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This paper concerns the problem of delay-dependent stability criteria for recurrent neural
networks with time varying delays. By taking more information of states and activation functions
as augmented vectors, a new class of the Lyapunov functional is proposed. Then, some less
conservative stability criteria are obtained in terms of linear matrix inequalities (LMlIs). Finally,
two numerical examples are given to illustrate the effectiveness of the proposed method.

1. Introduction

In the past few decades, the stability analysis for recurrent neural networks has been
extensively investigated because of their successful applications in various scientific fields,
such as pattern recognition, image processing, associative memories, and fixed-point
computations. It is well known that time delay is frequently encountered in neural networks,
and it is often a major cause of instability and oscillation. Thus, much more attention has been
paid to recurrent delayed neural networks. Many interesting stability conditions, including
delay-independent results [1, 2] and delay-dependent results [3—41], have been obtained
for neural networks with time delays. Generally speaking, the delay-dependent stability
criteria are less conservative than delay-independent ones when the size of time delay is
small. For the delay-dependent case, some criteria have been derived by using Lyapunov-
Krasovskii functional (LKF). It is well known that the construction of an appropriate LKF is
crucial for obtaining less conservative stability conditions. Thus, some new methods have
been developed for reducing conservatism, such as free-weighting matrix method [4-8],
augmented LKF [9], discretized LKF [10], delay-partitioning method [12-18], and delay-
slope-dependent method [19]. Some less conservative stability criteria were proposed in
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[6] by considering some useful terms which have been usually neglected in the previous
literature and using the free-weighting matrices method. Recently, a novel method was
proposed for Hopfield neural networks in [12], which divides the constant time delay interval
[0, k] into subintervals with the same size. This method utilizes more information about the
delay interval [0, h] to reduce the conservativeness. Very recently, by proposing the idea
of dividing the delay interval with the weighted parameters, the weighting-delay-based
stability criteria for neural networks with time-varying delay were investigated in [15].
The delay-partitioning method proved to be less conservative than most of the previous
results, and the conservatism can be notably reduced by thinning the delay partitioning.
However, the above methods suffer two common shortcomings. First, many matrix variables
are introduced in the obtained results, which brings a large computational burden. Second,
the information of neuron activation function is not adequately considered, which may lead
to much conservatism.

In this paper, the problem of delay-dependent stability analysis for neural networks
with time-varying delays is investigated. Different from the previous methods of [4-8, 12—
18], no delay-partitioning methods or free-weighting matrix methods are utilized. Instead,
by taking more information of states and activation functions as augmented vectors, an
augmented Lyapunov-Krasovskii functional is proposed. Then, inspired by the results of
[19, 42], a less conservative condition is derived to guarantee the asymptotical stablity of
the considered systems. Finally, two numerical examples are given to indicate significant
improvements over some existing results.

2. Problem Formulation

Consider the following neural networks with time-varying delay:

#(t) = ~Cx(t) + Ag(x(1) + Bg(x(t - (1)) + p, (2.1)

where x(f) = [xl(t),xz(t),...,xn(t)]T € R" is the neuron state vector, g(x()) =
[gl(x1(')),g2(xz(-)),...,gn(xn(-))]T € R" denotes the neuron activation function, and y =
(M1, 42, -, yn)T € R" is a constant input vector. A,B € R™" are the connection weight
matrix and the delayed connection weight matrix, respectively. C = diag(Cy,Cy, ..., C,) with
Ci>0,i=1,2,...,n 7(t) is a time-varying continuous function that satisfies 0 < 7(t) < h,
7(t) < u, where h and u are constants. In addition, it is assumed that each neuron activation
function in (2.1), gi(-), i =1,2,...,n,is bounded and satisfies the following condition:

(x) — o
k;g%‘i(y)gklf, Vi, y€R, x#y, i=1,2,...,m, (2.2)
where k;, k/, i=1,2,...,n are constants.

