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Delay Tolerance for Stable Stochastic Systems
and Extensions
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Abstract—This article establishes a “robustness” type
result, namely, delay tolerance for stable stochastic sys-
tems under suitable conditions. We study the delay toler-
ance for stable stochastic systems and delayed feedback
controls of such systems, where the delay can be state-
dependent or induced by the sampling-data. First, we con-
sider systems with global Lipschitz continuous coefficients
and show that when the original stochastic system without
delay is pth moment exponentially stable, the system with
small delays is still pth moment exponentially stable. In
particular, when the pth moment exponential stability is
based on Lyapunov conditions, we can obtain explicit delay
bounds for moment exponential stability. Then, we consider
a class of stochastic systems with nonglobal Lipschitz con-
ditions and find a delay bound for almost sure and mean
square exponential stability. As extension of the stability
tolerance criteria, consensus, and tracking control of mul-
tiagent systems with measurement noises and nonuniform
delays are studied.
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|. INTRODUCTION

HIS article presents an effort to address the important
T question: How much delay can a stochastic system endures
so that the stability is still achieved. This, in fact, can be thought
of as a robustness consideration. The range of allowable delays
can be thought of as a “stability margin” in certain sense. Our
consideration stems from the fact that stochastic systems are
used frequently in the real-world applications ranging from
numerous dynamic systems in engineering, computer science,
and network science to population biology, epidemiology, and
economics [1]. While the study of stochastic systems has a long
history, one of the central issues drawing much attention in the
literature is stability [2]-[5], which offers challenges and oppor-
tunities to the automatic control theory [6]-[9]. With stochas-
tic perturbations, stability analysis involves various stochastic
stability concepts such as stability in probability, stability in
distribution, almost sure stability, and moment stability [3], [10].
This is different from the systems with deterministic distur-
bances in Hu ez al. [11]. For many applications, delay is often
unavoidable. This together with stochastic perturbations leads
to the consideration of stochastic differential delay systems
(SDDSs) [3], [12], whose future state depends not only on
the present but also on the past history. Because stochastic
stability of such SDDSs is vital, much effort has been devoted
to the study; both Razumikhin methods and Lyapunov function
(or functional) methods are used for the stability analysis for
SDDSs. Using Razumikhin methods, moment asymptotic and/or
exponential stability were obtained [13]-[17], whereas using
Lyapunov function (or functional) methods, not only the moment
stability but also the almost sure stability were obtained. By the
Lyapunov function method, Mao [3] gave delay-independent
pth moment stability and obtained almost sure stability from
the moment exponential stability under linear growth condition.
Rakkiyappan et al. [18] established the moment stability condi-
tions in terms of linear matrix inequalities (LMIs) for uncertain
stochastic neural networks with delays. Gershon et al. [19] stud-
ied H state-feedback control of stochastic delay systems using
Lyapunov functions and LMIs. Shaikhet [20] also introduced
many Lyapunov functionals to examine the stochastic stability
of different SDDSs. Using suitable Lyapunov functionals, Fei
et al. [21] established the delay-dependent moment stability of
the highly nonlinear hybrid stochastic system.

Although many important results have been obtained to date,
little is known about the delay tolerance for stable stochastic
systems. We consider the following stochastic system

d
dy(t) = fy()dt + Y gi(y(t)dwi(t),t > to (1)
i=1
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with  the initial data y(to) =yo, f,¢:i:R" = R",
F(0) = g;(0) =0, w(t)= (wi(t),wa(t),...,wa(t))T is a
d-dimensional standard Brownian motion. We first assume that
the stochastic system (1) (its trivial solution) is pth (p > 2)
moment exponentially stable or almost surely exponentially
stable. That is, there are constants M/ > 0 and v > 0, such that

, 1 t
Ely(t)[? < ME|yo[Pe 7", or limsup w

t—o0

< —vas.

The fundamental question is under what conditions the fol-
lowing delay system is still pth moment (or almost surely)
exponentially stable

Zfz mt dt‘i‘ZQz

where the sequence {fi}%, is a decomposition of f

)dw;(t) (2

with fi:RMR" f:(0)=0, and f(z) =S fi(2).
xy ={z(t+u):ue[-7,0} 9,0, : C([-7,0,R") - R"”
satisfies [0 ()| V [0i(¢)| < supsep_r, 07 l0(s)] for €

C([-7,0,R™), 7, >0, 7 = maxled{TZ} Here, delay terms
can have various forms like the state-dependent delay studied
in [22], the deterministic delay (fixed or time-varying), and
random delay [23].

Considering the issue above leads to delay tolerance criteria.

1) First, it is important in the stability analysis of SDDSs.
In fact, Lyapunov functional is not unique for solving
the stability of SDDSs. To choose an appropriate Lya-
punov functional is a difficult work. Based on the delay
tolerance criteria, one can find the delay bound directly
without wasting time on trying to find suitable Lyapunov
functionals.

2) Second, it facilitates the design of delayed feedback
control for stochastic systems. With the delay tolerance
criteria, we do not need to change the control gain when
the delay appears and falls in an allowed region. In fact,
one only requires the stability of the delay-free system
and the structure of the delays.

3) Finally, it can produce the stability of a class of semidis-
crete stochastic systems. Most importantly, with the de-
lay tolerance criteria, we can obtain the design of the
sampled-data control and the explicit relationship be-
tween the sampling period and the systems parameters.

Prior to this article, the delay tolerance has been considered
mainly for the almost surely stable stochastic systems. Mo-
hammed and Scheutzow [24] and Scheutzow [25] considered the
almost sure exponential stability of the linear scalar stochastic
delay equation with pure diffusion dx(t) = 061 (z;)dw (t), o >
0, and showed that the delay system is still almost sure stable for
sufficient small delay. Most recently, Mao et al. have engaged in
the study of almost sure stability of the general SDDSs [26] and
the associated switching cases [27]. These works are important
since they showed that almost surely stable system can be
tolerant with a small delay, where the small delay bound has been
revealed in [26] and [27] for the almost sure stability. One can
easily see from the references above, if the diffusion is not degen-
erate, then its delay can still contribute to the almost sure stabil-
ity, but this is not the case for degenerated diffusions. Hence, one
has to consider the stability without taking the positive role of
noises into consideration. A representative work in this direction
is Mao [28], where the fixed delay tolerance issues for the mean

square stable stochastic systems were investigated under the
global Lipschitz conditions. However, stability tolerance under
the general delays (time-vary or state-dependent) and general
Lyapunov conditions have not been examined. Moreover, the
issues under the nonglobal Lipschitz conditions have not been
well understood. This article fills in these gaps.

Inspired by the idea in [28], we study the delay tolerance for
moment or almost surely stable stochastic systems. According to
the different information about the delay-free systems, different
delay tolerance results are obtained. Under the global Lipschitz
condition, by assuming that we only know that the trivial solution
of the delay-free systems is pth moment exponentially stable,
we obtain a tolerance delay bound for the pth moment and
almost sure exponential stability. We derive a weaker delay
bound if the trivial solution of the delay-free system is moment
exponentially stable based on a Lyapunov condition. For such
results, the concrete form of the delay need not be known, where
the delays can be deterministic, random, or state-dependent.
Under nonglobal Lipschitz conditions, we consider the case with
time-varying delays. It will be proved that if the time-varying
delays are differentiable (or differentiable except at a sequence),
then exponentially stable stochastic system can still be tolerant
to time-varying delays with small derivatives. These results can
solve many control problems with delayed feedback control
without the global Lipschitz and linear growth conditions.

As an extension, the control of multiagent systems with
noises and time-varying nonuniform delays is investigated. The
delay tolerance results aim to solve the consensus and tracking
problem of multiagent systems under the multiplicative noises
and the nonuniform delays. This can be considered as a further
extension of our recent works [29], [30] from the uniform
fixed delays to the time-varying nonuniform delays. In fact,
the nonuniform delays for multiagent consensus have been
investigated intensively for deterministic models (see [31]-[35]
for example). The Lyapunov functionals with derivatives of the
states and characteristic methods are two important tools for
designing the consensus control and establishing the consensus
conditions. However, the two methods fail in the presence of
noises since the state of stochastic system is not differentiable
and the characteristic methods are difficult to be applied. To date,
little is known about the models with measurement noises and
nonuniform delays. With the delay tolerance results obtained in
this article, we have the ability to overcome the difficulty induced
by nonuniform delays and obtain the design of the consensus and
tracking protocol.

The rest of the article is arranged as follows. Section II
addresses the delay tolerance under the global Lipschitz assump-
tion, where the exponential stability condition and Lyapunov
condition are studied, respectively. Section III examines the
delay tolerance for the mean square and almost sure expo-
nential stability under the nonglobal Lipschitz and local linear
growth conditions. Section IV applies the delay tolerance idea
to study consensus and tracking control of multiagent systems
with nonuniform time-varying delays and measurement noises.
Section V concludes the paper with further remarks.

