1)) D (1) dr
+C?M™ (t)KAKM (t)dt +2CM™ (t) KA (1) dB (1) 22)
With (22) and [/ , KM (s)ds = 0, we can present the second
term on the right-hand side of (16) as

ft KM (5) DT (5) .79 (5)ds
UL KM ) 07 (1) 7 (1)ds )
% )i gKM()[ (1) D (1) = 07 (5) D (5)] ds
:_Yl() K()-Y(1), t 2 €, (23)
where
Yi(t) = [\ [[KM(s)(f (1) + @ (1)) S (1)duds,
()—%f e Jy KM (s) T()K«%ﬂﬁ() B(7)ds,
Y3 (1) = gg e JIKM (s)M™ (v) KA KM (T)drds. 24)
Note that [/ .M (s)ST (s)ds = eI, since

¢ 2aj . ooml; 2l €, i=],
Ji—e 7 sin(Sgts) sin (=5 s)ds = { 0. it]
Then by (21) we can calculate the third term on the right-
hand side of (16) as

;J,EKMU () 7B (5)ds
i e KM (s)S <> 5 (1)

. (25)
KM (s H [0 (1) =D (s)] ds
7o ( )— ( ) Ys( ),
where o
Ya(t)= ¢ Ji e i KM (5)S" (S) 7 (f (1) + @ (1))drds,
Ys (1) = C [, J1 KM (s) ST (s) KM (1) dB (1)ds.
(26)
For the fourth term on the right-hand side of (16), we have
5 Ji—e KM (s ) T( )%75( )ds
:éKcol{ n L2 P ! o sin?(2is) sin (s )ds}ni =0,
@

where [’ sin’ (278”’ s) s1n(2mA )ds = 0 has been used. Then
employing (19), (20), (23), (25) and (27) we have
d[B (1)~ G ()] = KA (1) di — X, ¥i (1)dr
o (t)dt +CKM (¢)dB(t), t>£
The solution of system (16) is also a solution of the time-
delay system (28). Thus, the stability of (16) can be guaran-
teed by the stability of (28). Finally, we set

Z(t) = ‘5([)7G(I)>

system (28) can be transformed to

(28)

(29)

dz(t) =Kz (t)dt+ @ (t)dt +CKM (t)dB (), t > 8(30)
e =kgGn -TLn ren.  GD

If 9 (¢) (and thus z(t)) is of the order of ¢/(1) in the mean
square sense, the terms G (¢),Y;(¢) (i = 1,3,4) defined in
(17), (24) and (26), respectively, are of the order of O'(¢?),
® (1) defined in (13) is of the order of &'(k?) and the terms
Y:(¢) (i = 2,5) defined in (24) and (26), respectively, are of
the order of €(C?) in the mean square sense. Therefore,
@ (t) is of the order of ¢(max{e? k% C*}) in the mean
square sense. Thus, for small € >0, k¥ >0 and C > 0, system
(30) can be regarded as a perturbation of the linear system

dz(t) = Kz (t) dt, which is exponentially stable since K. /7
is Hurwitz. Via (29), the resulting bound on |z| will lead to
the bound on & : |d| < |z| +|G|. The bound on z will be
found by utilizing the variation of constants formula to (30).
For future use, we denote

Kvm = |K|| = max |k\ Hy=||7| =  max |h|
@m— m1n ’kh| G)M— max |kh|
..... (32)
and
2
Af:32?:1% {L/HM"' 21"11\2/[ la2
. 2
+(Q§4+%Mz;zla%) |

Bo= 3T, % (20 +402 5 @+ (T @)

n 4 n AR * . 2
an =2 (8 ) (B 550) [40°0ie + (5 F)
X (L+4Z?:101'2L2/3+°'2 (Z?:laiz)z)} ,
2 44> 42 p?
Ay, = % ( i1 712') (Z;’:I (;l_zl ) )

2 272
1 (vn 42 n AR
AY 1(,( i=1 a_zl Zi:] L;_zl 3
1 1
2H M n 442 n 2 2
Ay, = FH Ll 7 Limi g (Ar+K*Ap),
1