Assuming that x* = [x], x5, ..., x:]" is the equilibrium point of (2.1) whose uniqueness
has been given in [29] and using the transformation z(-) = x(-) — x*, system (2.1) can be
converted to the following system:

z(t) = =Cz(t) + Af(z(t)) + Bf (z(t - 7(1))), (2.3)
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where z(t) = [z1(t), z2(t),...,za()]", f(z()) = [fi(z (), f2(z2()), -, fu(za()]" and
fi(zi(})) = gi(zi() + x7) — gi(x}), i = 1,2,...,n. According to the inequality (2.2), one can
obtain that

)
A0

<k fi(0)=0, i=1,2,...,n (2.4)

Thus, under this assumption, the following inequality holds for any diagonal matrix Q4 > 0,
z' (HKQuKz(t) - f1(2(1)Quf (2(t)) >0, (2.5)

where K = diag(ky, ko, ..., ki), ki = max(|k; |, [k/]).

Lemma 2.1 (see[43]). For any constant matrix Z € R™", Z = ZT >0, scalars hy > hy > 0, such
that the following integrations are well defined, then

t—hy
—(h2 - h1) xT(s)Zx(s)ds < _J
t=hy t—hy

t—hy t—hy

xT(s)ds Z f x(s)ds. (2.6)

t—hy

3. Main Results

In this section, a new Lyapunov functional is constructed and a less conservative delay-
dependent stability criterion is obtained.

Theorem 3.1. For given scalars h > 0, u, diagonal matrices Ky = diag(ky, k;,..., k;), K2 =
diag(ky, k;,...,ky), the system (2.3) is globally asymptotically stable if there exist symmetric
positive matrices P = [Pj ]y, Q = [Qiloxe, X = [Xilowo, ¥ = [Yilow, Qi (i = 1,2,3),
positive diagonal matrices T1, T, T3,Qs, A = diag(61,02,...,6,), A = diag(Ai, A2, ..., \,), and
any matrices S;(i = 1,2, ...,5) with appropriate dimensions, such that the following LMIs hold:

Y Yo S1 S

* Yy S3 S,
VAV @3.1)
* % *x Yo
Q1 55]
>0, 3.2
[* Q1 (32)
E 4TR
[ _R]<0, (3.3)



where

[E11 Eiz Eiz Eis Ess
* Exp Ex 0 Eps
* * E33 0 0
x x % FEyu Eys
* * * * Es5

E=1] % * * * *
* ok k% %
* ok k% %
* ok k% %
* ok k% %
[+ o+ o+ x %

—-Pj3

0
Es6
0
0
Egs

¥ ¥ ¥ ¥ ¥

Ei;  Eis  Ew  Eiyo Ein |
0 0 0 0 0
=Py -Pp -P3 -P3 -Py
Eyy Ess Ex  Esgro Esn
BTPy, BTP;, BTP;3 BTPjs BTPy
-Pj, -P,, -Py3 -Pyg —Pyu |,
E7zz  Ep  Ez9 Ezi0 —Pu
* Egs  Egg Egio —Pu
* * —Yzz —54 0
* * * Y2 0
* * * * -Q3 )

4=[-C00ABO0O0OOO O,

h4
R= thl + ZQZ’
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E11 =-P1C—-CPj1 + Ppp + Plg + h<P14 + Pﬂ) +Qn +2K;AC

h4
- 2K,AC + Xy1 + Y11 - Q1 — B*Qa + KQuK - 2K, T1 K + ZQ3,

Epn=Q1-5s,
Ei3=-P;p + S5,

E14 = pllA + P13 + Q12 -CA- KlAA + KzAA +CA + X1 + h2Y12 + Tl(Kl + Kz),

Eis = PiuB - KlAB + KzAB,

E17:—CP12+P22+hP2];1_P14+hQ2/

Eqg = —CP12 + Py + hP2T4 — Py + th,

E19 = —CP13 + P23 + hpg;,

El,lO = —CP13 + P23 + hp?i,

Eig1 = —CPiy + Poy + hPyy,

Exn=—-1-u)X11 —201 + S5 + Sg - (1-u)KQ4K - 2K,T5Kj,

Exz = Q1 -Ss,

Ex = ~(1-u)Xpp + To(Kq + Ky),

Es3 = -Qu - Q1 - 2K,T3K;,

Ezs = —Q12 + T3(K; + K3),

Ey = Q22 +AA+ ATA— AA —ATA + X5 + hZYZZ — Q4 - 2T,

Euss = AB - AB,

Eyr = ATP12 + PZI;),
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Ei=ATPp + Py,
Eg = A"Py3 + Py,
Ey10 = ATPi3 + Ps3,
Eyn = ATPyy + Py,
Ess = =(1 - u)Xoo + (1 - u)Qus — 213,
Ee6 = Q2 —2T5,
E7; = =Py - P2T4 - Y1 -Qo,
E7g = =Py - -Q,
Ezo = —P3, — Y1,
Ezi0=-PL, - S,,
Egs = —Pu— Pl —Yi1 - Qy,
Ego =P, - S,

