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Abstract By establishing two new impulsive delay differential inequalities from
impulsive perturbation and impulsive control point of view, respectively, constructing
some Lyapunov functionals, and employing the matrix measure approach, some novel
and sufficient conditions are obtained to guarantee global power stability of neural
networks with impulses and proportional delays. The obtained stability criteria are
dependent on impulses and the proportional delay factor so that it is convenient to
derive some feasible impulsive control laws according to the proportional delay factor
allowed by such neural networks. It is shown that impulses can act as stabilizers to
globally power stabilize an unstable neural network with proportional delay based on
suitable impulsive control laws. Moreover, the power convergence rate can be esti-
mated and obtained by simple computation. Three numerical examples are given to
illustrate the effectiveness and advantages of the results obtained.
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1 Introduction

The stability problem of delayed neural networks has been extensively studied
over the past two decades for their potential applications in parallel computa-
tion, pattern recognition, associative memory complicated optimization, and so on,
see [4,6,21,25,32,35] and the references cited therein. Here, we would like to point
out that proportional delay is one of the many delay types, and the correspond-
ing systems with proportional delays have been used to model various problems
in many fields including population biology, electrodynamics, control theory, and
Web quality of service routing decision [1,8,9,14,22]. The proportional delay func-
tion 7(t) = (I — g)t - 400 as t — 400, where the proportional delay factor
q is a constant and satisfies 0 < g < 1, and hence it is different from constant
delay and bounded time-varying delay. Meanwhile, although proportional delay and
unbounded distributed delay are all unbounded time delay, they are different each other.
Unbounded distributed delay [3,7,12,16,28,36,43] often requires that the delay ker-
nel functions k;; : Ry — Ry satisfy [;° kij(s)ds = 1, [ skij(s)ds < oo, or there
exist a positive number u such that fooo e"*k;j(s)ds < oo. The use of these inequalities
can make distributed delay easier to handle. Compared with unbounded distributed
delay, due to 7(¢t) = (1 — g)t — 400 ast — 400 and there being no any other
conditions, it is relatively difficult to deal with proportional delay in the derivation of
dynamic behaviors of systems. Therefore, it is necessary to investigate the dynamics
of systems with proportional delays. To be noted that the presence of an amount of
parallel pathways of a variety of axon sizes and lengths usually leads to the spatial
structure of neural networks, it is reasonable to introduce proportional delays into the
neural networks. In an amount of parallel pathways, affected by different materials
and topology, there may be some unbounded delays that are proportional to the time;
thus, we should choose suitable proportional delay factors in view of different cases
and adopt proportional delays to characterize these unbounded delays [42]. In addi-
tion, the proportional delay function 7(f) = (1 — ¢)¢ is monotonically increasing
with respect to time ¢ > 0; then, one can control conveniently the system’s running
time according to the time delays of networks [41]. However, because of its special
structure and unboundedness nature, the study of the dynamics of neural networks
with proportional delays has been recognized to be difficult. As a result, neural net-
work models with proportional delays have received much consideration and some
interesting results for stability of neural networks with proportional delays have been
obtained in recent years, see [33,37-42] and references therein.

On the other hand, besides delay effects, impulsive phenomena can be found in
a wide variety of evolutionary process, particularly some biological systems such
as biological neural networks and bursting rhythm models in pathology. Therefore,
neural network models with delays and impulsive effects should be more accurate
to describe the evolutionary process of the systems [34]. The stability analysis for
delayed neural networks with impulses has attracted considerable attention, and a large
number of results have been reported during the past two decades [2,3,5,15-19,23,27-
29,36,43]. For example, Rakkiyappan et al. [23] studied global exponential stability
of impulsive neural networks with bounded time-varying delays or constant delays
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by using Lyapunov—Krasovskii method and LMI techniques. Stamova et al. [27,29]
addressed global exponential stability for a class of impulsive neural networks with
bounded and unbounded distributed delays by applying piecewise continuous Lya-
punov functions and Razumikhin technique. Zhou in [43] dealt with global exponential
stability of BAM neural networks with unbounded distributed delays and impulses by
constructing Lyapunov functional and employing some analysis techniques. Li and
Rakkiyappan [16] studied the chaotic synchronization problem of neural networks
with bounded time-varying and unbounded distributed delays by utilizing the sta-
bility theory for impulsive functional differential equations and LMI approach. As
pointed out in [13], though for functional differential equations without impulses,
stability results established for equations with bounded delays are not obviously true
in general for unbounded delays. In addition, due to the restrictions imposed on the
delay kernel functions, the stability results obtained for unbounded distributed delays
are not valid for proportional delays. Thus, almost of all the existing stability results
for impulsive systems with bounded delays and unbounded distributed delays cannot
be applied to impulsive systems with proportional delays. As we know, proportional
delay may occur in neural processing and signal transmission, which can cause insta-
bility and even chaos behaviors [41,42]; a system in real life is often subjected to
instantaneous perturbations and experiences abrupt changes at certain moments of
time, and the presence of impulsive effect is often a key factor that affects the system
performances [34]. Therefore, it is of great significance to investigate the stability
and stabilization of neural networks with proportional delays and impulsive effects.
To date, there is few papers dealing with the stability problem of impulsive systems
with proportional delays [10, 19,26], though many interesting results on stability and
stabilization of systems with unbounded time-varying delays, especially proportional
delays, have been reported in the literature [20,24,30,33,37—42]. Guan and Luo [10]
obtained some Razumikhin-type theorems on asymptotic stability of impulsive dif-
ferential systems with proportional delays by using the auxiliary function P, where
P(s) > Ms, M = ]_[,fil (1 4+ Br). However, it is difficult to choose an appropriate
function P since the presented Razumikhin condition is dependent on the concrete
value of the impulsive constant M. Song et al. [26] obtained some results for global
asymptotic stability of cellular neural networks (CNNs) with impulses and propor-
tional delays by using the nonlinear transformation y(z) = x(e’) to transform the
CNNs with impulses and proportional delays into certain equivalent impulsive CNNs
with time-varying coefficients and constant delays. It can be seen that, by means of the
variable transformation, systems with proportional delays do become certain equiva-
lent systems with constant delays and one may use the transformation on occasions,
but it does not always simplify the analysis. Li and Cao [19] recently introduced
a novel impulsive delay inequality to investigate the stability problem of impulsive
systems with unbounded time-varying delays from impulsive perturbation point of
view, but not impulsive control point of view. Moreover, it can be found that in these
results [10,19,26], impulses act as perturbations rather than stabilizers, and the sta-
bility results obtained in [10,26] are independent of time delays. It is well known that
the delay-dependent criteria are less conservative than the delay-independent ones,
and delay-dependent stability criteria are related to the size of delay so that they can
be used to design some better networks according to the allowed time delays of net-
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works. Therefore, it has both theoretical significance and practical value to employ
some new methods to establish certain suitable delay-dependent stability criteria for
NNs with proportional delays and impulses. It is noted that, by applying the matrix
measure approach and constructing some Lyapunov functions, Bai [5] obtained some
novel conditions ensuring global exponential stability for impulsive NNs with bounded
time-varying delays. Since matrix measure can have positive as well as negative val-
ues, whereas a norm can assume only nonnegative values, the obtained results using
matrix measure are more precise than the ones using norms.

