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Stochastic Barbalat’s Lemma and Its Applications

Zhaojing Wu, Yuanging Xia, and Xuejun Xie

Abstract—In the deterministic case, a significant improvement on sta-
bility analysis of nonlinear systems is caused by introducing Barbalat’s
lemma into control area after Lyapunov’s second method and LaSalle’s
theorem were established. This note considers the extension of Barbalat’s
lemma to the stochastic case. To this end, the uniform continuity and the
absolute integrability are firstly described in stochastic forms. It is never-
theless a small generalization upon the existing references since our result
can be used to adapted processes which are not necessarily It6 diffusions.
When it is applied to It6 diffusion processes, many classical results on sto-
chastic stability are covered as special cases.

Index Terms—Barbalat’s lemma, stochastic stability, stochastic systems.

I. INTRODUCTION

In the end of the 19th century, Lyapunov introduced the concept of
stability of a dynamic system and created a very powerful tool known
as Lyapunov’s second method in [1], where the stability can be proven
without requiring knowledge of the exact solution. The main difficulty
is that the asymptotic stability can not be analyzed when the derivative
of Lyapunov function is negative semidefinite. To resolve this problem,

Manuscript received April 03, 2011; revised August 05, 2011; accepted Oc-
tober 21, 2011. Date of publication November 07, 2011; date of current ver-
sion May 23, 2012. This work was supported by the National Natural Science
Foundation of China (60974028,10971256), the China Postdoctoral Science
Foundation (200904501289) and the Shandong Postdoctoral Science Founda-
tion (2009003042). Recommended by Associate Editor P. Shi.

Z. J. Wu is with the School of Mathematics and Informational Science,
Yantai University, Yantai 264005, China (e-mail: wuzhaojing00@ 188.com;
wzj00@eyou.com).

Y. Q. Xia is with the Department of Automatic Control, Beijing Institute
of Technology, Beijing 100081, China (e-mail: yuanqing.xia@gmail.com;
xia_yuanqing @ 163.net; xia_yuanqing @bit.edu.cn).

X. J. Xie is with the Institute of Automation, Qufu Normal University, Qufu
273165, China (e-mail: xiexuejun @eyou.com, xuejunxie @ 126.com, xxj @mail.
gfnu.edu.cn).

Digital Object Identifier 10.1109/TAC.2011.2175071

0018-9286/$26.00 © 2011 IEEE



1538

LaSalle’s theorem was proposed by [2] for locating limit sets of time-
invariant systems. Barbalat’s lemma in [3] has been a well-known and
powerful tool to deduce asymptotic stability of nonlinear systems (spe-
cially time-varying systems) since Popov introduced it into control area
in [4]. For more details, please refer to some standard textbooks such
as [5]-[9].

On the other hand, the stochastic Lyapunov’s second method has
been developed to deal with the stochastic stability by many authors,
and here we only mention [10]-[16]. These classical results typically
state that the solutions of a stochastic differential equation converge in
probability to an invariant set if the initial condition approaches this
invariant set. There appeared some stochastic versions of LaSalle-like
theorem that locate limit sets of a system with linear growth condition
(see,[17]) or without linear growth condition (see,[18]-[20]). To ana-
lyze the stochastic integral input-to-state stability, an important corol-
lary of Barbalat’s lemma was extended by [21] to the stochastic case. In
theory, the gap left by stochastic Lyapunov stability theorems and sto-
chastic LaSalle-like theorems should be closed by a general stochastic
Barbalat’s lemma as in the deterministic case.

The purpose of this technical note is to extend some appropriate
forms of Barbalat’s lemma to the stochastic case. Definitions of the
absolute integrability, the (strong) boundedness in probability and the
uniform continuity in probability together with their propositions are
first presented as preliminaries. By the aid of many materials from [18],
[20] and [21], some stochastic versions of Barbalat’s lemma are pro-
posed. The efficiency of our results can be demonstrated by covering
many classical conclusions about stochastic stability as special cases.
The most important advantage is that the application is not limited to
the Itd diffusion process given by a SDE.