Notation: We work with the n-dimensional Euclidean space
R™ equipped with the Euclidean norm | - |. For a vector or a
matrix A, its transpose is denoted by AT For a matrix A, denote
its trace norm by |A| = \/trace( AT A); for a symmetric matrix
A with real entries, denote by Apax(A) and Ayin(A) the largest
and smallest eigenvalues, respectively. Use a V b to denote
max{a, b} and a A b to denote min{a, b}. For 7 > 0, denote by
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C([—, 0]; R™) the family of all R™-valued continuous functions
on the interval [, 0] with the norm ||¢[|c = supe_ o) l¢(t)]-
Let (2,5, P) be a complete probability space with a filtration
{B+}+>0 satisfying the usual conditions. That is, it is right
continuous and increasing while § contains all P-null sets.

Il. DELAY TOLERANCE UNDER GLOBAL
LIPSCHITZ CONDITIONS

In this section, we assume that the coefficients of (1) are
Lipschitz continuous.

Assumption II.1: Assume that f, g satisfy f(0) = ¢(0) =0
and there exist positive constants /; and K5;, such that

[f (@) = f(y)] < Kile —yl, [gi(x) — g9i(y)] < Kailz -y,
forall z,y € R".

Itis known that under Assumption II.1, the delay-free stochas-
tic system (1) admits a unique global solution. We also assume
that for each i, f; in the decomposition of f [see (2)] is Lipschitz
continuous.

Assumption I1.2: Assume that the decomposition f(z) =

Z fi(x) is a Lipschitz decomposmon that is, each compo-
nentfz( ) satisfies | f;(z) — fi(y)| < Ky4|lx — y| with Ky; > 0.

Remark I1.1: Assumption 1.2 under Assumption II.1 is easy
to verify. For example, if we consider the plant & = Az + Bu
with u = Kz, then the closed-loop system has the form & =
Az 4+ BKz.Sowecanlet f(x) = Az + BKx, which falls into
the case of Assumption II.2. The corresponding issue can be
considered as that if the timely control can make the system
stable, then how about for the delayed control.

For the purpose of stability, assume that f(0) = f;(0) =
0, ¢;(0) = Oforall¢, j. This implies that each of the two stochas-
tic systems (1) and (2) admits a trivial solution, respectively.
Note that under the global Lipschitz assumptions above, the
moment exponential stability implies the almost sure exponen-
tial stability [3]. So in this section, we only focus on the pth
moment exponential stability. We consider the case p > 2. For
the case p € (0,2), we can use the inequality (E\m(t)|p)% <
(E|z(t)|?)2 to obtain the pth (p € (0,2)) moment exponential
stability.

Remark 11.2: The diffusion term (multiplicative noise) may
work positively for almost sure and pth (0 < p < 1) moment
stability (see [3], [36]) when the diffusion is nondegenerate.
Considering the models with nondegenerate diffusion excludes
many real models (for example, the double-integrator stochastic
systems in [37]). As a remedy, we consider more general models
without the requirement of diffusions to be nondegenerate. As a
result, our results are not related to that of the positive role played
by the diffusion for almost sure and pth (0 < p < 2) moment
stability in the existing literature. That is also the reason for us
to obtain the pth-moment exponential stability with 0 < p < 2
from pth-moment exponential stability with p > 2. Itis possible
to obtain small moment stability under weaker conditions, which
is more difficult to deal with and is to be considered in our future
work.

For the convenience of the reader, we recall the 1td6 for-
mula. Let LP(R4;R™) denote the family of all R™-valued
measurable {F;}-adapted processes f = {f(t)}+>0, such that
Jo 1£Gs

)|Pds < oo a.s. forevery T' > 0. Consider the following

1td process

dX(t)

t)dt + Z Gi(t)dw;(t
where F(t) € L'(Ry;R"™) and F(t) € L*(R,;R™). Then for
any V € C*1(R™ x R ;R ), we have the following It6 for-

mula [3]
t
X(to),t())-l-/ SV(X S
to

d t
+Z/tOV X (s

where SV (z,t) = 28D 4 LS~ G (1) TV, (2, 8) Gy() +

Va2, t)F(t),Va (2, ) = (W(w DD and Vg (x, 1)

ETRREE
2
= (gm‘gz) ). Here, we need to remark that S is not the usual
J l

operator associated with the stochastic differential equations
but is merely a symbol; likewise SV (z,t) is just a notation.
However, for stochastic system (1), we can obtain the true
operator L : C*1(R™ x R, ;R ;) — R associated with the
1t6 diffusion

VI(X(t),t) =

G;(s)dw;(s)

oV (z,1)
ot

+ 5 Zgz

In what follows, we first consider the delay tolerance based
on the moment exponential stability. In this case, we may obtain
a delay bound for the delay system (2) to ensure moment
exponential stability. However, this delay bound might be too
conservative since we only know that the delay-free system
(1) is moment exponentially stable. To proceed, we study the
delay tolerance issue under Lyapunov conditions imposed on
(3), which may guarantee the moment exponential stability of
delay-free systems. In this case, we can get arelaxed delay bound
for system (2) to ensure moment exponential stability.

LV (z,t) = + Va(z,t) f(2)

Vaa (2, 1)g:i(). A3)

A. Delay Tolerance Based on the Moment
Exponential Stability

DeﬁneD( ) =sup_ r<u<0 |o(w) — ©(0)]. The following as-
sumption is required and is easily verifiable. For example, the
functional ¥; () = () = ¢(—7) falls in this assumption.

AssumptionIl.3: Assume thatfori = 1,2,|9;(¢) — 0:(6)| V
10:(¢) — 0:(0)| < [l — [l and |0;(0) — (0)] < D(p).

Before presenting the delay bound for the stability of the
stochastic delay system (2), we present some lemmas. The
first lemma provides boundedness estimates of the solution to
stochastic delay system (2).

Lemma I1.1: Let Assumptions II.1, I1.2, and II.3 hold, ¢ €

L (4 C([-7,0[;R™)), and write 2(t) = x(t; to, ). Then we
have the following estimates
E( sup |ao(u)[?) < 3E||z,|[Pem ) )
to<u<t
and
E[D(@47)P < M (7)E||zs, [P 710 )
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where 51 = 2p(31 K + Ly CHLRE), Mi(7) = 27 05 E ([ gt as)
P (o S K S K ). o = Pm B R
[P+ /2(p — )PP/, .
Proof: By the It6 formula, we have <C / o E( sup |a(w)|?)ds
< Co
¢ dq t s—17<u<s
2P = la(to)” +p / ()P 2(s)T S £:0iz.)) < 37CoE |, ”pe%(wm )
to i=1 N

)P4z (s) T gi(0i () ds

+pZ/
|”Z|gz

where  M(t) = S mi(h), = Jy, le()|P2a(s)"
9i(0i(xs))dw;(s). Let HY :]E(SUPtogugt |x( )P). Then,
from Assumptions IL1-11.3 and the inequality z%y® <

aiﬁ zts +3 B a+ﬂ for z,y, a, B > 0, we have

< Bt 4 E( sup M(s))
0S8

2lds + M(t)  (6)

t [ da
p/ [Z KyuE(ja(s) P~ [9i(xs)])
to [i=1

d
+ ZK;L (|$(S)|p2|9i(xs)|2)] ds

< E|z(to)|P + Cy / H; _ds+ Z]E sup m;(s))
i—1 to<s<t
(N

where € = p(XM, Ky + z S KZ(p—1)). By the

Burkholder-Davis—Gundy inequality, we have
E( sup mi(s))

to<s<t

< pdv2 (/t: Iw(8)|2p4Ix(8)ng-(9¢(ws))I2dS)1/2

i [ wop-gepas)

1
< O.5aIE( sup |x(u)|p)+16p2dK22i/ s,
to

to<u<t

sup |z(u
to<u<t

< 4V2pK3E <

Substituting  this into (7) yields Hf <2E|x(to)["+
71ftt §_.ds. Note that Hf _<H/ +H <

3E ||z, ||P + 71 ft +_rds. The Gronwall inequality yields

E(supy, reyey |2(u)]?) < 3|z, [P ). Hence, the
desired assertion (4) follows. By the Holder inequality and the
Burkholder-Davis—Gundy inequality, we get

E( sup |z(t +u) — z(t)|P)

0<u<rt

dy t4r
<y ot SR [ R
t

i=1

Authorized licensed use limited to: CAS Academy of Mathematics & Systems Science. Downloaded on May 28,2021 at 08:50:34 UTC from IEEE Xplore. Restrictions apply.

where Co = (2d, )P~ 177154

KQ'L’ Po = [pp+1/2(
nition of D(x) gives

E|D(z4-)[" =E

+(2d)P~17P/21p, Zd
1)P- 1]1’/2. Th1s together with the defi-

( sup [z(t+7+u)—zl+7)P)

—7<u<0
<27 B|z(t +7) — ()P
+ 2P E( sup | (t +u) — z(t)[")

0<u<rt
< Ml(T)IEZthO||”e"“(t+7*t°).