1 n 4k n 42 n? n 2
Ays =3 ( i=1 72') ( i=1 7 ) i=19i>
1 1

A(e,C) =2e*@YAr +6K* Ay + 262 (Ay, +34y,)
+6€C? (Ay, +£C?Ay, + Ay) . (33)

Theorem 1: Let A1-A3 be satisfied and K.77 be Hurwitz,
where K is the adaptation gain given by (10). Suppose system
(12) has a unique solution on [0,%0) and E|&(1)|® < L <
oo, t > 0 with L being an arbitrarily large known constant.
Given 0 in A1 and o satisfying 0 < 6y < & < L'/°, consider
the closed-loop system (12) With w; given by (9) and the
initial condition E|3(0)|> < 0. Given tuning parameters
a; (i=1,...,n) and €*,C* > 0, let the following inequality
holds:

® = 1202 +4¢* [60 (a)7+xadf?) #3021, w
+7e*%} +6 (e C*)+3C*2 n 4K "

T —02<0,

On i=1 2 (34)
where @y, is given by (32) and A(g,C), Ay, Ay, are given by
(33). Then for all € € (0,€*] and C € [0,C*] , the following
holds:

(i) The solution of (12) satisfies
E|3(1)]? < E|§(0)? +2e0 (AI/Z + ml/z)

+ectyr & 7.2 <02 tel0,e,

E[§(1)[? < 12¢~2Om(i— Ié|1§(0)\2+4£e_2®m(’_8> (35)
x [60 (a)7 + k) +3¢7 1y +eAf}
+6A<8c)+%§2 " ‘Z‘f+28 Af <02 1>e
meaning that the ball
|2 < 3e0) | %cz @ n 2823Af (36)

is exponential attractlve W1th a decay rate § = 0,



(if) Consider 6 (1) = U™ () and 6" = UT9*, where 3 (1)
is defined by (7). Then 0t )~: 0 (t) — 6* satisfies (35) and
(36) with ¥(¢) replaced by 0 (¢).

Proof 1: See Appendix.

Remark 3: Given parameters L, 0y, 0, a; and k;, (34)
is always feasible for small enough £* and C*. To achieve
the convergence of the ES algorithm and obtain the ultimate
bound (UB) of ¥(¢) (also 8 (t)), as done in [15], [6] and
[12], we introduced the condition that E|d(¢)|® is a priori
bounded by a known constant L. The imposed bound L is
only required to be finite and can be arbitrarily large. In
this sense, Theorem 1 guarantees semi-global convergence
for small enough €* and C*. The introduced boundedness
assumption is realistic for practical applications (see [15],
[6]). In addition, Though that €* and C* decrease as L
increases via (34), we can still achieve not too small €* and
C* by choosing suitable a;, and k; (i =1,...,n) when L is
large enough. This has been illustrated in Example below
and the one in [12].

Remark 4: We give a discussion about the effect of
tuning parameters on €*, C*, the decay rate 6 and UB. For
simplicity, we let k; =k (i =1,...,n). For given L (large
enough), a; and o > oy > 0, it is clear that @ in (34) is an
i i . Therefore, €* and C*
decrease as |k| increases. On the other hand, the decay rate
6=0,= nlnn |kh;| increases as |k| increases. So we can

balance &, £* and C* by adjusting the gain K. In addition,
by using the similar arguments in Remark 3 of [11], we can
find the relatively small UB for given large enough L and
the other available parameters.

III. EXAMPLE

Following [3], we apply our theory to the source seeking
example in which the scalar output is subject to measurement
noise (without delays). The noisy output function y satisfies

(1) with
. =2 =2 « |0
Q—l,H—[_2 _4},6—[1]. (37)
We can get an orthogonal matrix
0.5257  0.8507
v= {—0.8507 0.5257} (38)
such that
- —5.2361 0
_ T __
H=UHU"=1 —0.7639] (39)

If H is uncertain with ||AH|| < K, we choose k¥ = 0.003. We
let L =100 and select the tuning parameters of gradient-
based ES algorithm (15) as

k1 =02-10"3k, =0.1-1072 0.5.