The technical note is organized as follows: Some preliminaries are
given in Section II. The stochastic Barbalat’s lemma is proposed in
Section III, and their application are presented in Section IV. Conclu-
sion is drawn in Section V.

Notations

The following notations are used throughout the technical note: For
a vector z, || denotes its usual Euclidean norm and =7 denotes its
transpose; | X | denotes the Frobenius norm of a matrix X defined by
|X| = (Tr{X X })'/2, where Tr(-) denotes the matrix trace; R" de-
notes the real n-dimensional space; Ry denotes the set of all nonneg-
ative real numbers; C* denotes the set of all functions with continuous
i-th partial derivative; KC denotes the set of all functions: R+ — R,
which are continuous, strictly increasing and vanish at zero; Ko de-
notes the set of all functions which are of class X’ and unbounded.

II. PRELIMINARIES

A. Barbalat’s Lemma in the Deterministic Case

In many textbooks about adaptive control, one can find the following
standard Barbalat’s lemma and one of its useful corollaries.

Lemma 1 ([7, Lemma A.6]): If function ¢ : Ry — R is uniformly
continuous, and the limit lim,_ f(f ¢(s)ds exists and is finite, then
lim; oo 9(t) = 0.

Corollary 1 ([7, Corollary A.7]): If @,q.ﬁ are bounded and ¢ is ab-
solutely integrable, then lim;— ., ¢(¢) = 0.

It will be shown that the extension of Lemma 1 to the stochastic
case is difficult. There is no means to extend Corollary 1 directly to
the stochastic case, because ¢ has no meaning for stochastic process
¢. It is essential to rewrite Lemma 1 and Corollary 1 in suitable forms
convenient for the extensions to the stochastic case.
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Since absolute integrability of ¢ implies that lim; . o fot o(s)ds ex-
ists and is finite, a special version of Barbalat’s lemma can be easily
obtained.

Corollary 2: 1f function ¢ : Ry — R is uniformly continuous and
absolutely integrable, then lim;_ o, ¢(¢) = 0.

The popularity of Barbalat’s lemma in control area comes from the
fact that it is often used to analyze the convergence of solutions of
closed-loop systems.

Corollary 3: Consider a nonlinear system & = f(x,t),x(tq) = zq,
where f is locally Lipschitz in @ and piecewise continuous in ¢, and
£(0,%) = 0.1f z is bounded, 3(r) is a continuous function and /3(x(#))
is absolutely integrable, then lim:— . 3(x(t)) = 0.

Proof: Locally Lipschitz condition, f(0,¢#) = 0 and bounded-
ness of = imply the global Lipschitz condition and linear growth con-
dition, then system @ = f(x,t) has a unique solution in [to,c0). It
comes from the linear growth condition and boundedness of = that
f(x,t) is bounded, which means that the solution x(#) starting from
xo is uniformly continuous, according to mean value theorem. There
exists an interval [a, b] such that () is uniformly continuous on [, b]
and x(t) € [a,D],Vt € [ty, o0) because of the continuity of 3(x) and
boundedness of x. The uniform continuities of 3(x) and =(t) results
in the uniform continuity of 3(x(¢)) on R4. From Corollary 2, it is
concluded that 5(x(#)) — 0 ast — oc. |

The purpose of this technical note is to extend Corollaries 2 and 3
instead of Lemma 1 and Corollary 1 to the stochastic case.

B. Integrability and Boundedness of Stochastic Processes

In the rest of this technical note, the underlying complete probability
space is taken to be the quartet (€2, 7, F;, P) with a filtration F; sat-
isfying the usual conditions (i.e., it is increasing and right continuous
while Fo contains all P-null sets).

Definition I: The stochastic process ¢(t) : Ry x 2 — R" is abso-
lutely integrable on R4 x Q if

E / 7 Jo(s)]ds < oo ()
0

and we denote ¢ € M(R; x Q).