That is, the desired assertion (5) follows. |

In this lemma, we obtain the moment estimate of
E(sup;, r<u<¢ |2(u)|P) with the exponent 1, and then based
on this estimate, we get estimate (5) of E|D(x4,)[P. Here,
we remark that the exponent 7, for E|D(x;,,)|P can be es-
timated more accurately if the functionals {0;,6;};=1 2 sat-
isty E[J; ()P V E|6; ()P < sup_,<,<o Ele(u)[” for all p €
LE (9 C([—7,0];R™))(for example 6;(¢) = ¢ (—7)). This is
summarized in the following lemma.

Lemma 11.2: Let Assumptions II.1 and II.2 hold,
§e Ly (QC([—7,0;;R™)), write x(t) = x(t;t0,&), and
assume  E[0;(0) [P V E[0;(@)[P < sup_, <o Elp(u)[?  for
all p € LY (9 C([-7,0];R"™)). Then we have the following
estimates Elz(t)|P < 2E ||z, [|Pe?2 ) E|D(xs ) |P <
M,y (7)E||zy, |[Pe2(tF77t0)  where = (X, K +
Pyt i K5).

Proof: From (6), we can obtain that

Elz(t)|? < E|z(to)|? + Cg/ E|xz(s)|Pds

to

+ZK11/ E|6;(z,)[Pds
+ —ZKQ/ E |0 (x)[Pds

t
< E|z(to)? + 04/ sup E|z(u)Pds
to to—T<u<s
where Cs = (p—1)(X%, K+ 3 30, K3(p—2)) and
Cy=p(X", K + = >4, K32,). Therefore, the Gronwall

inequality leads to the desired assertion. ]
The following lemma produces the estimate of the error
e(t) == x(t) — y(t).

Lemma 11.3: Let Assumptions II.1, 1.2, and II.3 hold, £ €
}I;Zéo (Q; C([—7,0];R™)), and write z(t) = x(¢; to,£). Then, we
ave

Ele(®)]” < J(r,t — to)E ||z, [|”
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where J(7,2) = (X0, Ky +2(p — 1) %, KZ) eMs(=-7)
%[e”’lz — eM7| with M;(7) and ~; defined in Lemma II.1,
Mz =2(p—1)* Z?:l K3+ (2p—1) 2?21 Ky;.

Proof: Tt is easy to see that de(t) = Zf;l[fi(ﬂi(xt))) -
Fi(y())dt + 5754 [9:(0i(20)) — gi(y(1)ldw(t). Apply the Tt

formula and Assumptions II.1 and IL.2 yields

|p<pZK11/

to+T7

(le(s)[P i (xs) — y(s)|)ds
plp—1) &
- 2
e ;Km'
t
x / E(le(s)[P210:(2) — y(s)[2)ds
to+T1
dy d t
SP(ZK1i+(P1)ZK22¢>/
i=1 i=1 to+7
+pZKlz/
to+T7
d
p—1) ZK;'
=1
t
<
to+T1
t
< M; / E
to+T1

t
X / E|9;(xzs) — z(s)|Pds
to+T7

p—1) ZKQz/

f0+T

Ele(s)|Pds

E(le(s)["~ [9i(xs) — 2(s)[)ds

E(le(s)["~?10:(xs) — a(s)[*)ds

dy
i=1

El0;(zs) — x(s)|Pds.

Applying the Gronwall inequality and Lemma II.1 lead to

dy
Ele(t)|P < eMalt=to=m) (Z Kli/

i=1 to+T

p—1) ZKQz/

to-’rT

t

E|9;(xs) — x(s)[Pds

E[0;(xs) — $(5)|pd5>
< J(7,t—to)Eljay, ||P.

[ |
Theorem 1I.1: Let Assumptions II.1, 1.2, and II.3 hold.
Assume that the original system (1) is pth moment exponentially
stable with Ely(¢)|? < ME|yg[Pe™* for M,~v > 0. Then
there is a positive number 7%, such that the delay system
(2) is pth moment exponentially stable for any 7 < 7*.
In fact, 7" can be determined using 7" = supse(m){T >
012P~ LMy (1) T+ een™ 4 4P~ (1,7 + h))) — 1 =
0}, where h = h(e) = log(5-137) fore € (0,1).

Proof: We first prove that 7* is well defined. For any fixed
e € (0,1), define

Q(1) := 227 My (1) UM o gen™
+ 4771 ] (1,7 + h))) —

Note that Q(—%2) > 0, lim, ,o = & — 1 < 0,and Q'(r) > 0.
Hence, there is a unique root 7(¢) > 0 such that Q(7*) = 0, and
7" = SUp.¢(o,1) T(€) is well defined.

Let €9 = arcsup.c(g1) 7(€), h = h(ep), and 7 < 7*. Write
x(t;to,&) :=a(t) for all t >ty and y(to+ 7+ hjto+
T,%(to + 7)) = y(to + 7 + h). Bear in mind that

Ely(to + 7+ h)|[P < ME|z(to + 7)[Pe "

This together with Lemma II.1 implies E|y(to + 7 + h)[P <
3ME|||[Pe"r ™7 1t follows from Lemma I1.3 that

Ela(to + 7+ )P < 2 'Elalto + 7+ h) — ylto + 7+ 1)
+ 277 Ely(to + 7 + )"
< 2 EMET R 4 (7,7 + WENEIP.

Hence
Ell@so4rtnll” < 2P E[D(@404r40[7
+ 2P 'R|x(to + 7 + h)|P
< Jo(r)E[]P ©9)
where (1) = 201 My (1) (THh) g1 (30 fen =D 4

Jo
J(1, 7+ h))) From the definitions of 7 and h, Jo(7) < 1.
Denote ~y = _log Jo(r) Then, it follows from (9) that

T+h
Ellztysrinl|? < e 0THME|E|P.  Then similar to the

derivation in [27], we can obtain that for k = 1,2,.. .,
El[Zso k(e m [P < e PFTHRE|E)P.

This implies the pth moment exponential stability of the delay
system (2). | |
Theorem II.1 indicates that the moment exponentially stable
stochastic system can be tolerant with a small delay with a
bound 7*. It is not required for us to know the exact stability
conditions on the coefficients f(z) and {g;(z)}%_,. The more
information about the systems we have, the more accurate results
we would get. So it is a natural question that if we know some
additional information about the coefficients f, {g;(x)}¢_,, and
their decomposition, can we improve the delay bound obtained
in Theorem II.1? For example, all the information about the
coefficients is available for the following linear system

dy(t) = —py(t)dt + oy(t)dw(t), p,o0 > 0. (10)

Most importantly for the pth moment stability analysis, one can
resort to the Lyapunov function like V' (y) = |y|? and derive

LV(y) = —p(p = =5—0)lyl" (11)
which is a key in moment stability analysis and produces

Ely(t)[? = |y(0)[PeP1="3 o)t That is, equatlon (10) is pth
moment exponentially stable for p < (2u + 02) /0. We hope
to find a delay bound 7 better than that in Theorem II.1, such
that the following delay system is still pth moment exponentially
stable

dx(t) = —puby (xe)dt + 003 (ze)dw(t), xo = & (12)

where w(t) is a scalar Brownian motion. That is the attention of
the following subsection.
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B. Delay Tolerance Based on Lyapunov Conditions

In this section, we assume the Lyapunov stability condition
like (11) as a precondition and examine the delay tolerance. The
following Lyapunov stability result is classical (see [3]).

Theorem I1.2: If there exist a function V (z) € C?(R™; R )
and two positive constants ¢; and cs, such that

1) c1]z|P <V (z) < colx|P
2) LV (x) < —AV(x) for some fixed A > 0.

Then stochastic system (1) is pth moment exponentially
stable.

To examine the delay tolerance under the above Lyapunov
conditions, the following integral version of the Halanay in-
equality [38] will be used. Then the delay tolerance under the
Lyapunov function is given in Theorem II.3.

Lemma I1.4: Consider

t

v(t) < |Jog le™°E ) f(1) + K[ e ) sup w(u)ds,
to u€[s—T,s]
where ¢t > tg, 70 > 0, K > 0, and f(t) is a nondecreasing pos-
itive function. If 7y > K, then there exist positive constants
and K, such that
u(t) < Jlog || K e f(2)

where ~y is the unique root of the equation v = —vg + Ke"".

Theorem II.3: Let Assumptions II.1 and II.2 hold,
E[9i() — x> VE[0;(¢) — x> < sup,epo,- Elz — o(—u)|?
for ¢ € LE (Q;C([-7,0];R"™)) and = € R". Assume that
there exist a function V(z) € C?(R™;R,) and constants
p > 2, {c;}}_, satisfying conditions 1), 2), and

3) |Va(@)| < csfafP?
4) |V (2)| < cqlz|P~2.