To calculate UB, we choose p = 8 = 10~ following Remark
2 in [11]. The results that follow from Theorem 1 for known
(x = 0) and uncertain (x = 0.003) H are shown in Table I,
in which UB corresponds to € = €*.
Moreover, if L = 10000, we choose

k1 =02-10%k =0.1-10"3 (41)
the results that follow from Theorem 1 for uncertain (x =
0.001) H are shown in Table II.

s al :azz (40)

, a1 =ay=0.5,
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TABLE I
VALUES OF 8, C*, €* AND UB IN VECTOR SYSTEMS UNDER (40)

ES: sine wave | oy o o c* e UB
Known H 0.5 1.84 | 0.0008 | 0.1 | 0.0366 | 0.2205
Uncertain H 0.5 1.84 | 0.0008 | 0.1 | 0.0228 | 0.2851
TABLE II

VALUES OF 8, C*, €* AND UB IN VECTOR SYSTEMS UNDER (41)

5
0.8-107%

C*
0.1

UB
0.3885

8*
0.0190

ES: sine wave
Uncertain H

c
1.85

00
0.5

IV. CONCLUSIONS

This paper developed a time-delay approach to multi-
variable ES corrupted by white noise for static quadratic
maps. Given a known arbitrarily large bound L on the 6th
moment of estimation error, explicit condition in terms of
simple inequality depending on the bound L, tuning param-
eters and noise intensity was established to guarantee the
MSEUB of the ES control systems for uncertain static maps.
The quantitative UB of seeking error was also presented.
Future works may include the study on ES with stochastic
perturbations for non-quadratic maps and dynamic maps.

APPENDIX
Since 6 (1) = UTD (1), it is not difficult to obtain part (ii)
from part (i). Thus, we just need to prove part (i). The proof
is divided into three parts. (A) First, under (42) and (43)
below, we present the upper bound of E|9(¢)|? for ¢ € [0, €] as
well as E|@ (s)|* for 7 > €; (B) Second, we show the practical
stability of z-system in (30) (and thus ﬁ-system in (12)). (C)
Third, we show the availability of (43) by contradiction.
Proof of the part A. From the assumption that E|3(¢)|® <
L < oo, t >0 and Holder's inequality, we have
E|3()]2 <L'3, E|S()[* <L?3, t>0.
We assume that

(42)

E|d(t))* <62, t>0 (43)

with 0 < o < L'/, By A2, (8), (10) and (32), it follows from

(18) that
_ B 2
Qi+ 3 (Iﬁ(t)l + VZ?’M?) 1

FAQIES
|2

VI % i+ B (3 0)

2T @18 () + Xy )} (>0

4k?
=17

(44)
Via (42)-(44), we further have
42 [38% 1 %
E[f(1) < Ziy 3 [FHEB O
2
B RS0 43 (G B 5 )]
/3
<3y, ¥ {L B + G230, a?
- 2
+(Q;4+H7MZ?:] a?) } =Ap, 120,
(45)

where Ay is given by (33). Noting from A3, (3) and v'u =1
that

A2 =

(46)

V/Amax UAHUTUAHUT) = ||AH|| < ¥,



then via (8), (13) and ({6), we get
o (1) < |KM (1)] [5|9(1)* a7

HISOIBOIAA | +31S(1) IIA%IIi

N (ﬂ()m YO a |ﬁ<>|+z:-;1a%),

(47)
by which and (42)- (43) we further have for r > 0
n 4
Elo@)] < yr, [E|19()| )
+4Z?=1a,2]E|19( )2+ (Zf‘:lai) } < Ao,

where Ay is given by (33). From Theorem 1.5.8 of [14],
there holds
E ¢ MT (s) KD (s)dB(s) = 0. (49)

By applying Itd formula (see Theorem 1.6.4 of [14]),
Holder's inequality, (43), (45),~ (48) and (49), we get the
upper bound of the solution ¥(¢), ¢ € [0,€] of (12) (also
(21)) in the mean-square sense as follows

E[9(r)* <E[D(0)]* +2E [ | (s)]|D(s)|ds

+2E [ o (5)| |8 (s)|ds + C*E [ |KM (5)|* ds

< . i
<E[S(O)P+2[E; 76 o as] " [E I3
+2[Ef(;|w(s)|2ds} [E Ji|8(s)|?ds] /2+8C22”
<E[3(0)P+2¢0 (A]*+xkad’) +ec? i & g

k
2
a4

50
The first inequality in (35) follows from (50) since CD <(0 iri
(34) implies 67 +2e" (A + KAy ") + e C2 YL w52
Next, we find the upper bound of E |@ (s)|* for ¢ > e. From
(17) and (44), we get
E|IGO)P =E|L [l (s—t+€)f(s)ds|”
<L (s—t+e)Elf(s)Pds < S2 1>,

then
E|KA2G (1) < |KA2| EIG () ze,

where @), is given by (32). By (18), (32), (42), (43) and
using Holder's inequality, we obtain
B[ KM (s) /T (v) 2D (1) d|*

<4y, aﬁE[fQM\K%M )18 (9)ldr)?