When ¢(t) € M(R4 x ) is continuous, according to Fubini’s
theorem [22, Theorem 2.36], (1) is equivalent to [~ E|o(s)|ds < oc.

According to Chebyshev’s inequality, we can obtain a natural con-
clusion.

Proposition 1: 1f the stochastic process ¢(t) € M(R4 x Q), then
for any € € (0, 1] there exists a 6 > 0 such that

P {/QC |o(s)|ds > (5} < e

Definition 2: The stochastic process ¢(t) : Ry x €2 — R" is called
(strongly) bounded in probability if for any € > 0 there exists anr > ()
such that

P {sup lop(t)] > r} <e.
>0

Remark 1: The boundedness in probability here is stronger than the
(weak) boundedness in probability proposed in [12, P.15] considering
the following facts P{sup,>, [¢(t)] > r} > sup,5q P{lo(t)| >
r}. O

C. Stochastic Uniform Continuity

The stochastic version of uniform continuity is recited.
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Definition 3 ([23, Definition 3.2.4]): Stochastic process z(t) : Ry X
Q2 — R" is uniformly continuous in probability (or, stochastic uni-
formly continuous), if for any =, ¢ > 0, there exists a 6(=,€) > 0 such
that for all s,t € Ry satisfying [t — s| < & the following condition
holds:

Pla(t) - 2(s)| <2} 21— e, @)

This definition can be further weakened.

Definition 4: Stochastic process x(t) is locally uniformly contin-
uous in probability, if for any parameters €, €, r > 0, there exists a con-
stant 6(e, €, ) > 0 such that for each s, ¢ € R4 satisfying [t — s| < 6,
the following inequality holds:

Plla(tANo,) —x(sho,)| <=z} >1—¢ 3)

where o = inf{t > 0 : |x(¢t)| > r} (with special case inf V = c0).

By adding boundedness condition to the local definition, one can
obtain the global result.

Proposition 2: A process is uniformly continuous in probability if
it is locally uniformly continuous in probability and bounded in prob-
ability.

Proof: Forany ¢, € > 0, letus prove that there exists a6(=, €) > 0
such that, for all s,t € Ry with |t — s| < §, inequality (2) holds.

Since z(t) is bounded in probability, then for any € > 0 there exists
an r(e) > 0 such that

1
P {sup|w(t)| > 7‘} < -e
20 2

From the local uniform continuity of x, for » given above and any
¢ > 0, thereexistsa (e, €) > 0 such that, for all s, ¢ satisfying [t —s| <
6, we have

P(la(tNor) —z(sAoy)| > =}) < %6

where g, = inf{t > 0: |z(¢t)| > r} (with special case inf V = oc).
Therefore, for all s,t with |t — s| < §, we obtain

P(la(t) = a(s)] > =)

sup

<P (|T(f) —x(s)| > ¢ and
s<t<s+6

+ P < sup |z(t)]| > 7’)
s<t<s+6

<P(lz(tANo.)—zx(sNow)| > =)+ P <i1>1€|x(2‘)|>7) <e

wunsﬁ

that is, z(¢) is uniformly continuous in probability. |

Remark 2: Under the condition of boundedness in probability, uni-
form continuity in probability and local uniform continuity in proba-
bility are equivalent to each other. O

Based on the above preliminaries, the conditions in Corollary 2: the
uniform continuity and the absolute integrability are extended to the
stochastic case.

Now, consider Kolmogorov’s continuity condition [11, P.7]. For an
R™-valued stochastic process x(t), there exist constants «, 3, K > 0
such that

E|T‘(f) — T(g)|“ < [(|t _ 8|1+ﬁ @)

for all s,¢ € [0, 00). This is used to analyze the sample continuity of
stochastic process, and can also be borrowed to analyze the uniform
continuity in probability.