Then the delay system (2) is pth moment exponentially stable

if
Chs (T) <A (13)

where C5(7) = 2—?;12?71(71)%{71 Z?;l KV, + TP/2dP=1pq
Z;'i:1 Kgi)l/Q(CS 221 Kii+c Z?:l K3),

Po =
P /2(p — DPHP7,
Proof: Applying the It6 formula yields
de™V (z(t))
dy
= eV (@(t))dt + Y e Vi(a(t)) fi(0i(xe))dt + dM(t)
i=1
1 d
t3 Z Vaa ((t))gi (03 (1)) dt (14)

where M (t) =
tingale with EM
tions. Note that

Ve(x(s)) fi(Pi(ws))

S fot V3V (2(s))g: (0; (z5)dw;(s) is a mar-
(t) = 0 because of the global Lipschitz condi-

= Va(x(s)) f(2(s)) + Va(z(s)[fi(Vi(s)) — fi(x(S)()%S)
and
9i(0i(x))" Vaa (2(3)) 9: (0i(2))
= gi((5))" Vau (2(5))gi(x(5))
+9i(05(2))" Vaa (2() [9(0i () — g(z(s))]
+19:(0i(x5)) = 9(x()]" Vo (2(5))gi(2(5)).  (16)

Then, substituting (15) and (16) into (14) and taking expecta-
tions, we get from condition 2)

'EV (z(t)) < EV(2(0)) + (v — )L)/0 eVEV (z(s))ds

t dy d
+ / B[S 0(s) + 3 Oni(s)| dt
0 i=1 i=1
17)
where O1(8) = V(2 (9)[fi(9i(xs)) — filx(s))] and
O2i(s) = 0.5gi(0:(5))" Vo (2(5))[9(0i(ws)) — gi(x(s))] +
0.5[g; (0;(x5)) — gi(2(8))]* Vau(2(s))gi(x(s)). It follows
that a(zy?22) < La(22P + (p — 2)yP) + 1 2P, for any

x,y, 2, > 0, and we have
EO1(s) < caKuE(Jz(s)[P 0i(xs) — x(s)|)

—1 1
< 03K1,-(a”pﬂ«:|z<s>|p +CEi(r) - x(s>|p)
(18)
and

1 — 2
EOq(t) < %Kg (aE|0¢(xs)|p + o2 ZE|z(s)P

p p

+ LR () — x(s)P
—IE|0;(xs) —x(s
pOé

+ & K : (aIE z(s)|P
2 , |z(s)]

1
—E|0;(xs) — L 1
+CBlO() ~a(9)P ). (9)
Note that E[J;(xs) — z(s)]?VE|0;(xs) — z(s)|* <sup,ecpo..

E|z(s) — 2(s — u)|?. Similarly to (8), we have that for any
ue 0,7

Ele(t +u) — z(8)[”

dy t+u
< 2dym)P Y KY / E|9;(x,)[Pds
i=1 t

d t+u
+ ()P P2 py > KD, / E|0;(xs)|Pds
t

i=1
<Cs(r) sup  Elz(u)” (20)
we[t—27,t]
where Cg(1)=20"1(rPd0 'S KP4 rP2qp 1 py SOL
KY,). Let a = /<), Combining (18), (19), and (20), we

have

1
E@M(t) S ];CgKli |:(p — 1)0& +

\/7

C”} sup  Elo(u)f?
« we[t—27,t]

<2

VCs(T)csKy;  sup  EV(z(u))

we[t—27,t]

and

1
EOq;(t) < —c4 K3 {(p —1Da+ CG(T)} sup  Elx(u)]?
p « we[t—27,t]

<2

S Cameik3 swp EV(e(u).

we[t—27,t]
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This together with (17) yields
t
e"EV (z(t)) < EV(2(0)) + (y — A)/ eV’EV (x(s))ds
0

¢
—1-05(7')/ evs
0
(2D

where  Cs(7 o VoL [ (M) (es ™ Kritead b K3,).
Let v=A. Then the inequality (21) can be rewrit-
ten as  EV(z(t) < e MEV(2(0)) + Cs(r) [y e (=)
SUPye(s—3r,s) EV (z(u))ds. Note that condition (13) implies
A > C5(7). Then by the integral version of Halanay inequality
(Lemma I1.4), there exist M, and 7, such that
Elz(t)P < My sup E|z(0)[?e
el—7,0

where 7 is the unique root of the following equation n = —X +
Cs(7)e®". Therefore, the desired assertion follows. [ ]

In Theorem I1.3, we add two additional conditions 3) and 4) to
get the delay tolerance. One may question whether there exists
a Lyapunov function satisfying the two conditions. In fact, the
classical Lyapunov function V(z) = (2 Px)P/? with P > 0
satisfies these conditions with ¢; = A, (P)P/2and ¢; = |P|P/?
for ¢ = 2, 3, 4, and condition 2) in Theorem I1.2 has the form

E:m

sup  EV(x(u))ds,

u€[s—37,s]

LV (x) = p(a” Pa)?/?"! [ )" Pgi(x)

d
0 (5= 1) @ Py Y o Pgi(a)?
i=1

< — AMaTPx)P/2. (22)
Moreover, we have the following corollary based on (22) for
p=2.

Corollary I1.1: Assume that there exists a positive def-
inite matrix P, such that (22) holds for p = 2. Then

delay system (2) is mean square exponentially stable

. d d d d

if \/ 2(r2dy o5ty K+ 7dey 305 K3 (3250 Kui + 325y
2\_ Pl

K2Z) lIllﬂ(P) < A‘

Now, for the delay tolerance concerning (10) and (12), we can
obtain from Theorem II.3 that if 7 satisfies
p— 102) 7
2

VP 1

p
then delay system (12) is still pth moment exponentially stable.
Especially, if p = 2, then the mean square stable system (10)
can tolerate a delay

\/404 +2p (2;M+;2
112
such that the delay system (12) is still mean square exponentially
stable. Hence, Theorem I1.3 under Lyapunov stability conditions
is more powerful in solving delay tolerance.

Remark I1.3: Theorems II.1 and II.3 can be extended to the
case with Markovian switching within a finite number of states.
In fact, for the hybrid case, we only need to change the Lyapunov
function V' (z) to the switched Lyapunov function V' (z, ¢). In this
case, the term 7", 7;;V (z, j) will be added into the operator
LV, where m is the number of states of a Markov chain r(t)

V2repe + 4o (it o) < p (

)2 — 202

Authorized licensed use limited to: CAS Academy of Mathematics & Systems Science.

with the state space S = {1,2...,m}, and I' = [v;;]mxm is
generator of the Markov chain r(¢). Itis also interesting to extend
current results to the semi-Markov and singular stochastic sys-
tems in [39], which made a good contribution to extend the slide
model control from deterministic systems to the semi-Markov
and singular stochastic versions.

Remark 11.4: Note that the above results do not require the
concrete form of the delay map 9J; and ;. In fact, these maps
can include many types of delays. For example, the delay can

z(t—7)2
%) and state-

independent like 0;(x;) = x(t — 7;(t)), where 7;(t) is allowed
to be not smooth. The nonsmooth delay can be used to describe
the delay induced by the sampled data, where the delay 7;(t) =
t —ty fort € [tg, trr1), {tx}52 are the sampling times. In this
case, we can see that the sampled-data control problem falls in
the delay tolerance issue. For deterministic systems, many works
have contributed to this issue [40]. For stochastic systems, only
a few works have been achieved due to the nondifferentiability
of the solution leading to the failure of many methods for the
deterministic systems. Mao and his coauthors [41], [42] proved
that the sampled-data control for stochastic system is applicable
for sufficient small sampling period. You et al. [43] extended
these results to get a better delay bound under the constant
period sampling. The results obtained in this article remove
the assumption of constant period sampling and introduce some
explicit conditions on time-varying sampling period.

For deterministic delay systems, the affine Bessel-Legendre
inequality [44] and Wirtinger’s inequality [45] can be used to
get the stability analysis. However, these methods cannot be
extended to the stochastic version since these methods involve
the derivatives of the state and the state of stochastic system is
not differentiable. Note that for stochastic systems, there seems
to be no evidence that the Lyapunov functional is better than
Lyapunov function. Moreover, one cannot design a Lyapunov
functional without knowledge of the form of the delays. So the
above analysis takes the Lyapunov function rather than Lya-
punov functional for the stability analysis for the delay system
(2). Here, the Lyapunov function is from the stability analysis
of the delay-free systems.

Note that all the delay tolerance results are based on the
global Lipschitz conditions. One may question whether the
global Lipschitz assumption can be relaxed. At this point, we
do not have a way to relax this assumption for the case above
without the knowledge of the concrete form and property of the
delays. However, if the delay terms have the forms ¥;(z;) =
0;(x¢) = x(t — 7;(t)) and {7;(¢)}; are differentiable except for
the discrete time sequence {t;}3%,, t; < t;41,1im; .o t; = 00,
the delay tolerance still holds under a class of non-Lipschitz
conditions, which is the focus of the next section.

be state-dependent like 6; (z;) = x(t — T

[ll. DELAY TOLERANCE UNDER NONGLOBAL

LIPSCHITZ CONDITIONS

In this section, we study the delay tolerance for the exponential
stability under nonglobal Lipschitz condition.

Assumption II1.1: Assume that f, g satisfy f(0) = ¢;(0) =0
and for each j > 0, there exist positive constants H;, such that

[f(@) = fW)IV gi(x) — gi(y)] < Hjlz =y
for all z,y € R™ with |2| V |y| < j.
We also assume that the drift f contains a non-Lipschitz part
but the delay must not appear in non-Lipschitz term. That is,
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under the decomposition f(z) = Z?:o fi(x) with fo(-) being
non-Lipschitz continuous, we consider the following delay sys-
tem

d'r(t): +Zfz

+Zgz - z

where {7;(t)} are time-varying delays and f;, g; : R™ — R"
are continuous functions. We make the following assumptions
on these delays and functions.