(D

€ @MAf

| <

+ 1 (J |KA2M (0)] | | |B(7)Pdr)’
+ (1S (2)||KA2M ()] |2 B (7)|2d7)*

(ISP KM ()| 7|3 |df)1
<4(z %) (450 [ege (1 13(e)lde)’
HMTE(f |19(7)Pdr)? +HM>:” L@ (! 19()Pdr)?

(
5 (

4kh

(T, @) B ([ 19 (0)dr)’]
(Z =1 ) ri 14k2h) (t—s)
% [0 [/ BIB (1) Pde+ Bt [1E[S (1) de + A oI

2
a;

(53)
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x [ E|D(t)[4dr + D ():” 1)’ ['E|D(x )Izdfi
(s ) (o ) 0 e+
X <% ‘i‘Z?:laz‘sz/}'i'GTz (Zi;iaiz)z)i ;0Ss<t

By (13), (32), (42), (43) and Holder's inequality, we have
E|[{ KM (s) @ () A0 (1) dr|2

<3 %[5 SR (115 (0) Par)
+ T @ Ty S5RE (f) 9 (c) Pdr)?
(T @) R, 4k’h'E(f [B(7)/d7)’]
< (22, 8) (22, ) 0
x [ [{E[D(7)|0dr+ X1 a? [l E|D(7)[*dT
+4 (T @?)’ [ EIB(7)Pde]

n
i=1

n
i=1

Ak h;

4kh

n
i=1

<3K? (Z” )(Z” i )(t—s)2
x[z+z;?:1a,.2L2/3 T( " a ?)2}, 0<s<r. (54
Then via (53) and (54), we get
() )+ 0 (@) 3 (1)
<2E|[{KM (s) f" (¢ ) B (7)de E (55)
+ 2| [[KM (5) o () A (1) d[*

<(r—s)* Ay, 0<s <1,
where Ay, is given by (33). From (24) and (55), we obtain
E|v (1) )
<LILE[[ KM () (f (1) + 0 (x))" 7D (x)de| ds
A 2 2
< %fttfe (t—s)"ds= %Ayl, (56)
Moreover, by using It6 isometry property (see Theorem 1.5.8

of [14]) and Hélder’s inequality, we obtain from (8) and (24)
that for t > €

t>E€.

BV () < S [ E|[f KM (s)MT (t) KA (1) dB(7)[ ds

— C B[ |KM (s)M" (1) KD (7)| duds
szt o JLIKM (s)|* |[KA#M (T | E|d(7)|?dtds < £C2Ay,
(57)

with Ay, given by (33), fort > ¢
EIYa( ) » s
5 C (Ji e JL KM (s)] [KM (2)| [ KA M (7)| deds)® )
C*Ay,

w1th Ay, given by (33), for ¢t >
BV ()P < 3B [ | [ KM( )S (5) 7 (f (1) + (7))
<L (=s) [ IRM ()8 ()|
X E(|f (1) + | (t)|)*dtds < €Ay,

dz[*ds

(59

with Ay, given by (33), where we have noted that (45) and

(48), and for t > €

IEIYs()I < SEU KM(s)S
Sl iKM ST (s) KM (T

T (s )ijM( ] ds
)|* deds < eC? AYS 60)



with Ay, given by (33). By Fubini’s theorem and Theorem

1.5.8 in [14], we have

E Yy (1)Ys (1)) =Y (1)EYs (1) =0, (61)
by which and (58), (60) and (61), there holds
E|Ys (1) + Y5 () =E Y3 (1) + E¥5 (1) (62)
< eC? (eC?Ay, + Ayy) , t > €.
Flnally, from (31), (48), (56)- (60) we get
E|@(s)|* < 6E]K<%”G NP +6X2 EY; (1)) )