Motivated by the above consideration and particularly inspired by the work
of [5,19], a natural and interesting idea is to study the stability problem of NNs
with impulses and proportional delays by using the matrix measure method combined
with new inequality techniques. To the best of our knowledge, the global power sta-
bility of impulsive neural networks with proportional delays by the matrix measure
approach is seldom discussed. The remainder of this paper is organized as follows.
In Sect. 2, model description and preliminaries are presented, and two novel impul-
sive delay differential inequalities involving proportional delay are established from
impulsive perturbation and impulsive control point of view, respectively. In Sect. 3,
based on the two inequalities obtained, some global power stability criteria are estab-
lished by constructing some Lyapunov functionals and applying the matrix measure
approach. In Sect. 4, three numerical examples are given to illustrate the effectiveness
and advantages of our results. Some conclusions are given in Sect. 5.

2 Preliminaries and Model Description

Let R denote the set of real numbers, R the set of nonnegative real numbers, Z the
set of positive integers, and R” the n-dimensional real vector space, respectively. For
any interval J C R, set C(J,R") = {¢ : J — R”" is continuous} and PC(J, R") =
(W :J =Ry =y@) fort € J, ¥(t7) exists fort € J, ¥ (t7) = ¥ (¢) for all
but points #; € J}. Forx = (x1, ..., x2)T € R", the vector norm lxllp (p = 1,2, 00)
is defined as

n 1

n
2\2
el =Y bl ke = (3092) 7 lxlloo = max il
1 1<i<n
i=

i=1

And for areal square matrix A = (g;j)axn € R"*", the matrix measure of A is defined
as follows [5,31]:

. NE+hAl, -1
A)= lim ————, 2.1
Hp(A) = lim, . @1
where || - ||, is an induced matrix norm on R"*", E is the identity matrix with appro-

priate dimensions, and p = 1, 2, co. The matrix measure (i, (-) defined in (2.1) has
the following properties, and for the details of the || - || , and 1), (-), we refer the reader
to [5,31].
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Lemma 2.1 [5,31] Let A, B € R"™" and o > 0. Then,

(D) = ANl < up(A) < Allp; Q) mplaA) = aup(A);
(3) up(A+ B) < up(A) + up(B).

Consider the following NNs with impulses and proportional delay
{ Y0 =Ay0) + BF(yO) + CCO@N) + 1 1 #6121 )
Ay(t) = y(t) — y(ty ) = — Dy (1), k €Zy, :

where y € R" is the state vector of (2.2) and y' denotes the right-hand derivative of
y; F,G : R" — R" are two activation functions; y(qt) = (y1(qt), - - - ya(qt));
q € (0, 1) is proportional delay factor and qt =t — (1 — q)t, in which (1 — q)t is the
transmission delay; 1 = (11, I, - - -, I,,)T is the external input; t, denotes the moment
when impulse occurs, | =ty <t] < ... <ty <tgy] < ... withlims_ o ty = 00; at
time instant ty, jumps in the state variable y are denoted by Ay (tx) = y(t) — y(&;),
where y(ty) = y(tk+) and y(t;, ) = limr»z; y(t) exists; A, B, C, Dy € R"", where
Dy is usually called impulsive matrix.

Definition 2.1 A function y(¢): [¢, +00) — R” is called a solution of system (2.2)
with the initial condition given by

yt) =¢@), ¢eC(g, 11,RY, (2.3)

if y(¢) is continuous at t # f and t > 1, y() = y(t,j) and y(t, ) = limt_)tk— y(t)
exists, y(t) satisfies (2.2) for + > 1 under the initial condition. Especially, a point
o= yj;)T € R” is said to be an equilibrium point of (2.2), if y(¢r) = y*
is a solution of (2.2), i.e., Ay* + BF(y*) + CG(y*) + I = 0 (zero matrix) and
Dy*=0,keZ,.

For any ¢ € C([q, 1], R"), we assume that there exists on the interval [¢, co)
a unique solution of the system (2.2) with the initial condition (2.3). Let y* be an
equilibrium point of (2.2), y(t) be any solution of (2.2), and x() = y(t) — y*.
Substituting them into (2.2), we get the following NNs with impulses and proportional
delay
{x’m = Ax() + Bf(x(0) + Ce(y(gn), t#u, t=1, 0.4
Ax(t) =x(t) —x(t,) = —Dix(t,), keZy, ’

where f(x(1)) = F(x(1) + y*) — F(y%), g(x(g1)) = G(x(gt) + y*) = G(y").

It is clear that the stability of the equilibrium point y* of (2.2) is equivalent to the
stability of the zero solution of (2.4). In the present paper, we mainly investigate the
stability of the zero solution of (2.4). We assume that the functions f, g : R* — R”"
satisfy f(0) = g(0) = 0 and certain conditions such that system (2.4) has on the
interval [¢, 0o) a unique zero solution with the initial condition ¢ () =0, t € [q, 1].
For any ¢ € C([gq, 1], R"), let x(t) = x(¢, ¢) denote the solution of (2.4) with the
initial condition x(¢) = ¢ (¢), t € [g, 1]. We present the following definition.
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2242 K. Guan

Definition 2.2 The zero solution of system (2.4) is said to be power-rate globally
stable with power convergence rate A (or simply globally power stable) if for any
initial data ¢ € C([gq, 1], R"), there exist constants A > 0, M > 1 such that

Ix@llp = llx, ®)llp < Mllgpllpt ", =1,

where @l = sup, ;<1 19 ()]l -

Remark 2.1 One can easily find that global power stability implies global asymptotic
stability.

In this paper, we always assume that
(Hy) f, g : R" — R" are Lipschtz continuous functions: There exist two positive
constants /1, [ such that

£ = fDp =hllx =ylp, l8C) —gWlp <bllx = yllp, Yx,yeR"

In order to establish our main results, we first establish two impulsive differential
inequalities involving proportional delay, which extend the famous Halanay differen-
tial inequality [11] and will play an important role in qualitative analysis of impulsive
systems with proportional delays.

Lemma 2.2 Suppose thata > b > 0and u(t) € PC([1, 00), R}) satisfies the scalar
impulsive differential inequality

DYu(t) < —au(t) +b(supqt§S§, u(s)), t=to=1, t#,
u(ty) < agu(ty, ), keZy, (2.5)
u(t) =a¢), telg,l1],

where ay € Ry, ¢ € C([g, 1], R), and DT u(t) denotes the upper right-hand Dini
derivative of u(t) at t. Then

u() = (supgzz @I, (T, o) =1, 2.6

where 0, = max{l, oy} and A > 0 is a solution of the inequality . — a + bq_’\ <0.