Assumption II1.2: Each 7;(t) € [0,7] is differentiable on
[tr,tes1) for k=1,2, ... with the derivative |7;(¢)] < x < 1
for certain x > 0.

Assumption I11.3: Assume that all the coefficients in (23) are
local Lipschitz continuous, and there exist a matrix P > 0 and
some constants pg, K1, {Ky;} >0, p>1, and 8, 51, {o1:},
{o2i} > 0, such that

(t—mi(t)))| dt

t)))dw(t) (23)

2zTPf(:c) < *Mo\$|2fﬂ\x|p“
9:i(2) Pgi(z) < oulz]> +oulePti=1,...,d
f(x)] < Kilz|+ Bi|zf?
Ifi(z)] < Kuylz|i=1,...,d;.

Remark I11.1: Note that the general diffusion without the
nondegenerate property may not contribute to the stability. In
this case, high-order term producing —f|z|P*! in the drift is
required to suppress the growth induced by the high-order term
in the diffusion. Hence, high-order terms in the drift have to
contribute positively to the stability. In fact, without such con-
dition, the corresponding system may be unstable. To illustrate,
consider the deterministic system dx(t) = (—x(t) + z3(t))dt,
which satisfies 227 f(x) = —2|z|? + 2|x|*. Then it is easy to
see that this system cannot tend to the trivial solution. Moreover,
the similar conditions in Assumption III.3 were frequently used
(see, for example [21]).

Let A=yp0— Y0 01;>0 and 2 =20 09 >
0. Note that Assumption IIL3 implies 2x7Pf(x)+
Z?Zl gl (x)Pg;(x) < —A|z|? — A1]z|1FP. Tt follows from [3]
that the trivial solution of the delay-free system is almost
surely and mean square exponentially stable if A > 0,11 > 0.
Before giving the stability analysis of the delay system, we first
examine the regularity of the delay system (23).

Theorem I11.1: Let Assumptions III.1, III.2, and III.3 hold
with A > 0 and A; > 0. If

dq
Z Kium <1
i=1

(24)

dy
Jio := A — | P| (ZK%i+d1K%>T+H(H)H>O (25)

i=1

dy d
K
Jog = A — <2|P|51T E Ky + T E U?i) >0 (26)
i=1 ;

|Pl(dy Yo, K3+ dy + AT S K3+
1 01i- Then delay system (23) admlts a unique global

where H (k) =
1 ~d
T 2ie

solution.

Proof: Note that the delay system (23) admits a unique local
solutionon ¢ € [—, p.) under Assumption IIL.3, where p, is the
explosion time for the solution z(t). To show that this solution
is in fact global, we need only prove p. = oo a.s. Let z(t) =

TOE D ftt_T_(t) fi(x(s))ds. Then we have

+Z7—1 fz

dz(t) = (t—m(t))| dt

t—TZ

+Zgz ))dwl( )

(t)dw;(t 27)

dt+ZG

Hence, z(t) can be con51dered as an [td process. We first prove
that the explosion times for z(¢) and xz(t) are equal. Note that

27;1 Kq;7 <1and

Ja( \+§j/’ |fi(a(s))lds

7i (t)

dy
<l +7) Kii sup |a(s)]

<s<
i—1 t—7<s<t

which implies
1
z(t)| < sup |x(s g—sup + C
0] < g, 1) < Tz s [#06) 4 Co

0<s<t
Kii
where Cy = TZ+ SUp_, <4< |2(s)|. If we have an ex-
177’27/ 1K17

plosion time for z(t), denoted by p.., then we must have
pze < pe. Note also that

dq
2()] < z(@®)] + 7Y K sup |a(s)]
i—1 t—7<s<t
dy
< 1+TZKU sup |z(s)].
i—1 t—17<s<t

This implies p.. > p.. Hence, p.. = p.. For each k > |2(0)],
define the stopping time pj = inf{t € [0, p.) : |2(t)| > k}.
Clearly, py is increasing as k — oo and pr — pPo < Pre = Pe
a.s. If we can show p,, = o0 a.s., then p, = oo, which implies
that the solution x(t) is global. Define 0;(x:) = x(t — 7;(¢)).
Consider the It6 process (27) and introduce a Lyapunov function
Vi(z) = 2T Pa.

Applying the It6 formula, we have

dvi(z ( ) = SVl( (t),t)dt + dM(t)

S Jo 227 (5)Pg;(0;(ws))dw;(s) and

(28)
where M (t) =
SVi(z(t),1)

240TP<f@@D

+Zgj

dy
+ Zﬂ(ﬂﬁ(&(%)))

(20))Pgj (0(xt))
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d
+2z/ » s))TdsP§h(t)fi(9 )

20() T Pf(x(t)) + Ji(t) + Jao(t) + J5(t) + Ju(t)
(29)

By the inequality 227y <

where t € [t;,t;i41), 1=10,1,2...

elz]? + Ly[%, € > 0,2 € R™, we can obtain
) < |P|Zﬁ (O + KTle(t = m:(t))%)
dy
< |Plrdula(t)]® + |Ple Y Kfjla(t = 7i(t)).
i=1

By the inequality zPy? < ﬁz”*q + p’fqypﬂ, forp,q,z,y >

0, we have
)| / fia

dy
t) < 2|P|_Z|f
'L;l t
S2|P|Z(K1\x(t)l+ﬁ1lw(t)|p)/ti |fi(z(s))|ds

i=1

s))|ds

T

t
< |PldyK2rla(t)? + |P|ZKM / () [2ds
=1 -

Tl ()P

dy
p
+2|P|B ZKli(
i=1 p+1

1 t
+ ﬁ lz(s)[PT ds)
and
t
() < Pl SR, / ja(s) s

=1 t-7

dy

+|Pldier > KEla(t — 7i(t)].
=1

Substituting the three inequalities above into (29) yields
SVi(z(t), 1)

< 2z(t)"Pf(x(

+CHZK11|96 i)

+ Ji(t) + blz(t)]* + 2|P|51

ZKl | (t) |p+1

4 2P
p+ 1

t
(5)[Pds + a/ lz(s)|ds
t—1

S [

i=1

Authorized licensed use limited to: CAS Academy of Mathematics & Systems Science.

where a = |P|(1+d1/<;)2 | K%, b:| |di(k +TK?),
and ¢ = |P|(1 + dy7). Define V( (t),t) = Vi(z(t)) + Va(t),
where
)P
Va(t) = _gz/tw 1Y ((s))ds
—|—a/ / (9)|?dOds
-7 Ji+s
t
CK
+ KQi/ x(s)|?ds
17/&; i Hi(t)l (s)]
2|P|ﬂ1 ZKM/ / |P+1d9d8
p—|—1 t4s

Note that V5(¢) is differentiable and z(¢) is an It0 process. Then,
applying the It6 formula again yields that for ¢ € [¢t;,t;41)

dV(z(t),t) = SV (z(t), t)dt + dM (t) (30)
where

SV (z(t),t)
= SVi(z(t),t) + Va(t)

—&—Zg]

< 2a(t)" P f(x( t))Pg; (a(t))

+

di d
— (cZK%i +Zoi>] (8]
(2P61TZK11+ZU21> |33 |P+1
(7)
) =

+

()] + ho(7)[a(t)[PH! 31)

_)""[GT‘HH‘ - n( Zdl KfﬁZf:lUu)]

and () = b + (21PIALT 3T Kui+ 5 Dy 020).
Let U(t) = EV(2(t),t). Then for any k > |z(0)],
from (30) that for ¢ € [t;, ;1]

< hyi(T
and hl(

tApk

Ut A pr) = Ults A i) + ]E/ SV (2(s), 5)ds

ti\pk
tApK

<U(ti A\ pr) — hl(T)IE/t lz(s)|?ds

i\PK
tApPK
— hQ(T)]E /
ti\pk
< U(ti1 A p) — hi()E /
t

i-1/\Pk
tApPK
— hg (T)]E /
ti—1\pk

<U(0) — hl(T)E/O " |lz(s)|?ds

|z ()P ds

tApk

lz(s)|ds

|2 ()" ds <

tApk
~ ho(r)E / lo(s)[P*ds.
0
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This together with the definition of V'(z(¢), t) implies
EVi(z(t A pr)) <UEA pr) <U(0).
Note that
EVi(z(t A pr))) = E(Vi(2(E A pr))lipe<ty)
> E*P{p) < t}.

Hence, k*P{p, <t} <U(0). Then, for any t>0,
limg o0 P{pr <t} = 0, which together with the arbitrariness
of ¢t implies p, = oo a.s. Therefore, the solution x(t) is
global.

Theorem III.1 shows that if the delay bound 7 and its deriva-
tive bound ~ satisfy conditions (24), (25), and (26), then the
solution of the delay system is still global. In other words, for
the nonglobal Lipschitz stochastic system, small delays do not
affect the existence of the global solution. In what follows, we
also show that small delays also do not affect the mean square and
almost sure exponential stability of the solutions. The following
lemma is important in the almost sure convergence analysis [3].