T
Eg10 = —P5, — Y1a.

(3.4)
Proof. Construct a new Lyapunov functional as follow:
8
V(z) = D Vilzr), (3.5)
i=1

where

T
z(t) Py P P13 Py , z(t)
ft n 2(s)ds *  Prn Py Py ft—h z(s)ds
ft_hf(z(s))ds * x Dy Py Jt hf(z(s))ds ’
f?hftth(s)dsd@ * x  x Py j J’HG z(s)ds df

2(s) 1'[Qu Qu][ =(s)
Va(z) = ft N [f(z(s)) [* sz] (Z(S))

Yatz = I ) f(z(s))] % bé(z))

zi(t)

zi(t)
V4(Zt) = ZZ{J‘ )Li(fi(S) — kl_S)dS + fo

Vi(z) =

6i(ki's —fi(s))ds},
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_ o z(s) "1va Y z(s
v =il [ L] [ v [aay|asae
0t
Vi = [ [ 6)Qxe)ds e
) h_2 0 (0t .
Vi(z) = > J‘_h L J'MLZ (8)Q22(s)dsdA db,

h2 0 0 pt
Vs(z;) = > f_h L J‘mL 2T (s)Q3z(s)ds dA d6,

t

Vo(z) = f

t—7(t)

|27 (5)KQuKz(s) = 7 (2(5))Quf (2(5))] ds.

(3.6)
O

Remark 3.2. Since the terms 2 3", 6; _[gi(t) (kis— fi(s))ds in Vy(z;) and ftt_T(t) [T (s)KQsKz(s) -
fT(z(s))Quaf(z(s))]ds are taken into account, it is clear that the Lyapunov functional
candidate in this paper is more general than that in [5, 6, 8, 9]. So the stability criteria in
this paper may be more applicable.

The time derivative of V(z;) along the trajectory of system (2.4) is given by:

where

8
V(ze) = D Vi(ze), (3.7)
i=1
j Z(t))d ! Py P, Pis Py Z(t) .,
. _ s)as * P22 P23 P24 Z(t)—Z(t— )
Via) =2 Oft;ﬁz(s))ds [ . Py P34] F(z0) - flat- )| G8)
[0 [ oz(s)dsde] Lx * * Pul| hz(t)- [, z(s)ds
L[z 17 [Qu Q][ =) z(t—h) 17[Qn Qu][ z(t-h)
VZ(Z”‘[f(z(t)) [ sz] [f(Z(t))] [f(Z(t ) |+ sz] [f =t-nyl Y
. z(t) X1 X z(t)
S V) [*H o | P

(3.10)
~(1- )[ z(t-7(t)) [Xn Xlz][ z(t - 7(t))
f(z(t-7(t)) Xoo| Lf(z(t-T(H)]’

Vi(zr) = 2[f (=(0) ~ Kiz()] "Az(t) + 2[Kaz(t) - f(2(t)] Az(1),
= 2[f(2() - Kaz()] " A[-Cz(t) + Af (2(t)) + Bf (z(t - 7(1)))] (3.11)
+2[Koz(t) ~ f(z(H)] T A[-Cz(t) + Af(2(1)) + Bf (z(t - 7(1))].
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By the use of Lemma 2.1 and Theorem 3.1 in [42], one can obtain

Va(z) = b [f(zz(%):T[Y:l vl ‘hf | [fféfs)»r[? vell ey
5T .
o [ AR | P hfw [f(zz((ss))] e [y

iy z(s) T-Yll Yol [ z(s)
"’L_h Fzs))] | # Yzz] f(z(s))]d

h [ Z(t) [Yn Y12- (t) ] h Z(S)
fe®)] [x Yol lfE®)] 1) )i Lf(20))

a0 2| [/é(fi»]

h ETO T 2(s) [Yn Y12] J'H(t) z(s) ]