Proof Define the function h(A) = A —a ~|—bq_)‘, X € [0, +00).Sincea > b > 0 and
0 < g < 1, simple computing fields that #(0) = —a + b < 0 and limy_, 45 A (A) =
+00. One can see that there exists at least a solution A > 0 satisfying A—a+bg~* < 0.
Set a = sup, <s<1 1@ ()l p, and it is easy to find that

un) <p <t telqg. 1l 2.7
We shall prove that (2.7) implies that

u(t) <t tell,n). (2.8)
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To this end, we consider the following two possible cases.
Case 1. b = 0. From (2.5) and (2.7), u(t) satisfies

DT u(t) < —au(t), u(l)<é, tell,n).
Since a > A and the inequality ¢* > 1 4+ x, x > 0, we can get
u(®) < eV <GV <Gi7h, el ),
Case 2. b > 0. We claim that for any z > a >0,

A

u(t)y <zt ™" =y@), tell, ). 2.9)

If (2.9) is not true, from (2.7) and the continuity of u(z), y(¢) ast € [1, #1), then there
must exist a t* € (1, ¢1) such that

u(t™) = y(*), D u@*) > y' (%), (2.10)
u) < y(), telq, ). (2.11)

Using (2.5), (2.10), (2.11) and noting that b > 0, we obtain

DTu@*) < —au(t™) +b( sup u(s))

gre<s<t*

< —ay(t*) + by(qt*) = z(—a + bg ") (t*) ™

< =2zt < —az(tH) T =y,

which contradicts the inequality in (2.10). Thus, (2.9) holds for any z > $ Letting
7 — ¢, we get (2.8).
Using (2.5), (2.7), and (2.8), we can get u(f1) < oju(t; ) < 91¢tl_x, and so

u(t) <01pt™", telgn, tl. (2.12)
Next, we prove that (2.12) implies that
u(t) < 61t=, t el t). (2.13)
If b = 0, one can find that
DT u(r) < —au(r), u(n) <61pt;*, 1€l n).
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2244 K. Guan

Thus, a calculation gives us
u(t) < u(f)e = < Qlatfxe_a(,_,l)
< 01t = g, Gt (ezl(ﬁ,l))—x
< Qléﬁ\tl—)\(@(ﬁ—l))*A - 91&4’ t el n).

If b > 0, one can also claim that for any z > 615 >0,

—X

u(t)y <zt ™" =y@), telt,n). (2.14)

If (2.14) is not true, from (2.12) and the continuity of u(¢), y(¢) as t € [t1, t2), then
there must exist a r* € (¢1, #) such that

ut™) = y@*), D+u(t*) > y/(t*), (2.15)
u(t) < y(), t<t (2.16)

By using (2.5), (2.7), (2.8), (2.15), (2.16) and b > 0, we also obtain

D+u(t*)§—au(t*)+b( sup u(s))

gre<s<t*
—ay(t*) + by(qt*) = z(—a + bg™) (")
=2zt < —az(t)) T =y (%),

A

IA

which contradlcts the inequality in (2.15). Thus, (2.14) holds for any z > 91¢ Letting
7z — 9145 we obtain (2.13). Similarly, we also have u(t) < 0192¢t ‘te [gta, 12].
By a simple induction, we can obtain

u(t) <Or...619t™", teln_1,1), kel

This implies (2.6), and so the proof is completed. O

Lemma 2.3 Suppose that u(t) € PC([1, 00), Ry) satisfies the scalar impulsive dif-
ferential inequality

D+u(t)§au(t)+b< sup u(s)), t>10=1, 1#n,

qt<s<t
u(ty) < opu(ty), ke€Zy,
ut) =¢), telg,ll,

(2.17)

L

ar } < +o00. If there exists

wherea e R,b > 0,0 <o < 1l,and1 <y :supk€Z+{
a small enough positive number ). > 0 such that

In (o
@420 4bygt < D@D g (2.18)

Ik — k-1
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then

u) <y s lo@l,) e 1= 1, 2.19)

g=<s<l
where we define ag =y~ .
Proof From (2.18), we can choose a suitable positive constant o > 0 such that
a+ybg™" < (0= 1), (2.20)
and
(0 + M)t —ti—1) < —In(aj—1) <Iny, keZ;. (2.21)
To prove (2.19), it is sufficient to show that
u(t) < ypt=, telt_1,t), ke, (2.22)
where 5: SUP, <5<1 ll¢ ()l p- From (2.21) and note that 0 < ¢ < 1, we have
l<exp{c+M)(H —D}i<y < yq_’x. (2.23)
From (2.23) and the inequality exp(x) > 1 4+ x, x > 0, it then follows that
¢ < dexplo(n — D} < ydexp{=r(t — D} < vt " (2.24)
We first prove that
u(t) <ydt=, tell,n). (2.25)
For this purpose, we only need to show that
u(t) < ydt;*, tell,n). (2.26)

If (2.26) is not true, by (2.23), (2.24), and the inequality exp(x) > 1 +x, x > 0, then
there exists some 7 € (1, ) such that for any s € [q, 1],

u(@® > yt;* = yexp{ — a1 — D} > pexp ot — D} > ¢ = us).
This implies that there exists some f € (1, 1) such that
u(@d) =yo1*, u@) <u@, telg.il, (2.27)
and there exists t* € [1, f] such that

u(t™) = ¢, u@) <u() <u@), telt 7. (2.28)
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Thus for any ¢ € [t*, {], then [gt,t] C [gt*, {]. It follows from (2.23), (2.27), and
(2.28) that for any s € [gt, t],

u(s) <u@) =yot;* <yqg o =yq tu*) <yqtu@), telr,il. (229

It follows from (2.17), (2.20), and (2.29) that for ¢ € [¢*, 7],

DTu(t) < au(t) + b( sup u(s)) < (a+byqg Mu@) < (o —Nu(t). (2.30)

qr<s<t

Using (2.23), (2.27), (2.28), and (2.30), we can arrive at

u(f) < u(t*)exp{(oc — M) (@ —t*)} = pexp{(c — M) (@ — %)}
< gexplo(ti — D} < ypexp(—i(t — D} < yor;* = u(@),

which is a contradiction. So (2.26) holds and then (2.22) is true for k = 1.
Now we assume that (2.22) holds fork = 1,2, ..., I (> 1, l € Zy),ie.,

ut) <ypt™, telteor ), k=1,2,...,1 (2.31)

Next, we shall prove that (2.22) holds fork =1+ 1, i.e.,

u(t)y < ydt=, teln, n41). (2.32)

For the sake of contradiction, suppose that (2.32) is not true, let £ = inf{r €
[, ti+1) |u(t) > y¢t_)‘}. Then by (2.17), (2.21), and (2.31), and applying again the
inequality exp(x) > 1+ x, x > 0, we obtain

B —~_ ~0 0 \NTA T
u() < oquty) < aydy " = “1V¢’<_> (_> o
fi41 L

< <)tzJ/$<tt—l)_AfA < J/aexp{ — (o +M)(f141 — lz)}(t—l>_kfA

1+1 141

—~ 1 1, —A

=vdexp| =@ +nn( - D))
7} fi41

-~ t t —A

<y¢exp{—(o —I—A)(ﬂ—l)](—l) =
7} fi4+1

~/ 1 —0 —~

<yo(7r) T <vert, (2.33)

and so t # f;. Since u(t) is continuous in the interval [#;, t;41), we have
u(t) =ypt*, andu(t) <u(t), teln.t). (2.34)
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From (2.33), we can see that there exists some t* € [#, #] such that
~/ —X
u) =eyd(==) R and w6 Su@) Su@. relit. 239)
I+1
On the other hand, for ¢ € [t*, t], either gt € [gtg, ;) or gt € [1, t]. Consider the
following two cases.