Lemma 1Il.1. Semimartingale Convergence Theorem: Let
Aq(t) and As(t) be two F:-adapted increasing processes on
t > 0 with A;(0) = A3(0) = 0 a.s. Let M(t) be a real-valued
local martingale with M/ (0) = 0 a.s. and ¢ be a nonnegative §o-
measurable random variable. Assume that Y'(¢) is nonnegative
and

Y(t) =+ A(t) — Ax(t) + M(t), t > 0.
If lim; o A1 () < 00 a.s., then for almost all w € €,
lim Y (¢) < oo and lim As(t) < oco.
t—00 t—00
Theorem I11.2: Let Assumptions III.1, III.2, and II1.3 hold
with A > 0 and A; > 0. If conditions (24), (25), and (26) hold,
then the trivial solution for the delay system (23) is almost surely

and mean square exponentially stable, that is, there is a constant
~ > 0, such that

limsup e”%|2(s)[* < o0 a.s.
t—00

and

limsup e7*E |z(s)|? < oc.
t—o0

Proof: We first show that the trivial solution is almost surely
exponentially stable. Note that

V(z(t),1)

dy t
<+ DleOF + (@ + D) K [ et

i=1
t
+3 Zouvom( [ moras [ woras)
T t—71
‘ 2 CK 2 2 ! 2
+ aT/th |z(s)|“ds + T ;Kli /tiT |x(s)|“ds
ZKlz /

t t
- Cg|x(t)|2—|—C9/ |m(u)|2du+Clo/
t—1 t

-7

+ 2|P|ﬁ1 (s)[PTtds

T

|lz(w)|P T du
(32)

where Cs = (dy + 1), Co = (di +1) Z?; Km+
a7+ﬁ|P|Z?:1 U1i\/021+%2?:1 K3, Cro =
ﬁ\P\Z?ﬂ 013V 02 + 2| P|B1 o4 >{t Kt Applying

the 1td6 formula to e?Vi(z(t)) and using V(z(t),t) =
Vi(2(¢)) + Va(t), we have from (31) and (32) that for any
v > 0,te [ti,ti-i-l]

eV (2(t),t)

="V (2(t), 1) —|—/t eV (z(s), s)ds

i

t t
—|—/ eVSSV(z(s),s)ds—t—/ e dM(s)
t t;

i

<V (2(t), t) + (OS’Y‘Fhl(T))/t ¢™lz(s)|ds

i

1 ha(r) / & la(s)P+ ds

'ng/ e”s/
—|—’}/Clo/ 67/

<V(2(0),0) + (b (r) + ACs) / 7|z (s)?ds

+’VCQ/ 6’75/

T har) / la(s)P s + [ Can(s)

0
7010/ 67/

where M(t) is defined in (28). Note that for ¢ =2,
p+1, Jrers 2 Ja(u)|2duds < e [0 |a(u)|7du +
TelT fg |z(u)|?du. Hence, from (33), we get

u)|?duds

t
|p+1duds—|—/ e dM(s)
t

i

u)|*duds

(u) [P duds (33)

e"'Vi(2(t) < Cu+ Jl(V)/ e8| (s)|?ds + / e’ dM(s)

0 0

¢
+ Jg('y)/ eTs|z(s)|PTtds (34)

0
where  C1p = V(2(0),0) + ngTeVTf u)|?du +vCho
7™ [° |a(u)|?du, J1(7) = ha(7) + WC's +vCore”

and  Jo(y) = ho(1) +yCio7e?™. It can be observed
that J;(0) = h;(7) <0 and J(y) >0 for any v >0,
i=1,2. Note that Ji(Z ) >0 and J2(72=) > 0. Hence,
there are two positive ‘constants Y1 and ~2, such that
Ji(v) =0 and J;(y) <0, i=1,2, for v <" :=71 A9a.
Let Y(t)=Ci1+ fot €’*dM (s). Note that for ~ <",
—J1(7) [y €%la(s)|2ds — Jo(v) [y e*|a(s)[PH ds < Y (2).

Therefore, the semimartingale convergence theorem yields
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limsup, ., Y (t) < 00, a.s. and then
t
~n) [ lalo)ds - (o)
0

t
X / V%2 (s) [P ds < o0, as.
0

It is easy to see limsup,_,, €?*|x(s)|* < oo a.s., and then the
almost sure exponential stability follows.

It remains to establish the mean square exponential stability.
Let p; be defined in Theorem III.1. Then from (34), we have
that for v < ~*

EeV(tApk)V(Z(t ApE),t A pk)

tApK
<ECi; + Jl('y)]E/ "8z (s)|?ds
0

tApPK
+ Jg(v)lE/ e8| (s) [P ds.

0
Noting that p,, = oo a.s. was proved in Theorem III.1, applying
Fatou’s lemma yields —.J; () fot eE|z(s)|?ds <ECyy,Vt >
0. This produces the mean square exponential stability. |

Remark I11.2: In Theorem III.1, the delay term in the drift
is assumed to be Lipschitz. To date, we have not found a way
to handle non-Lipschitz delay terms like dxz(t) = (—px(t) —
x(t — 7)3)dt + ox(t)dw(t). The previous work [46] tells us that
the non-Lipschitz delay term may not affect the boundedness
of the solution in any finite time. But it is still unclear how
the non-Lipschitz delay term affects the stability property for
stochastic systems.

From Theorem III.2, we can obtain the following delay toler-
ance when the non-Lipschitz term f((x) vanishes.

Corollary III.1: Let Assumptions III.1, III.2, and III.3 hold
with A > 0 and 8 = 31 = 09; = 0. If conditions (24) and (25)
hold, then delay system (23) is stable for small delays {7;(¢)}
with small derivative. In addition, delay system (23) is also
almost surely and mean square exponentially stable.

Especially, if the delay is fixed, and the delay system has the
following form

dz(t) = f(z(t— 7)) dt+Zgl (t —7))dw(t)  (35)
we have the following corollary.

Corollary II1.2: Assume that there exist a function V' (z) €
C?(R™; R ) and constants p = 2, {c; }_ satisfying conditions
1),2),and Vy,(z) = P for certain matrix P > 0. If 2| P| K3t <
A, then the delay system (35) is almost surely and mean square
exponentially stable.

Remark I11.3: Liand Mao [47] recently contributed an impor-
tant work on delay feedback stabilization of hybrid stochastic
system. If we consider the degenerate system like dx(t) =
u(t)dt + x(t)dw(t) withu(t) = —x(t — 7), our delay tolerance
results provide a large delay bound since the stability rule (Rule
3.5 in [47]) requires 7 < 1/4, but our Corollary IIL.2 only
requires 7 < 1/2.

Now, we continue to consider the stability tolerance of
(10) and (12) with 6;(x;) = x(t — 7;) based on Theorem IIL1.
In fact, from Theorem III.1, we can easily obtain that the
mean square stable system (10) can tolerate a fixed delay

/L(7
T < P

exponentially stable. We can see that if u > /2, then

such that the delay system (12) is still mean square

:22+ i < 2“ o That is, Corollary II1.2 can
provide a large delay bound for the case 4 > /2. But for some
special cases, we can obtain a tight delay bound. To this end, we
consider p = 2in view of characteristic equation. By Itd formula

for (12), we have

2
W —2pE[z(t)a(t — )]s + o*Elz(t — 2)|*.
Let Z(t,s) = E[z(t)z(s)]. Then we have
Z(t,t) = =2uZ(t,t — 1) + 02 Z(t — 9.t — 7). (36)

To examine the stability of the equation above, we assume that
its solution has the form

Z(t,s) = ee. (37)
We now examine the conditions on ~, such that (37) is indeed

a solution to (36). In fact, substituting (37) into (36) admits the
following characteristic equation

2y = —2ue 7T 4 gle T, (38)

That is, the delay equation (12) with 0;(z;) = z(t — 7;) is
mean square exponentially stable if and only if all the infinitely
many characteristic roots of the characteristic equation (38) have
negative real parts. Especially, a) if 7y = 275, by solving the
characteristic equation (38), we know that the trivial solution
of (10) is mean square exponentially stable if and only if

0< (p 0—2)7'1 < 5. Thatis, the mean square stable stochastic
system (10) can tolerate the delay 7, < 2% b)if 71 = 0, then

solving (38) yields that the mean square stable stochastic system
(10) can tolerate any bounded delay 75 in the diffusion.

The delay that the linear system (10) can tolerate established
above is better than that in Theorem II.1. But the characteristic
equation above cannot be used for the nonlinear system and the
general pth moment stability. So it is still an important direction
to find a refined delay tolerance criterion in the future.

Remark II1.4: Razumikhin theorem is another important
technique in examining the stability of stochastic delay systems
and was developed in [15]-[17] and [48] for different type
stochastic systems. In this article, delay tolerance criteria are
discussed based on Lyapunov function and functional because
these issues are a class of delay-term dominated and delay-
dependent stability, which cannot be solved by Razumikhin
methods directly. The skills developed in this article would be
helpful for us to extend output feedback control studied in [49]
to delay output feedback control.