Proposition 3: Stochastic process satisfying Kolmogorov’s conti-
nuity condition is uniformly continuous in probability.
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Proof: Suppose that there exist constants «, 5, X' > 0 such that
(4) holds for all s,# € [0,c). For any £,¢ > 0, by Chebyshev’s
inequality, it follows that:
Elz(t) —z(s)|" < K|t —s|'t?

EO{ o«

Ple(t) —z(s)] > e} <

There exists a § = (¢%¢/ K)l/ (1+5) uch that, for each s, t satistying
|t — s| < 6, inequality

P{le(t) —x(s)| > =} <e
holds, which means that 2:(¢) is uniformly continuous in probability. H

D. Stochastic Differential Equations

The preliminary on stochastic differential equation is presented for
self-contained.
Consider nonlinear stochastic system

dz(t) = f(z,t)dt + g (x,t) dW(t), x(to) =20 € R" ()

where x(t) € R" is the state of system, W (#) is an m- dimensional
independent standard Wiener process, the underlying complete proba-
bility space is taken to be the quartet (€2, F, F¢, P) with a filtration F,
satisfying the usual conditions (i.e., it is increasing and right contin-
uous while Fy contains all P-null sets), functions f : R" x Ry — R"
and g : R” x Ry — R"™*™ are locally Lipschitz in 2 and piecewise
continuous in ¢, and f(0,t) = 0 and ¢g(0,¢) = O are also assumed.
For system (5), for any » > 0, define the first exit time as

o, =inf{t: t > to, |x(t)| > r} (6)
where inf V = oo. This means that ¢, is increasing and has its limit

oo := lim o, @)
r—o0

almost surely, named as the escape (or explosion) time of the solution.
It was pointed out in [16] that system (5) has a unique solution z(t) =
x(to, x0; t) on the maximal interval [¢o, 0o ). To prove the existence
and boundedness of solution on [to, oc), we need the following result.
Lemma 2: For system (5), if there exist a nonnegative continuous

function V' (x) and parameters ¢ and d such that

EV(x(or A1) < dect=t0), ®
lim inf V(z)=oc ©

R—s0 [5|>R

then there exists a strong solution :(#) in [to, o) to system (5) for every
xg € R".If ¢ < 0, the unique solution is bounded in probability.

Proof: The existence and uniqueness of strong solution in [tg, c0)
come from [24, Lemma 1], then ¢, = co. From Remark 1, the bound-
edness here is different from the weak one. The detailed proof is given
as follows. When ¢ < 0, letting » — oo in (8) gives

EV(x(t) <d
thus, we have

dgEV&@)z/

{supo<, [(s)|> R}

> P sup|z(s)| > R inf Vi(x).
22 {suple] > B} nt VO

V(z(t))dP

Combining this with (9) concludes the boundedness in probability of
the solution. |



1540

III. STOCHASTIC BARBALAT’S LEMMA

It is expected to find some easily-checked conditions to guarantee
the convergence of stochastic processes. Originated but distinguished
from [18, Theorem 2.1] and [21, Lemma 3], a general form of stochastic
Barbalat’s lemma is presented, which is the main result in this technical
note.

Theorem 1 (Stochastic Barbalat’s Lemma): If a continuous
and adapted process ¢(t) : Ry x € — R is uniformly contin-
uous in probability and absolutely integrable on Ry X 2, then
limy—o ¢(t) = 0,0a.s.

Proof: Since the uniform continuity of ¢ implies the uniform con-
tinuity of |¢| and the convergence-to-zero of |¢| means that of ¢, then,
without loss of generality, ¢(t) > 0 is assumed.