—|_—6IE|Y4()| +6E|Y3()+Y5(t)|2+6E|a)(t)|2
<A(g,0), t > ¢,
where A (g,C) is given by (33). In addition, via (29), (50)
and (51), we obtain
Elz(e)|> < 2E[9 (e) >+ 2E|G(e)
42 26%As

<2E\1§(0)|2—|—4£0( ]/2+1<A1/2)+2£C2 n L

T (64)

Proof of the part B. To make the second inequality in (35)
hold, we use the variation of constants formula (see Theorem
3.3.1 of [14]) for (30) to obtain

Z([) K}i"tg ()+ft KA (t—s) () 65)
+ [LeKAUS)CKM (s)dB(s), t > €
Then, for t > € ,
El:()f <3 He“f’(f—e) E|«(e) + 3E| ! [k 709
x |@ ’K%”( CKM (s)dB ’
@ (s) (s)dB(s) )
Note that
HeK%H’ = Hdiag{ek”—”’,...,ek"’_’n’}H — o Omt (67)

with ®,, given by (32), then via (64) and (67) we have
— 2 <
Hekyf(t—s) ‘ ]E|Z(8)|2 < 2e—20m(1—¢) [E|t9(0)|2
260 (A}/z + ml/z) vecryr M E Af} .
Via (63) (67) and Holder's inequality, we get
K%”z s H | |ds’

(68)

®

:]E‘fge’T (1=s)g—"F" 1= |(Z)(s)|ds‘ (69)

< JlemOn(=9ds fLeOnl—IE @ ()] ds < 2L,
and by (67) and Itd isometry property, we find "
2
E|f{eXU=ICKM (5) dB (s)|
2
<E[! HeM’f s H ICKM(s)Pds < S-xr .

Substituting (68)-(70) into (66), we arrive at
Elz(r)]* < 66~ 20n(—8)E|§(0) > 4 2ee2Om(—¢)
2
% |60 (A} + KAy ) +3C7 T, Y + e
i=1 g2 f
+W8c) +35 ¥ ‘”‘_ 1>¢,
by which, (29) and (51), we further have
E|3(1)]> < 2E|z(r)|* +2E|G(1)|?
< 12e20m(=9)E|§(0)[? + 4ee2Om(1—¢)
x[60 (a2 + KA1/2> +3C2yn

n 6A(8 )

(70)

4i?

172' ‘i‘SAf
32 42 | 262Af

o, kizt g T3 1 2E 71)

The second inequality in (35) follows from (71) due to (34).
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Proof of the part C. We show that the condition in (34)
guarantees that the bound in (43) holds.

(i) When ¢ € [0, €], since E|[3(0)|?> < of < 6% and E|(1)|?
is continuous in #, (43) holds for small enough # > 0. We
assume by contradiction that for some ¢ € (0, €] the formula
(43) does not hold, namely, there exists the smallest t* (0 <
t* < &) such that E|&(r*) > = 62, E|93(t)|*> < 62, t €[0,1%).
Then by the same procedures for (44)-(49), we arrive at
(50) in its non-strict version for ¢ € [0,7*]. Furthermore, the
feasibility of ® < 0 in (34) ensures that E|3(t*)]> < of +

2e*o(Af A2 kAP +erctyn
to IE|19( *)|> = 6%. Hence (43) holds for t€[0,e].

(ii) When t > €, since |5 (€)|> < 62 as shown in (i) and
E|J(¢)|? is continuous in time, (43) holds for some ¢ > €.
We assume by contradiction that for some ¢ > €, (43) does
not hold, namely, there exists the smallest time instance t* €
(€,00) such thatE|d(t*)|> = o2, E|D(1)]> < 62, t € [g,t7).
Thus E|&(1)|> < 62 holds for all # € [g,¢*]. Similar to the
proof in parts A and B, we finally arrive at the non-strict
version of (71) for 7 € [g,1*]. Moreover, the feasibility of (34)
ensures E|9(1*)|?> < 62. This contradicts to E|d(*)|> = o2.
Hence E|9(t)|*> < 62, for all t > €. The proof is finished. W

2 < ¢2. This contradicts
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