[V. EXTENSIONS TO CONSENSUS AND TRACKING CONTROL
OF MULTIAGENT SYSTEMS UNDER MULTIPLICATIVE NOISES
AND NONUNIFORM DELAYS

In this section, we aim to use the delay tolerance idea to study
the multiagent consensus and tracking under multiplicative
noises and time-varying nonuniform delays. This is an important
extension from the case with the uniform fixed time delays in our
previous works [30], [50] to the case with time-varying uninform
time delays.

We consider N agents with the information flow structures
among different agents being modeled as an undirected graph
G ={V,& A}, whereV = {1,2, ..., N}isthe setof nodes with
i representing the ith agent, £ denotes the set of undirected edges,
and A = [a;;]€RY "N is the adjacency matrix of G with element
a;; = 1 or 0 indicating whether or not there is an information
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flow from agent j to agent 7 directly. The Laplacian matrix of G
isdefinedas L = D — A, where D = diag(deg;, . ..,deg, ) and

deg, = Zjvzl a;j,1=1,...,N. Note that G is undirected. We
denote Q = [¢o, . . ., ¢ ], where ¢; is the unit eigenvector of L
associated with the eigenvalue ; = A;(L), thatis, ¢] L = A;¢]
lloil| =1,i=2,...,N. Then Q = (\/%IN, Q) is an orthogo-
nal matrix. Let A := diag(Xo, A3,...,AN).

We consider a network of agents with the first-order dynamics

a'ci(t):ui(t), 1=1,2,.., N, te Ry (39)
where z;(t) € R™ denotes the state of i’s agent and u;(t) €
R™ is the corresponding input control to be designed. Denote
x(t) = [T @),....2L@®)])T and u(t) = [uf(t),...,.uL(@®)]T.
We consider that the measurements of relative states by
agent ¢ have the following form zj;(t) = Agj;(t — 7j:(t)) +
95i(Aaji(t — 75i(t)))5i(t), J € Ni, where Agji(t) = x;(t) —
x;(t), 75:(t) € [0,7] is the time-varying delay depending the
communication channel and satisfying 7;;(t) = 7;;(t), N; de-
notes the neighbors of the ith agent, £;;(¢) € R denotes the
measurement noises and g;; is the noise intensity. We need the
following assumptions.

Assumption IV.1: The noise process &;;(t) € R satisfies
fo &i(s)ds = wﬂ(t), t>0,j5€N;,i=1,2,...,N, where

wji ),j € N;,i=1,2,..., N} are scalar independent Brow-
nian motions.

AssumptionIV.2: Foreach (j,1), g;;(0) = 0and there exists a
positive constant o;, such that |g;;(x) — ¢;:(y)| < 0|z — yl,
forall z,y € R".

Based on the measurement z;;(¢), we aim to find a control u,
such that the multiagent system (39) achieves the mean square
consensus or almost sure consensus, whose definitions are as
follows.

Definition IV.1: We say that the control u(t) solves mean
square (or almost sure) weak consensus if it makes the agents
have the property that for any initial data ¢ and all distinct i, j €
YV, limy o0 Elz; (¢) — 2;(2)]? = 0 [orlimy_o |2:(2) — ()] =
0 almost surely (a.s.)]. If, in addition, there is a random vec-
tor z* € R™, such that E||z*||? < oo and lim; . E|z;(t) —
2|2 = 0 (or P{||z*|| < oo} =1 and lim; o ||2:(t) — 2*|| =
0,a.s.),i=1,2,..., N, then we say that the control u(¢) solves
mean square (or almost sure) strong consensus.

We consider the following consensus control

=K Y zit),i=12,..,N
JjeN;

u;(t) = u (40)

where K is the symmetrical control gain matrix to be designed.
Consensus control under undirected topologies. Under con-

trol (40), system (39) has the form dz; (t) = ZN:1 a;jNgji(t —

J
5i(t))dt + 300 aijgji(Daji(t — 754(t)))dwi(t), which can
be rewritten as

T

do(t) = — Y (Ly @ K)a(t — 7 (t))dt
k=1
N
2 v @ Kgia(Bui(t = 75:(1) duw;i(1)
o 41
where 7 < N(N —1)/2, 74,(-) € {m;(-) : 4,5 =1,..., N} for

E=1,...r, nn, denotes the N-dimensional column vector
with the ith element being 1 and others being zero, and Ly =

[lkij] S RN*N with

— 0y, .] 7é i) TIC(') = Tl]()
07 ] 7é iv Tk)(') 75 Tl]()

- Zp#i lkipa J=1.

lkji =

It can be observed that Lj is symmetric and 22:1 L. =1L
since 7;;(-) = 7;;(-). Moreover, we can see that each row sum
of the matrix Ly, is zero, that is, 1%L;C =0forallk=1,...,N.

Define §(t) = [(Iy — Jx) @ L]z(£)d(t) = (Q ' ® I,,)d(t) =
07 (t),..., 0% (®)]7. and 5(t) = [5T( ), 0L (DT, 6i(t) €
R™. Then, by the definition of @', we have 61( ) = \/#ﬁ(lﬁ ®
In)(;(t) = ﬁ(lﬁ(IN - JN) & In)y(t) =0 and
dé(t) = — zr:(Ak ®@ K)o(t — 7 (t))dt
k=1

+ Z Gij(t — 7ij (1)) dwj; (t) (42)

where A, = QT L,Q, and Gi;(t) = aijéT(IN — NN ®

(Kgji(Agji(t))) with ny,; denoting the N-dimensional col-
umn vector with the ith element being 1 and others being
zero. It is easy to see that Y ;_; Ay = A. Note that §;(t) =
T — Zgzl 2k(t)/N, i=1,...,N. Hence, mean square (or
almost sure) weak consensus equals lim; ., E[5(¢)|? =0
(or lim; o |[5(t)] =0, as.) for any initial data. Note that
|Gji(t)]? < %|K|20J2iaij|6j(t) — 6;(t)]?. Considering the
Lyapunov function V' (z) = |z|?, we obtain for 7;;(t) = 0

- _ KT+ K
LV(E() = 25()" (A& = )3 Z G (8)
i,j=1
< = 2min (Px)[0(2))? (43)
where @K:A®K+TKT—%|K|262(A®L,), g=

max; j 0j;. That is, if ®x > 0, then the system (42) without
time delays is mean square and almost surely exponentially
stable [3]. And then the control w(t) defined by (40)
solves mean square and almost sure weak consensus for
multiagent systems without time delays, which was also proved
in [36]. Note that |G;(t)]* < &K |*0%a:;16(t)|%. Let
Cua(r) = [KPV2(rr X A + 7N (N = 1) 327 a4y

ﬂ??ff(ﬂg || + XA K|S,y aijo). By Corollary
L1

012(7') < 2)Lmin((I)K)

delay system (42) is mean square exponentially stable, and then
the control u(t) defined by (40) solves mean square weak con-
sensus with an exponential rate. Note that all the coefficients in
(42) are Lipschitz continuous. Then the mean square exponential
stability implies the almost sure exponential stability. That is,
under condition (44), the control u(t) defined by (40) also solves
almost sure weak consensus with an exponential rate. Hence,
from Lemma 4.1 in [30], we have the following theorem.

Theorem IV.1: Let Assumptions IV.1 and IV.2 hold. If (44)
holds, then the control u(t) defined by (40) solves mean square
and almost sure strong consensus.

(44)

Authorized licensed use limited to: CAS Academy of Mathematics & Systems Science. Downloaded on May 28,2021 at 08:50:34 UTC from IEEE Xplore. Restrictions apply.



2616

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 66, NO. 6, JUNE 2021

From (44), we can see that if the delay-free multiagent system
with the condition ® ;- > 0 can achieve the mean square consen-
sus, then a small delay is allowed since the left side of (44) tends
tozeroas T — 0. Thatis, if the time-delay 7 is small and satisfies
(44), we do not have to change the control gain K designed for
the delay-free case. Then one may ask how about the case with
large time delays. In fact, for large delays, we can adjust the
control gain to guarantee the mean square consensus. To see it
clearly, we choose the control gain K = kI,, with k£ > 0, and
then (44) can be rewritten as

T N
kb1 Z |Az| + %k Z aija?i

i=1 1,j=1
N -1
<99 <1 _ Nk52> 45)
where b= V2(r2r Y A2 SN 1) YO

aijg]z)l/Q Leta = 5 1b1 Zz j=14ij0 jz’ b=b13 i, |Ai|_+
N 1)\.20’ . Then (45) canbe guaranteed by the choice k € (0, k),
where & — ”Jri Vb2 +8aks

Tracking Control Under Leader-Following Topologies. We
aim to design the control, such that all the N agents can track
a leader denoted by 0. The state of the leader is assumed to
be a constant denoted by x(. For the ith follower, the dynamic
is described by (39) with u;(t) defined by (40). Note that this
is different from the above since for each agent i, its neighbor
set IV, may contain the leader 0. Assumptions IV.1 and IV.2
are also deemed to include the leader 0. Considering the in-
formation flow from the leader to the followers, we denote the

topology graph by G = {V, A} with V = {0,1,2,..., N} and
- ( 0 Olle) € RIVEDX(N+1) where A = [aij] e RNxN.

ao
aop = [ayo,...,ano]", ao =1 if 0 € N;, otherwise a;o = 0.
Let B = diag(ap,-..,ano) and B; = diag(0,. .., ao,...).
We use G = (V, A) to represent the subgraph formed by the
N followers, where V =V \ {0}.