The sample space can be decomposed into the following three mu-
tually exclusive events:

i. A4y = qw:limsup ¢(t) = O};
t—o0
Ay =Lw: litminf(,b(t) > O};
. Az = :liminf ¢(¢) = 0 and 11111  sup o(t) >0

t—oco

Let us prove P {A1 } = 1 by showing P {Ag} =P {43} =0.
(1) To show P(A2) = 0. Suppose P {A>} > 0, then there exist
g0 > 0 and ¢g > 0 such that
P{D} > € (10)
where D : liminfi—o ¢(t) > =0}. Since ¢(t) €
M(R4 x €), then according to Proposition 1, for € in (10),
there exists a constant 7g > 0 such that

= {w

P {/ o(s)ds > 7*0} < €. [€8))
4]
On the other hand, for w € D, there exists a 7o such that
‘ 1
o(s) 2 520, Vs > 70 (12)

which indicates that for rg in (11) and any t > ro /€0 the
following result holds:

oo To+21
/ o(s)ds > / o(s)ds > t'eg > 1o, Yw € D (13)
Jo Jrg

hence, from (10), we have

p{/0°°¢<s>ds> } >

a contradiction to (11). Therefore, P {A4.} = 0.
(2) Next to show P{A3} = 0 by contradiction. Suppose
P {A3} > 0, then there exist £1 > 0 and €1 > 0 such that

P{G} > @ (14)

where

G := {&(-) crosses from below ¢; to above 2z

and back infintely many times}.

Since ¢(t) € M(R4 x ), then according to Proposition 1,
for this €, there exists a constant »; > 0 such that

P{/ o(s)ds > 7‘1} < €1.
0

5)
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Noting ¢ being continuous and adapted to F, according to [22,
Theorem 2.32], we can define stopping times as follows:

T., =inf{t>0:0(t) € B.,},
Ty, = inf {t > T), : 6(t) ¢ Boc, } -
T, =inf {t > Ti' s o(t) € B, }

., :inf{t>le L (1) ¢Bzgl}, i=2.3,...

where B., = {r € R": ¢(t) < &1}, Baey _
{z €R" : ¢(t) < 221 }. Obviously
Tsll < T2151 < le < TL;ZEl < - < Tell < T‘_)isl <

On G, 1;,,T5., — oo asi — oo, therefore, from definitions

of &, 72, and 75, , we have

/0 o(s)ds > Z/ e o(s)ds

>e Z T —T;.,),Vw € G. (16)

From the uniform continuity in probability of ¢(¢), for any
£,¢ > 0, there exists a " > 0 such that for each i and any
s satisfying |s — 1., | < 6%, we have

P{lots) -0 (T, ) 1 <cp 21— (17)
If take € = =1/2 here, the selected 6" must satisfy
< T T, as. (18)

for each i. Otherwise, there exist an ic and an so €
(TZ‘E1 Tz’fl + &7] such that |¢(so) — z,)(TZ“Z )| >e1>cisa
certain event, contradicting to (17). By submlttlng (18) in (16),

for 7y given in (15), we have

/ o(s)ds > 26*61 >r, VweG
0

=1

which, together with (14), gives

P{/Oooq)(s)ds>7“1}261

a contradiction to (15). Therefore, P { A3} = 0. Summarizing
all the above results, we have P {4;} = 1 which implies
P{lim;—o ¢(t) = 0} = 1.

|

To understand the necessary of integrable condition of stochastic
Barbalat’s lemma, an example is presented here.

Example 1: Consider a standard Wiener process W (). By Proposi-
tion 3, we can verify that it is uniformly continuous in probability from
Kolmogorov’s continuity condition

E|W(t) = W(s)]> < |t = s|.

It is also continuous and adapted to F¢. We can verify W (t) — 0(t —
o) does not hold and E [° W (s)ds does not exist. g
Compared with the standard results on stochastic stability in many

references such as [12], [14], [15], [19], [23] and [25] and the recent

work of [21] and [26], stochastic Barbalat’s lemma does not require the
researched process being an It6 diffusion process generated by a SDE.
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IV. APPLICATIONS OF STOCHASTIC BARBALAT’S LEMMA

A. Stochastic Barbalat’s Lemma About Diffusion Processes

Stochastic version of Barbalat’s lemma is presented in the above
section, while how to apply it into dynamic systems is a challenging
task. Consider stochastic nonlinear system (5) where locally Lipschitz
condition is given. The unique strong solution x(¢) if there exists is an
It6 diffusion process. The aim of this section is to extend Corollary 3
to the stochastic case to obtain a criterion on the convergence of the
composed function—function of diffusion process.