Case 1. gt € [qto,1;). Then, [gt,t] = [gt, )[4, t]. For any s € [gt, t], either
s €lqgt,yy)ors € [1,t] < [1,t]. If s € [qt, 1;), then by (2.31), we can deduce that

~ —~ ~/ t —A
u) < yds ™ < ydg T =g Tyg(—-) o (2.36)
1+1
While s € [z, t], it follows from (2.34) that
~ 2 N AL Y
us) < u®) = ydt~ < g yd(—=) (2.37)
I+1

From (2.36) and (2.37), it follows that for any s € [g¢, t],

u(s) < q‘kyq?(”%fkﬁ, telrt 1. (2.38)

Case 2. gt € [1, t]. Then, [gt, t] C [1, t], and by (2.34), one can see that (2.37) holds
for any s € [qt, t]. This implies that (2.38) holds.
In any case, from (2.35) and (2.38), we all have for any ¢ € [t*, (], s € [gt, t],

1 1
u(s) < —q ru(t®) < —q*u(t) < yg*u),
o] o)

which implies that SUPy/<g<s u(s) < yq_)‘u(t). This together with (2.20) shows that
fort € [t*, ],

DYut) < au(t) + b( sup u(s)) < (a+ ybg™Mu(t) < (o — u(r). (2.39)

qt<s<t

Applying (2.21), (2.33)—(2.35), (2.39) and the inequality exp(x) > 1 +x, x > 0, we
can deduce that

* * ~( 1] —* —A *
u(®) < u)expllo 1@ =) =ayd( ) 1 el —nE - 1)

<ydew{~ @ + D —nfesle — e -O)()

—~ —A
= yfexp |~ 0+ s~ eplo e~ expl—ie — () 1
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~ n\"H
<ypexp{— A1 — tl)}(m) =

= yaexp[ —)»tl(tlll _ 1)}(1‘_1)—/\27)\

1 f14+1

—~ 1 o\ —*
svoew| (T -0))()
1 141
<yot =u®.

which is a contradiction. Hence, the assumption is not true, and then (2.22) holds for
k =1+ 1. By the mathematical induction method, we can conclude that (2.22) holds
for any k € Z . The proof is completed. O

Remark 2.1 From the conditions of Lemmas 2.2 and 2.3, one can see that they are
established from impulsive perturbation and impulsive control point of view, respec-
tively. So they are complementary with each other. Moreover, Lemma 2.3 is different
from Lemma 2 in [19] since it is given from the impulsive control point of view.

3 Main Results

In this section, we always assume that § = supycz {I|E — Dillp} < +o00.

Theorem 3.1 Assume that (Hy) holds and § = inf;cy+ {[t—k} > L If up(Ad) <

k—1
—UL1Bllp — LIICllp, and there exists a positive constant A such that

In(max{1, B})
> el

, 3.1
Iné G-1)

and
A+ up(A) +4L1Bll, +LICI gt <0, (3.2)

then the zero solution of (2.4) is globally power stable with power convergence rate
3 — In(max{1,8})

Ind '
Proof Define the Lyapunov function V() = V(x(¢)) = [|x(t)|l . Then, the upper
right-hand Dini derivative of V(x(¢)) with respect to time ¢ along the solution of
system (2.4) is as follows:

DTV (x(1))
— Tim o llx(r + h)”Z —lx@llp
— Tim o llx(#) + hx'(1) +;l7(h)||p — llx®llp
T lx(2) + h[Ax (1) + Bf (x(1)) + Cg(x(g1)] + oWl , — llx @)l
= lmy o+

h
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lx (@) +hAx @)l — IxOllp
h
IE 4+ hAl, —1

h

<lim,_ o+ +IBf (x(O)lp + 1Cgx (gDl p

< limh%(ﬁ

lxllp + IBf x@)llp + 1Cg(x(g)]lp-
From Assumption (Hj), it follows that

IF @Dy < blixlip, gty < Lllx@O]lp. (3.3)
Thus,

DYV (x(®0) < up(MIxOllp + LBl lIxOllp +LICH Ix@D1

< wp (IOl + B IOl + BICI( sup l1xs)1ly)

q
(p(A) + LIBIV @) +LICT,(sup Vi)

qt<s<t

—aV(x(t))+b( sup V(x(s))), t £, t>1,

qt<s<t

where a = —(up(A) +11|Bllp), b = L||C]|. On the other hand, it follows from
(2.4) that

V) = lx(@ll, = I(E = Dx(t )l p = IE = D)llpllx(@ )l < BV (1).

Notethata = —(up (A)+11||Bllp) > L|ICll, = b > Oanditfollows from Lemma 2.2
that

v = (T, max(t.8)( sup V(@)™

g=<s<l

- <1—[1<tk§t max{l, ﬂ}) lgllt =, t>1, (3.4)

where A > 0 is a solution of the inequality A —a + bg ™" = A + wp(A) + LB, +
LIC] pq_)‘ < 0. Since the function/(x) = In x is monotonically increasingon[1, c0),
one can see that the number of points # on [1, #] is equal to the number of points In 7
on [0, In ¢]. Thus, it follows from (3.4) that

Il = V(@) < (max{1, g) 55 )]0
lnmax((sl,ﬁ)).

— (max{1. B}) ]l yr~ "5 (3.5)

By (3.5) and Definition 2.2, the zero of system (2.4) is globally power stable. The
proof is completed. O

Remark 3.1 One can easily see that Theorem 3.1 only presents a result for the global
power stability of the zero solution of (2.4) under the condition “,(A) < 0,” which
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shows its limitation. In addition, it can be seen that Lemma 2.2 is established from
the impulsive perturbation point of view, which implies that impulses may act as
perturbations rather than stabilizers. From the impulsive control point of view, based
on Lemma 2.3, the following desirable conditions can be derived to ensure the global
power stability of system (2.4).

Theorem 3.2 Assume that (Hy) holds and 0 < B < 1, C # 0. If there exists a
constant ). > 0 such that

1 In
1p(A) + LBl + 20+ =LICl g " < ——ﬁ, keZy, (3.6)
B Iy — tk—1

then the zero solution of (2.4) is globally power stable with power convergence rate
A

Proof Defining the Lyapunov function V(t) = V(x(¢)) = [|x(#)||, as Theorem 3.1,
we have

DIV() = (1p(A) + LBV ©) +LICH,( sup Vix(s))

qt<s<t

=aV(x(t))+b< sup V(x(s))), tE g, 1>,

qt<s<t

where a = u,(A) + L||Bllp, and b = L||C||, > 0. On the other hand, it follows
from (2.4) that

V) = llx@)llp = I(E = Dx@)llp
< ICE = Dollpllx@ ), = BV (1), k € Zy.