Definition IV.2: We say that the control u(t) solves mean
square (or almost sure) tracking problem if it makes the NV + 1
agents have the property that for any initial data p and alli € V),
limy o0 E|2;(t) — 20]% = 0 (or limy o |24(t) — 20| = 0 a.s.).

We impose the following assumption on the graph G and its
subgraph G.

Assumption IV.3: Assume that the graph G contains a span-
ning tree and its subgraph G is undirected.

Let Ly = L + B. Under Assumption IV.3, we know that L
is symmetric, and all eigenvalues of the matrix Ly are positive
([51]), denoted by {A¢; } V. Hence, there exists an unitary ma-
trix @, such that ®7 Ly® = diag(ro1,. .., lon) =: Ag. Without

loss of generality, we assume 0 < Xp1 < ... < Agn.

Let 0;(t) = 2;(t) —xo for i =1,...,N. Define 6(¢t) =
[6f (1), ..., ox (], Let o(t) = @T4(t), ®(i) = ®Tnw,s.
Then we get  ddi(t) = 30 aiAgji(t — 754(t))dt +
Z;V:O a;j95i(Asji(t — 75(t)))dw;;(t).  Similarly to (41),
we have

r+N
do(t) = — Y (Lx ® K)6(t — 7 (t))dt
k=1
N N
+ 0 Gij(t)dwji(t) (46)
i=1 j=0

where L, for k=1,...,r are defined above, L, ; =
Q037N ,i» TT+Z‘(t) = Tio(t), = 1, ey N, and Gij (t) =
aijn,i @ Kgji(Asji(t —15:(t)))]. Hence, mean square

(or almost sure) tracking equals limy .. E|§(#)[> =0 (or
lim;_,, [0(¢)] = 0, a.s.) for any initial data. It can be proved
that S Lk =L+ B, and

Z Z aijlnn @ Kgji(Asji(t))|?

i=1 j=0
N N
<SIKPY Y aiod | As ()
i=1 j=0
< |K[Pa%5(t)T (L + B) @ 1,)4(t).

Considering the Lyapunov function V' (z) = |z|?, we obtain for

Tij(t> =0
N
LV (8(t) = 26(t)" (L + B) ® K)3(t) + Y |Gy (1)
ij=1
S - 2)\m1n(q)K)|g(t)|2
where  ®x = (L + B) ® KL — |K1252((L + B) @ I,,).

That 1is, if ®x >0, then the system (46) without
time delays is mean square exponentially stable. And
then the control wu(t) solves mean square tracking
for the first-order multiagent systems without time
delays. Note that |Gj;(t)]? < \K|20J2-iaij |6(t — 754())%
Let Cis(7) = |K|V2r(rr AN L2+ N (N +

N N r+N N N
1) Zi:l ijo aij0 ji)1/2(2ii_1 |LZ| + |K‘ 21:1 ijo Qij
07;). By Corollary IL1, if

Ci3(7) < 2Amin(PK), (47)

then the delay system (46) is mean square exponentially stable,
and then the protocol u(t) solves mean square tracking.
Theorem IV.2: Let Assumptions IV.1 and IV.2 hold. If (47)
holds, then the control u(t) defined by (40) solves mean square
and almost sure tracking.
Similarly, we can choose the control gain K = kI,, with k >
0, and then (47) can be rewritten as

r+N N N

k‘bl Z ‘Ll| + k’ZZaijafi < 2)»01(1 - k‘5’2), (48)
i=1 i=1 j=0

where by = V27 (17 Sy \L |2+ N(N +1) Z” 1 Gij

O'ﬂ)l/2 Let a =b; ZZ =1 @ijo ]Z’ b=1b Zi:l |Li‘7+ )\010’ .
Then (48) can be guaranteed by the choice k € (0, k), where
];I _ —b+ b2+8a)L2

Remark IVI Espemally, if the leader-following topology
is a star, then the corresponding closed-loop system is de-
coupled, that is, dd;(t) = —kd; (t — 70;(t))dt + kgoi(—oi(t —
T0i(t)))dwo;(t). Applying Corollary II.1, we obtain that
the above system is mean square exponentially stable if
k272 + 4762(1 + ko?) < 2 — ko2,

Let us consider a scalar four-agent example under the
topology graph G = {V, &, A}, where V ={1,2,3,4}, £ =
{(17 2)’ (27 1)? (2,3), (3’ 4)’ (47 3)’ (3a 2>} and A= [aij]4><4
with @19 = a91 = ae3 = ass = asq = ag3 = 1 and other being
zero. Moreover, we can obtain Ao = 0.5858, A3 = 2, and A4 =
3.4142. The initial state is given by z(0) = [-7,4, 3, —8]T.
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—agent 1
3k = = =agent2| |
————— agent 3
—agent 4

0 10 20 30 40 50 60 70 80 90 100

time t
Fig. 1. Asymptotic behaviors of the four agents: k = 0.05 and = = 0.
20
18l Elx, (1%, (0| |
= = = El 0%, 0F
L Ele, (0%, 017 | 7
N_
<
E_
L
30 40 50 60 70 80 90 100
time t
Fig. 2. Mean square errors of z;(t) — z1(t)| : k = 0.05 and 7 = 0.

Assume fﬂ(:v) = 0j; with 0;; =05, i,j = 1,2,3,4, 6 =
max; j 0jz.

For the delay-free case, we choose k = 0.05, and then it can
be seen that 0.01875 = 2%]@2 < 2Ag = 0.1716. That is, Dy,
defined in (43) is positive definite. Hence, the four agents achieve
the mean square and almost sure strong consensus. The almost
sure strong consensus is revealed in Fig. 1 and the mean square
weak consensus is simulated in Fig. 2 by taking 10% samples to
approximate E|z;(t) — x1(t)]2.

Then we will reveal that a small delay is tolerated for
stochastic consensus. Let 71 = 710 = 791 = 0.2, 70 = T93 =
T30 = 0.1 and 79 = 734 = 743 = 0.15. The initial datais z:(¢) =
[-2,1,2,-3]T fort € [~7,0], 7 = max; 7;. In this case, 7 = 3

[~
1 -1 0 O 0 0 0 O
-1 1 0 0 0O 1 -1 0
L= Lo =
oo oo o -1 10
0 0 0 0 0 0 0
and
00 0 0
00 0 0
Bs=1o 0 1 41
00 -1 1
Then it can be seen that 0.9614 = kbi (> ;_, |Ai] +

NAES Y 02) < 2ha(1 — X2ke?) = 1.1606. That is,
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—agent 1
3t = = =agent2| |
————— agent 3
—ggent 4

50 60 70 80 90 100
time t

0 10 20 30 40

Fig. 3. Asymptotic behaviors of the four agents: k = 0.05, 7 = 0.2,
71 =0.1,71 = 0.15.

20

Efx, ()%, 0| |
- = = El 0%, O
Y Elx, (0%, (0 | 7

Elx ()X, ()1

30 40 50 60 70 80 90 100
time t

Fig. 4. Mean square errors of |z;(t) — z1(¢t)| : k= 0.05, 71 = 0.2, 71 =
0.1,71 = 0.15.

condition (45) holds. Hence, by Theorem IV.1, almost sure and
mean square strong consensus can be achieved. In fact, Fig. 3
shows that all the agents will tend to a common value. That is,
the almost sure strong consensus is solved. Similarly, taking 103
samples to approximate E |z;(t) — z1()|? will produce Fig. 4,
which depicts the mean square weak consensus.

V. CONCLUSION

This article establishes an important “robustness’ type result,
namely, delay tolerance for stable stochastic systems under dif-
ferent Lipschitz type conditions. Under global Lipschitz condi-
tions, we first show that if the delay-free stochastic system is pth
moment exponentially stable, the corresponding stochastic delay
version is still pth moment exponentially stable for sufficiently
small delay. Then we prove that if the moment exponential
stability for delay-free system is based on Lyapunov conditions,
a large delay is allowed for the delay system to be moment
exponentially stable. Without the global Lipschitz conditions,
we studied the delay tolerance issues for mean square stable
stochastic systems under a class of one-sided linear growth
condition on the drift and polynomial growth condition on the
diffusion. We also considered applications of delay tolerance
to the control design of multiagent systems with multiplicative
noises and nonuniform delays.

The results obtained can be used to examine the stochastic
systems with G-Brownians and improve the delay bound as in
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Ren et al. [52]. It can also be extended to the discrete-time case.
Based on this article, many related issues can be dealt with. For
example, the delay tolerance for the boundedness and ergodicity
of stochastic systems.
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