The following proposition casts light on the uniform continuity of
composed functions, which can be regarded as an extension of Propo-
sition 2.

Proposition 4: 1f x(t) is locally uniformly continuous in probability
and bounded in probability, and 3(x) is a continuous function, then
B(«(t)) is uniformly continuous in probability.

Proof: Since x(t) is bounded in probability, then for any € > 0
there exists an r(e) > 0 such that
P {sup|x(t)| > 7*} < Ze.
>0 2

Because 3(z) is continuous, 3(x) is uniformly continuous in the
ball B, = {|x(t)] < r}. Thatis, for any £ > 0, there exists an
n > 0 such that |3(x(t)) — B(x(s))| < = for any |=(t) — z(s)] < n
(z(t), z(s) € B,).

From the local uniform continuity of «, for » and 5 given above,
there exists a (g, ¢) > 0 such that, for all s,¢ with |t — 5| < &, we
have

P(lz(tAor)—x(sAhor)| >n}) < %(_

Therefore for all s, ¢ with [t — s| < 6, we obtain

P{|(x(t)) = B(x(s))] >}

<pr {W(.z(t)) — f(a(s))|>cand  sup |x(t)] < 7’}
s<t<s+6
4P L) - B> and s Ja(o]>r |
s<t<s+6

sup

<P {|r(7‘) —x(s)| > nand
s<t<s+6

+ P{ sup |z(t)] > 7'}
s<t<s+b

<PH{lz(tANo,)—x(sNa,)|>n}+P {sup |(t)] >7“} <e
>0

jo(1)] < }

which means that 3(=(¢)) is uniformly continuous in probability. B

For an It6 diffusion, the locally Lipschitz condition of vector fields
implies the locally uniform continuity of solution.

Proposition 5: The unique solution of system (5) (if there exists) is
locally uniformly continuous in probability.

Proof: Since system (5) satisfies locally Lipschitz condition with

7(0,t) = g(0,t) = 0, there exist two functions p1 and p2 given by
A

max sup |g (z, t)]

2 (7
p2 (1) l=]<r 1>0

pr (1) 2 maxsup|f (x.1)];
2 <r 1>0

where |g (z, t)| denotes Frobenius norm of g (x, t). Thus, for all s, €
[0,00) with 0 < ¢ — s < 6, we have

Elz(tAo,) —z(sAho,) |

Q7N rtNT .
/ flx, t)dt + / gz, t A oy)dw

SAC SAC

2

=F
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2

12F

2

QAN
<2F / fa,t)dt

SAT

QAN
/ g (x,t) dw

SAT

Because
2

el (77 fenar
| e

NO

tAo
/ g (z,t)dw

SNG

<pi(r)d?,

2

and E <p3(r)s

we can obtain that
Elz (tAo,) —z(sAa)|” < 2p7 (r) 8% + 2p5 (r) 6.

According to Chebyshev’s inequality, «(#) is locally uniformly contin-
uous in probability. |
Indeed, the uniform continuity is a necessary condition for the
boundedness of solutions to stochastic systems satisfying locally
Lipschitz condition.
Proposition 6: If the unique solution of system (5) is bounded in
probability, then it is uniformly continuous in probability.

Proof: From Proposition 5, it is known that x(¢) is locally uni-
formly continuous in probability. Noting = being bounded in proba-
bility, then from Proposition 2, we can conclude that 2:(¢) is uniformly
continuous in probability. |

It is ready to give a stochastic Barbalat’s lemma about diffusion
process, which is the natural extension of Corollary 3, a differential
form of Barbalat’s lemma.