This and (3.6) imply that the all conditions of Lemma 2.3 are satisfied, and thus

Ve = p7( s V@) )it = BT gl 1z 1.

g<s<l

That is,

lx@)lp < B~ @ll,e ™, > 1.

This shows that the zero of system (2.4) is globally power stable by Definition 2.2.
The proof is completed. O

Remark 3.2 From the conditions of Lemma 2.3 and Theorem 3.2, we can find that
system (2.4) without impulses may be unstable; Theorem 3.2 shows that impulses
can be used to globally power stabilize an unstable system with proportional delay. In
addition, set (g, A) = p,(A)+11|| B ||p+2k+%lz ICllpg™". (g, %) € (0, 1)x (0, 00)
and it can be verified that ¥ (g, A) is decreasing with respect to ¢, and increasing in A.
Therefore, when impulses are used to globally power stabilize an unstable system, the
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impulses may act more frequently if the proportional delay factor g becomes smaller;
and moreover, in order to gain higher power convergence rate, the impulses should act
more frequently.

Below, we are in a position to establish a result for the global power stability of the
following system with impulses and proportional delays:

{x’m=Ax(r>+Bf(x<r))+%Cg(x(qr)), tEL 2], 37

Ax(t) = x(t) —x(t, ) = —=Dyx(t,), k € Zy,
where ¢, A, B, C, Dy and f, g are defined as (2.4).

Remark 3.3 One may call system (3.7) Euler-type NNs since it is similar to first-
order ordinary Euler equations. The following theorem 3.3 presents some conditions
ensuring the global power stability of such NNs. It is shown that impulses can be used
to globally power stabilize such NNs.

Theorem 3.3 Assume that (Hy) holds and p = supycy+{tk — txi—1} < +oo. If B —
ERa)ic)l, < 1 and

I 15
—LBllp — ;”C”p < pp(A) < —LlBlp - g”C”p

1 IhIng
—;1n<ﬂ— ; Icll,). (38)

then the zero solution of (3.7) is globally power stable with power convergence rate
A, where A is the unique positive solution of the following equation

15 lhIng -
Ao () + 1Bl + ZICH +1n (8 = ICl g ™) =0,
Proof Let the Lyapunov functional be in the form of
153 |
V)y=V) =lIxOlp+ =ICllp [ ~llx()Ilpds.
q qt S

Then, the upper right-hand Dini derivative of V (¢) with respect to time ¢ along the
solution of system (3.7) is as follows:

— lxE+Dpy—lxOl, b I
DYV (1) = limy_ o+ ,’; L+ chnpnx(r)np =~ ICl,plx(gnll,
= lx@ + a0 + ol — X @1l
= lmy_ o+ A

[ [
+ q—incnpnx(z)np - fucnpnx(qr)np

@ Springer



2252

K. Guan

e (1) + R[AX (1) + Bf (x(1)) + $Cg(x(gt)] + o)l , — IIx (@)l

= 1imh_>0+

h
12 12
+ E”C”p”x(t)”p - ?”C”p”x(qt)”p

x(@) +hAX@Olp — XDl
h

153 I
+ E”C”p”x(t)”p - 7||C||p||x(6]f)||p

lE+hAJ, —
h

12 12
+ EIICIIPIIX(I)IIP - 7||C||p||x(qt)||p~

< limy_, o+

< limhﬁ(ﬁ

From (3.3), it follows that

[
DYV = (p(A) + 1Bl + ZICH) IO,

=nlx®l, <nV(Q®), telt-1,t%), keZy,

where n = u,(A) + 11 ||Bll, + %||C||p > 0 (by (3.8)). Then, we have

V()< VeV el ),

V() < V)" %Dt e e te), k=2,3,....

From (3.8), we have

Ihlng
0<np<—In(p- ; ICll, ).

Define the function u given by

Il
q

u(@ = (z+mp+In (-

From (3.11), we get u(0) < 0. Since u(z) — +o00 as z — +00, and

ghb(ng)?|Cllpg~*
gB — L Ing|Cll,q~*

u'(z)=p+ >0, z¢€(0,+00),

there exists a unique positive constant A > 0 such that u(1) = 0, i.e.,

1% lnq

Gt mp=—In (- =L1Cl,97).
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By (3.9), we have for ¢ € [1, 1),

! '
V() < (||(x<1>||p+;2||cnp/ Sl pds ) D
q

121115] > In
= (1=2221c, )Iglpen ™ < (1 -

)lg e,

Thus, using again the inequality e* > 1 4+ x (x > 0) yields

0l = V) < (1 )liglpe"

lglnq _
(1— |C||p) T P
<(1-"
lglnq B

< (1= 2 0Cp ) g

=M||¢||pt otelln), (3.13)

) ()Hrﬂ)ﬂ”d)”pe*)»(f*l)

where A > 0 asin (3.12),and M = (1 — IZI%IICIIp)e()””’)p > 1. Obviously,

Ilxllp < I$ll, < Mlgll, < Mligll,t . 1 €lg. 1. (3.14)
From (3.13) and (3.14), it follows that
Ix)llp, < Mlgllt ™, t€lg.n). (3.15)

On the other hand, from the second equation of (3.7), we have

X (@)l p = IICE = Di)x @ ) p < |1E = Dllplix(g )y < Bllx@ ) p
< Nx@Hlp, k=1,2,.... (3.16)

Thus, (3.15) and (3.16) imply that

sup  lx()llp, < Mgl p(gt) ™ = Mg 1@l o1, (3.17)

qli=s=ty
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It follows from (3.12), (3.15), and (3.17) that
I n
V() = llx@)llp + _”C”p/ =llx(s)] pds
q qty s
_ I n
<Blxt )y +=ICl, [ =llx(s)]lpds
q qty s
_ lrIng _
< Mllgllt;* </3 — = Il *)
R 7 1Y (3.18)
Next, we shall show that
V) < e MMl k=1,2,.... (3.19)

Obviously, (3.19) holds for k = 1 by (3.18). If we assume that it holds for k =

1,2,...,m(m e Z;),1i.e.,
V) < e MMl k=1,2,...,m.
then we have for ¢ € [t,, t+1),

X))y < V() < V(ty)e" ™)

< & CEDOM ]| 1 e < e M|ty
< e M= Mg 1 = <et'”($_l))_)LM”¢”ptn;A
< (e(ﬁ_l))_AMHq)H,,t,;A < M|pllpt .