Theorem 2: If a diffusion process x(t) given by (5) is bounded
in probability and the continuous function 5 : R” — Ry satisfies
B(z(t)) € M([to,0) % €2), then

lim 3(z(t)) =0, a.s.

t—oo

Proof: Since system (5) satisfies locally Lipschitz condition
and its unique solution x(¢) exists, then 3(x(¢)) is continuous and
adapted to ;. From Proposition 5, it is known that z(¢) is locally
uniformly continuous in probability, noting x being bounded in
probability and 3 being continuous, then from Proposition 4, it is
known that 3(x(t)) is uniformly continuous in probability. By the
aid of 3(x(t)) € M([to,o0) x ), from Theorems 1, we can obtain
lims—o A(x(t)) =0, as. |

The following interesting result was first presented in [21], which is
an extension of a corollary of the deterministic Barbalat’s lemma. We
will verify it by the above results.

Theorem 3: For system (5), suppose there exist a nonnegative con-
tinuous function V () and a parameter d such that (8) and (9) hold. If
there exists a continuous nonnegative function W: R™ — R such that

E {/m W’(w(t))dt} < o

19)

then

P {tlim W (a(t)) = ()} =1, Vo €R" 0)

Furthermore, if W is continuous and positive definite then the fol-
lowing result holds

P{thj)lo |l(t)] = 0} =1, Vo €R". @1)
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Proof: According to Lemma 2, from (8) and (9), one can find that
there exists a solution x(#) in [tg, o0) to system (5) and the unique so-
lution is bounded in probability. Therefore, the conditions of Theorem
2 are satisfied, which means (20). From (20) and W being continuous
and positive definite, we can obtain (21). ]

It had been shown by the recent work of [21] and [26] that Theorem
3 is a powerful tool to analyze the stability of stochastic systems satis-
fying locally lipschitz condition. For stochastic systems with state-de-
pendent switch, locally Lipschitz condition is often destroyed by switch
behaviors, then the standard results in the existing work can not be used
directly. By the aid of stochastic Barbalat’s lemma (Theorem 1), a crite-
rion on stability of this type of stochastic systems has been established
in [27].

B. Lyapunov Function Method

The power and the popularity of stochastic Barbalat’s lemma can be
demonstrated by covering some standard results as special cases.

Consider the stochastic nonlinear system with external stochastic
disturbance

dx(t) = f (x,v(t),t) dt + g (x,v(t), ) AW (L),

where v is a piecewise continuous and adapted process, functions
f and g are locally Lipschitz in #,v and piecewise continuous in
t, £(0,0,t) = 0 and ¢(0,0,¢) = 0, and the other explanations are
similar with those to system (5).

A general result on stochastic stability analysis via C* Lyapunov
function is presented as a theorem.

Theorem 4: For system (22), if there exist a C? function V : R* —
R+, class K functions «; and a2 such that forany z € R" and¢ > 0

i (1) <V () < s (). 3)
7 2 4
v =L+ g {am @0 S )
< — B(e) 4 5(0(t) 4

where 3 : R™ — R is continuous and nonnegative and v(v(t)) €
M([to,o0) x §2). Then for each 9 € R", system (22) has a unique
strong solution, which is stochastic bounded and

P {tli};ﬂ (z (1) = 0} =1, Va0 €R". (25)

Proof: The boundedness of v comes from ~(v(¥)) €
M([to,00) x ). For system (22), given any r > 0, define the
first exit time o, as (6). From (24), there exists a constant d such that

EV(z(tAo,)) <V(xe)+ E /OO |v(v(s))|ds < d.
0

Combining this with V' being radially unbounded results in the exis-
tence and uniqueness of solution in [¢g, co) as well as its boundedness
in probability, according to Lemma 2. Since x(¢) is the unique solu-
tion of the system, if we can obtain 3(x(s)) € M([to, o0) X £2), then
it follows from Theorem 2 that (25) holds. The proof of 3(x(s)) €
M([to, 00) X §2) can be referred to [19, Theorem 3.2]. [ |

Remark 3: Compared with [17, Theorem 2.1] or [28, Lemma 1], the
same result is obtained although linear growth condition is removed
and requirement on y(v(¢)) is milder in this technical note. When
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v(v(t)) = 0, Theorem 4 reduces to [19, Theorem 3.2]. As corollaries
of our stochastic Barbalat’s lemma, these standard results were wildly
applied into controller designs for stochastic nonlinear systems, and
here we only mention [29]-[34] and the references therein. O

V. CONCLUSION

The idea to construct general stochastic versions of Barbalat’s
lemma should be devoted to the authors of [21], who pointed it out
as an open problem. The original innovation should be devoted to
the excellent work [18] and [20], from which we have found lots of
materials to develop our main result. After the uniform continuity
and the absolute integrability are extended to the stochastic case,
the stochastic version of stochastic Barbalat’s lemma is presented.
The power of stochastic Barbalat’s lemma is verified by covering
the standard results as special cases. There are many new directions
deserving considerations. The obtained results will further improve the
theory of stochastic dissipative systems [26]. By the aid of stochastic
Barbalat’s lemma and the stochastic dissipativity, several natural
definitions of input-to-state stability in the survey and expository
paper [35] will be extended to the stochastic case. The relations with
some tools in stochastic analysis such as Boerel-Cantelli lemma and
martingale convergence theorem (see,[36]) should be casted light on,
which seems to be a great challenge.
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Discrete-Time Observer Error Linearizability
via Restricted Dynamic Systems

Hong-Gi Lee and Jin-Man Hong

Abstract—In this technical note, we define the observer error lin-
earization problem of a discrete-time autonomous nonlinear system via a
restricted dynamic system. This is the dual to restricted dynamic feedback
linearization in a loose sense. Necessary and sufficient conditions for this
problem are obtained in terms of the index.

Index Terms—Dynamic observer error linearizable, nonlinear discrete-
time systems, nonlinear observer canonical form (NOCF), restricted dy-
namic system.

I. INTRODUCTION

Several methods are available to design an observer for a nonlinear
system. One is to find a new state coordinate that transforms the given
system into a nonlinear observer canonical form (NOCF), as first
suggested in [1], [2]. A simple Luenberger-like observer design is
feasible for a NOCF, as in Remark 1. We call this problem observer
error linearization or the state equivalence of a system to a NOCF.
Many researchers have studied this problem for a single output (SO)
autonomous system in [3]-[5], for a multi-output (MO) autonomous
system in [4], [6]-[9], for a SO non-autonomous system in [10],
[11], and for a MO non-autonomous system in [12], [15]. The state
equivalence to an extended observer canonical form (OCF) and the
state equivalence to a generalized OCF can also be found in [5] and
[13]-[15], respectively. Other methods of nonlinear observer design
without using state equivalence can be found in [16]-[25].

Consider a discrete-time autonomous system of the form

et +1) = f(x(t)); y(t) = h(x(t))

with f(0) = 0, h(0) = 0, state x € R", output y € R”, and
rank((Oh/Om)(O)) = p.

Definition 1: System (1) is said to be state equivalent to a nonlinear
observer canonical form, if there exists a smooth diffeomorphism 7" :
Vo — R", defined on some neighborhood of the origin V5 C R",
which transforms (1), in the variable ¢ = T'(x), to

)]

Clt+1) = AC(t) +v(y(t) s y(t) = CC(1) 2
where ~ R — R"™ is a smooth function, A =
blockdiag{A;,...,4,}, C = blockdiag{C1,...,C,},
C‘i = [O1><(Vi—1) 1],al'ld Ai = leu}iil) 0 .

I, —1yxwi=1) O@;=1)x1
{vi,...,vp} are the observability indices of system (1). By

Lemma?2 in [4], the necessary and sufficient conditions for the state
equivalence of system (1) to a NOCF are
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