Using (3.20) and (3.21), similar to (3.17), we can verify that

sup Xy < MBI p(gtms) ™ = MIIBlpq 1,7

Gt 1 =8 <tm+1

From (3.12), (3.16), (3.21), and (3.22), we obtain

l2 Im+1
Vtmt1) = x|l p + _”C”p/ =[xl pds
q qtm+1
_ 12 Im+1 1
Sﬂllx(tm+])||p+—||C||p/ —llx(s)ll pds
q qtm+1
B 12 Im+1 1
Sﬂllx(fm+1)||p+—||cllpf —llx(s)ll pds
q qtm+1

_ IyIng _
< Mllgll ot %, (/3— . IC g A)

—(r —A
= e M|l 1%
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which implies that (3.19) holds for k = m + 1, and hence (3.19) holds for each
k=1,2,.... Thus, fort € [t, tx+1), k = 1,2, ..., we have by (3.19) that

lx(®)llp < V(@) < V(x(t))e ™

< e OPDP MYyt e < e Mgt
) i, n(L—1)\~* —X
< Mgl pe W1 =Mll¢”p(€k(”‘ )) k

b —A
< Mgl () i < mgl

This together with (3.13) shows that the zero solution of (3.7) is globally power stable
in terms of Definition 2.2. The proof is completed. O

Remark 3.4 The main contribution of this paper lies in the following aspects: (1) A
new method is proposed based on establishing the novel impulsive delay differential
inequalities from impulsive perturbation and impulsive control point of view, respec-
tively, which is different from the past work on this topic. We also believe that the
new inequalities will play an important role in qualitative analysis of impulsive sys-
tems with proportional delays. (2) The global power stability of neural networks with
impulses and proportional delays by using the matrix measure approach is seldom
discussed, which implies that the results obtained in the present paper are completely
new and complement the previous studies to some extent. (3) Our sufficient condi-
tions ensuring the stability and stabilization of neural networks with impulses and
proportional delays are dependent on the proportional delay factors and impulses.
It can be seen that our results are less conservative than those in [10,26], and one
can design some feasible impulsive controllers according to the proportional delay
factor allowed by such neural networks. In particular, impulses can act as stabilizers
to globally power stabilize an unstable neural network with proportional delay. (4)
The sufficient conditions and the power convergence rates can be also easily checked
by simple computing, and they are effective to implement in real problems. (5) The
obtained results play an important role in establishing a QoS routing algorithm based
on neural networks with proportional delays and impulses.

4 Examples

In this section, three numerical examples along with their simulations are given to
illustrate the effectiveness and advantages of the results obtained.

Example 4.1 Consider the system with impulses and proportional delay

X(t) = Ax(t) + Bf (x(1) + LCg(x(q), t=1, t#u,
Ax(ty) =x(t) —x(ty) = —Dix(ty), te=k+1, ke€Zy, 4.1
x(t) =¢@), telg 1],
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where ¢ = 0.8, f(1) = (fi(1), L))" = g), fi(t) = sint, i = 1,2, ¢ =
(61, ¢2)T € C(10.8, 1], R?), and

(a1 0\ _ (030 (004 . (0050
A_(Oa2>_(0 o.3>’ B—<0.3 o>’ C—(o 0.1)’
0.6 0
Dk:(o 06), k€Z+.

Itisclearthatl/; =l = 1 and p = supkeh{tk — tr—1} = 1. A simple calculation
fields that up(A) = 0.3, ||Bll2 = 0.4, ||C|l2 = 0.1, and 8 = 0.4. Thus, we have

12 lnq lz lnq

ﬂ_

12 1
€l = 04278 < 1, ~h|Bl2 = ZICI = In(p = £ 1Cle)

=0.3239 > ua(A).

By Theorem 3.3, it can be verified that the zero solution of (4.1) is globally power
stable with the power convergence rate A = 0.024.

Remark 4.1 (1) The zero solution of system (4.1) without impulsive effects is unstable
(see Fig. 1). This shows that some appropriate conditions imposed on the jumps can
make unstable equations globally power stable, and furthermore globally stable. Thus,
impulses can be used to stabilize some unstable systems with proportional delays.
The numerical simulations are shown in Figs. 1 and 2 when the initial condition

800

7001

600 |

500

400

x1(t), x2(t)

300

200

100F

0 i
0 5 10 15 20
time t

Fig. 1 State trajectories of system (4.1) without impulses
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3.5 T T T

251

x,(0), %,(0)

1.5

0.5

Fig. 2 State trajectories of system (4.1)

o) = (1,2)T, r € [0.8, 1]. One can see that the results in [10] do not give any
information on the global asymptotic stability of (4.1), and so our results in this paper
complement those results in [10]. In addition, those results in [26] can also not be
applied to (4.1) since the coefficients are variable and a; = a2 = 0.3 > 0.

(2) If we consider a differential system, in which f, g, A, B, C, and Dy, as same as
(4.1) but the proportional delay factor g is variable. A calculation reveals the fact that
the system with the above parameters is globally power stable as ¢ € [0.2388, 1), and
that the proportional delay factor ¢ is larger and the convergence is higher. Thus, one
can stabilize the original system impulse free by choosing suitable impulsive control
laws according to the proportional delay factor g. For example, let us consider the
system

(1) = 1
{x (t) = Ax(®) + Bf (x(1)) + ;Cg(x(0.51)), =1, 42)

x(t)=¢(@), tel[0.5,1].

Applying Theorem 3.3, one can verify that system (4.2) can be stabilized via the
impulsive controller (#, H)ez. :

H =dE, de]0.7321,1.2679],
supgez, {tk — -1} =1,
where H is impulsive matrix. This shows the feasibility of our control schemes. In

addition, the system (4.2) cannot be stabilized if one chooses the impulsive controller
(s H)rez.,:
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3.5

251

|
05F / ]

L—
0 I I I \_/ﬁ—-”l S —
1 2 3 4 5 6 7 8 9 10
time t

Fig. 3 State trajectories of system (4.2) with the impulsive controller (1 + k, 0.75E)k€Z

H =1.8E,
supkez+{tk — 1} =1.

This partly shows the advantages of our results. The simulations are shown in Figs. 3
and 4 when the initial condition ¢ (r) = (1,2)T, ¢ € [0.5, 1].

(3) Here, we would like to point out that Theorem 3.3 can still be employed to
investigate the global power stability of neural networks with negative feedback though
the matrix A = 0.3E in Example 4.1 for some explanations. For instance, take A =
—0.3E and the others f, g, g, B, C, Dy are the same as (4.1); one can easily see that
the all conditions of Theorem 3.3 are satisfied since 8 — 121% ICll, = 0.4278 < 1,
and

> In
2q%wm)=onw>uxm

I
= 03> —}|B|2— ;||C||2 = —0.525.

) 1
~L1Bl2 = 2ICllz = —1In (B -
q o

Therefore, the zero solution of (4.1) with the above parameters is globally power stable
by Theorem 3.3. A simple calculation gives us the power convergence rate 1. = 0.6143.

Example 4.2 Consider the following neural networks with impulses and proportional
delay

x'(t) = Ax(t) + Bf (x(1)) + Cg(x(0.51)), t>1, t#x,

Ax(ty) = —Dyx(ty), k€ Zy, 4.3)
xt) =¢@®), 05=<tr<1,
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200 X

150 /H,

AR

100 / ‘H‘\H’
[

H\“\‘H

:
N

-150 | ‘\—
|

_200 L L L L
0 10 20 30 40 50

time t

Fig. 4 State trajectories of system (4.2) with the impulsive controller (1 + &, 1.8E)ez,

where f(1) = g) = (i), LT, fi) = (1t + 1 -1t —1]), i = 1,2,
¢ = (¢1,92)T € C([0.5, 1], R?), and

~15 0 0.5 0.5 03 0.3
A= ( 0 —1.5)’ B= (—0.5 0.5>’ €= <—0.2 0.2)’

045 0
D"‘( 0 —0.45>’ keZy

It can be verified that [} = [ = 1, B = supcz {I|E — Dill2} = 1.45, n2(A) =
—L1.5, ||Bll2 = 0.7071, and ||C||> = 0.18. For simplicity, set § = tk% =22, keZly,
and one can find that (3.1) and (3.2) hold for any positive number A € (0.4713, 0.5325].
In particular, choosing A = 0.5, we have

In (max(1, 8})  In1.45

A > =
Inéd In2.2

= 0.4713,

and
A+ u(A) +1L||Bll2 + lzllcllzq_)‘ =2 —0.7929 + 0.18(0.5) ™ = —0.0383 < 0.

It can be concluded that the zero solution of (4.3) is globally power stable by Theo-
rem 3.1.

Remark 4.2 (1) It is well known that impulses potentially destroy system’s stability.
Example 4.2 shows that one can still keep the stability of the original system under
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20
x1
x2
15[ T
10f 1
sl i
5

x1(t), x2(t)

10 15 20
time t

-10

Fig. 5 State trajectories of system (4.3) without impulses

appropriate impulsive perturbations if one can work out an appropriate scheme accord-
ing to the proportional delay factor allowed by such neural networks. The simulations
are shown in Figs. 5 and 6, here the initial condition ¢ (f) = (—10, 20)T, r € [0.5, 1].

(2) Theorem 5 in [26] cannot be applied to system (4.3) since one can see that for
any positive numbers ay, a; > 0,

2
1 ay ai 1 ap a
max | — E l‘(— ai1| + —1b; )— E l~<— aix| + —1bi )}
{dl £ i ai| 11| ai| zl| d2 ' i ai| 12| Clil 12|

i=1

=max{1l5(o.8+o.7 x Z—;) 1%(0.7—1—0.8 x Z—?)] > 1.

Therefore, our results complement the relative ones in [26].

Example 4.3 Consider the following neural networks with impulses and proportional
delay

xX'(t) = Ax(t) + Bf (x(t)) + Cg(x(0.5¢)), t>1, t#n,
Ax(t) = —Dyx(t, ), k € Zy, 4.4)
x(t)=¢@), 05=<t=<1I,

where f, g, B, C are defined as (4.3),and A = diag(—0.1, 0.3), Dy = diag(0.5, 0.5),
k e Z+.

It can be verified that uy(A) = 0.3 and 8 = supk€Z+{|lE — Dgll2} = 0.5. For
simplicity, we consider the equidistant impulsive interval At = tx — ty_1, k € Z,..
Let & = 0.5, it is easy to verify that if the following inequality holds
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20

x2

_
o
T
I

1

x1(t), x2(t)

N |
e

10 15 20 25
time t

o

Fig. 6 State trajectories of (4.3) as tkt%l =22, keZy

Inpg

1
12(A) + 11| Bll2 + 24 + =L|[Cllag ™ = 2.5162 < —
B e — tk—1

0.6931
= , kelZs, 4.5
AL € Ly 4.5)

then all the conditions of Theorem 3.2 hold, which means that the zero solution of
system (4.4) is globally power stable with power convergence rate A = 0.5. It is
clear that (4.5) holds if At < 0.2755. Thus, we can construct the impulsive controller
(I +0.2k,0.5E)ez, to ensure that system (4.4) is globally power stable. In Figs. 7
and 8 are shown the simulations when the initial condition ¢ (r) = (—0.2,0.3)T,r
[0.5, 1]. Fig. 7 indicates the dynamics of system (4.4) without impulses on the time
interval [1, 10], which shows that the system (4.4) without impulsive effects is unstable.
And Fig. 8 depicts the state trajectories of system (4.4) with the impulsive con-
troller (1 + 0.2k, 0.5E)cz, on the time interval [1,5]. This shows the validity of our
scheme.

Remark 4.3 Example 4.3 shows that impulses can be used to globally stabilize an
unstable system with proportional delays based on some suitable impulsive control
laws. In addition, from the viewpoint of impulsive effects, Example 4.2 is given in
terms of impulsive perturbation and Example 4.3 is presented in terms of impul-
sive control, which implies that Theorems 3.1 and 3.2 are complementary with each
other.
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18
16 ,
r 1
X
14 .
12} .

time t

Fig. 7 State trajectories of system (4.4) without impulses
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time t

Fig. 8 State trajectories of system (4.4) with the impulsive controller (1 + 0.2k, 0.5E)cz,
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5 Conclusions

In this paper, we have investigated the global power stability and stabilization of
neural networks with impulses and proportional delays. By establishing two new
impulsive delay differential inequalities, constructing some Lyapunov functionals,
and employing the matrix measure approach, some novel and sufficient conditions
are obtained to guarantee the global power stability of neural networks with impulses
and proportional delay from impulsive perturbation and impulsive control point of
view, respectively. The obtained conditions can be easily checked in practice. Our
results give some schemes of impulsive controller design based on the proportional
delay factor. Three numerical examples are included to illustrate the effectiveness and
advantages.

Acknowledgements The author would like to thank the editor and the reviewers for a number of valuable
comments and constructive suggestions that have improved the quality of this paper.

References

1. Agarkhed, J., Biradar, G.S., Mytri, V.D.: Energy efficient QoS routing in multi-sink wireless multimedia
sensor networks. Int. J. Comput. Sci. Netw. Sec. 12(5), 25-31 (2012)

2. Ahmada, S., Stamova, I.M.: Global exponential stability for impulsive cellular neural networks with
time-varying delays. Nonlinear Anal. Theory Methods Appl. 69(3), 786795 (2008)

3. Akca, H., Benbourenane, J., Covachev, V.: Global exponential stability of impulsive Cohen—Grossberg-
type BAM neural networks with time-varying and distributed delays. Int. J. Appl. Phys. Math. 4(3),
196-200 (2014)

4. Arik, S., Tavanoglu, V.: On the global asymptotic stability of delayed cellular neural networks. IEEE
Trans. Circuits Syst. 1(47), 571-574 (2000)

5. Bai, C.: New results concerning the exponential stability of delayed neural networks with impulses.
Comput. Math. Appl. 62, 2719-2726 (2011)

6. Balasubramaniam, P., Vaitheeswaran, V., Rakkiyappan, R.: Global robust asymptotic stability analysis
of uncertain switched Hopfield neural networks with time delay in the leakage term. Neural Comput.
Appl. 21(7), 1593-1616 (2012)

7. Balasubramaniam, P., Kalpana, M., Rakkiyappan, R.: Existence and global asymptotic stability of
fuzzy cellular networks with time delay in the leakage term and unbounded distributed delays. Circuits
Syst. Signal Process 30(6), 1595-1616 (2011)

8. Dovrolis, C., Stiliadisd, D., Ramanathan, P.: Proportional differential services: delay differentiation
and packet scheduling. ACM Sigcomm. Comput. Commun. Rev. 29(4), 109-120 (1999)

9. Fox, L., Mayers, D.F., Ockendon, J.R., Taylor, A.B.: On a functional differential equation. J. Inst.
Math. Appl. 8, 271-307 (1971)

10. Guan, K., Luo, Z.: Stability results for impulsive pantograph equations. Appl. Math. Lett. 26, 1169—
1174 (2013)

11. Halanay, A.: Differential Equations, Stability, Oscilations, Time Lages. Academic Press, New York
(1966)

12. Huang, C., Cao, J.: Almost sure exponential of stochastic cellular neural networks with unbounded
distributed delays. Neurocomputing 72(13-14), 3352-3356 (2009)

13. Kolmanovskii, V.B., Nosov, V.R.: Stability of Functional Differential Equations. Academic Press,
Orlando (1986)

14. Kulkarm, S., Sharma, R., Mishra, I.: New QoS routing algorithm for MPLS networks using delay and
bandwidth constraints. Int. J. Inf. Commun. Technol. Res. 2(3), 285-293 (2012)

15. Li, X., Fu, X., Balasubramaniam, P., Rakkiyappan, R.: Existence, uniqueness and stability analysis of
recurrent neural networks with time delay in the leakage term under impulsive perturbations. Nonlinear
Anal. Real World Appl. 11, 4092-4108 (2010)

@ Springer



2264 K. Guan

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.
35.

37.

38.

39.

40.

41.

42.

43.

Li, X., Rakkiyappan, R.: Impulsive controller design for exponential synchronization of chaotic neural
networks with mixed delays. Commun. Nonlinear Sci. Numer. Simul. 18, 1515-1523 (2013)

Li, X., Wu, J.: Stability of nonlinear differential systems with state-dependent delayed impulses.
Automatica 64, 63-69 (2016)

Li, X., Song, S.: Stabilization of delay systems: delay-dependent impulsive control. IEEE Trans. Autom.
Control 62(1), 406411 (2017)

Li, X., Cao, J.: Animpulsive delay inequality involving unbounded time-varying delay and applications.
IEEE Trans. Autom. Control 62(7), 3618-3625 (2017)

Liu, B., Lu, W., Chen, T.: Generalized halanay inequalities and their applications to neural networks
with unbounded time-varying delays. IEEE Trans. Neural Netw. 22(9), 1508-1513 (2011)

Liu, Y.R., Wang, Z.D., Liu, X.H.: On synchronization of coupled neural networks with discrete and
unbounded distributed delays. Int. J. Comput. Math. 85(8), 1299-1313 (2008)

Ockendon, J.R., Taylor, A.B.: The dynamics of a current collection system for an electric locomotive.
Proc. R. Soc. Lond. Ser. A 332, 447-468 (1971)

Rakkiyappan, R., Balasubramaiam, P., Cao, J.: Global exponential stability of neutral-type impulsive
neural networks. Nonlinear Anal. Real World Appl. 11, 122-130 (2010)

Shen, J., Lam, J.: On the decay rate of discrete-time linear delay systems with cone invariance. IEEE
Trans. Autom. Control 62(7), 3442-3447 (2017)

Singh, V.: On global exponential stability of delayed cellular neural networks. Chaos Solitions Fractals
33(1), 188-193 (2007)

Song, X., Zhao, P., Xing, Z., Peng, J.: Global asymptotic stability of CNNs with impulses and multi-
proportional delays. Math. Methods Appl. Sci. 39, 722-733 (2016)

Stamova, .M., Ilarionov, R.: On global exponential stability of impulsive cellular neural networks with
time-varying delays. Comput. Math. Appl. 59(11), 3508-3515 (2010)

Stamova, I.M., Stamov, G.T.: Impulsive control on global asymptotic stability for a class of impulsive
bidirectional associative memory neural networks with distributed delays. Math. Comput. Model. 53,
824-831 (2011)

Stamova, .M., Ilarionov, R., Vaneva, R.: Impulsive control for a class of neural networks with bounded
and unbounded delays. Appl. Math. Comput. 216, 285-290 (2010)

Velmurugan, G., Rakkiyappan, R., Cao, J.: Further analysis of global image-stability of complex-valued
neural networks with unbounded time-varying delays. Neural Netw. 67, 14-27 (2015)

Vidyasagar, M.: Nonlinear System Analysis. Prentice Hall, Engewood Cliffs (1993)

Wang, G., Guo, L., Wang, H., Duan, H., Liu, L., Li, J.: Incorporating mutation scheme into Krill Herd
algorithm for global numerical optimization. Neural Comput. Appl. 24, 853-871 (2014)

Xu, C., Li, P, Pang, Y.: Global exponential stability for interval general bidirectional associative
memory (BAM) neural networks with proportional delays. Math. Methods Appl. Sci. 39(18), 5720—
5731 (2016)

Yang, T.: Impulsive System and Control: Theory and Application. Nova Science, New York (2001)
Zhang, A.: New results on exponential convergence for cellular neural networks with continuously
distributed leakage delays. Neural Process. Lett. 41, 421-433 (2015)

. Zheng, C., Wang, Y., Wang, Z.: Global stability of fuzzy cellular neural networks with mixed delays and

leakage delay under impulsive perturbations. Circuits Syst. Signal Process 33(4), 1067-1094 (2014)
Zhou, L.: Delay-dependent exponential stability of cellular neural networks with multi-proportional
delays. Neural Process. Lett. 38(3), 347-359 (2013)

Zhou, L., Chen, X., Yang, Y.: Asymptotic stability of cellular neural networks with multi-proportional
delays. Appl. Math. Comput. 229, 457-466 (2014)

Zhou, L.: Global asymptotic stability of cellular neural networks with proportional delays. Nonlinear
Dyn. 77(1), 41-47 (2014)

Zhou, L., Zhang, Y.: Global exponential stability of cellular neural networks with multi-proportional
delays. Int. J. Biomath. 8(6), 1-17 (2015)

Zhou, L.: Delay-dependent exponential synchronization of recurrent neural networks with multi-
proportional delays. Neural Process. Lett. 42, 619-632 (2015)

Zhou, L.: Novel global exponential stability criteria for hybrid BAM neural networks with proportional
delays. Neurocomputing 161, 99-106 (2015)

Zhou, Q.: Global exponential stability of BAM neural networks with distributed delays and impulses.
Nonlinear Anal. Real World Appl. 10, 144-153 (2009)

@ Springer



	Global Power Stability of Neural Networks  with Impulses and Proportional Delays
	Abstract
	1 Introduction
	2 Preliminaries and Model Description
	3 Main Results
	4 Examples
	5 Conclusions
	Acknowledgements
	References