Thor® ) )] Bl val ), L)
(3.12)
j:_T(t) z(s)ds
2[ z(t) ] [Yn Y12]' z(t) | ftrt)f z(s))ds
f(z(t)) Yoo |f(2(t)) 0 2(s)ds
ff (f)
T d
Jion  f(z(s))ds (3.13)

* Yy S3 S, L w0 f(2(s))ds
* % Yu Yol | (70 25)ds

x ko x Yy _f_,j” (2(s))ds

-t
[Y11 Yio S 52] It—‘r(t)z(s)ds

Yin Yiz S1 S
where [ A ] > 0 should be satisfied. Similar to (3.12), one can obtain

* % Y1 Yo
* k% Yy

) d d
v6<zt><h2z'T<t>Q1z'<t>—[Ii ) (Si dz] 25 ][fi ) Z((S; dz] (3.14)

where [Ql 5> | > 0 should be satisfied.
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Consider the following:

t

4 2 0
Vo) = 20020 - 5 [ [ (6)Quzo)sd
h

t+6

W o AL
< ZZT () Qa2 (t) - <Ih J‘He z(s)ds d9> Q2 <J‘h J‘HG z(s)ds d9>, (3.15)

mt t T t
= ZZ'T(t)QZZ(t) - <hz(t) —J z(s)ds> Qs <hz(t) —I z(s)ds>,
t-h t=h

t

4 2 A0
Va(z0) = 2T (0Qs2(8) - %f | Feesasas

t+6

4 0 T 0 st
< hZzT(t)ng(t) - <J‘_h L+9 z(s)ds d9> Qs <f_h J‘t+6 z(s)ds d9>

Vo(zi) < 2 (DKQaKz(t) — f1(2(1)Qaf (2(1) — (1 - u)2" (t - T(£)) KQuKz(t ~ 7(t))

(3.17)
+ (=) fT(z(t = 7(t))Quf (z(t = T(1))).

(3.16)

Furthermore, there exist positive diagonal matrices Tj,T,,T5, such that the following
inequalities hold based on (2.4):

= 2fT(z(t)Tif(z(t) + 22" (HT1(Kq + Ka) f(z(t)) — 22" (1) Ko T1 Ky 2(t) > 0, (3.18)

=2fT(2(t =TT f (2(t = 7(1)) + 22" (t = () T2 (Ky + Ka) f (2(t = 7(1))) 5.19)
- 22T (t — T(t)) Ko To Ky z(t = 7(t)) > 0,

—2fT(z(t - )T f (z(t — b)) + 22" (t - K)T3(Ky + Ka) f (z(t - h)), 520)

- 22T (t - h)K,T3K z(t — h) > 0.

From (3.8)—(3.20), one can obtain that

Vi(z) <t <E + JTRJ)Q(t), (3.21)
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where

;T(t>=[zf(t) Zt-rt) Zt-n fTEH) f(Ze-r)) f(ZeE-n)

t t-7(b) t t-7(b)
f zT(s)ds I 2T (s)ds I fT(z(s))ds I fT(z(s))ds (3.22)
t-h

t-1(f) t—h t=7(t)

Jil Jig zl(s)ds d@] .

If E + ATRA < 0, then there exists a scalar € > 0, such that

Vi(zy) < —eT(H)e(t) < —ezT (H)z(t) <0, Vz(t) #0. (3.23)

Thus, according to [44], system (2.1) is globally asymptotically stable. By Schur complement,
E + #TRe# < 0 is equivalent to (3.3), this completes the proof.

Remark 3.3. By taking the states | ttfr(t) fT(z(s))ds, f:f; © fT(z(s))ds, as augmented variables,
the stability condition in Theorem 3.1 utilizes more information about f(z(f)) on state
variables, which may lead to less conservative results.

Remark 3.4. Recently, the reciprocally convex optimization technique [42] is used to reduce
the conservatism of stability criteria for systems with time-varying delays. Motivated
by this work, the proposed method of [42] was utilized in (3.12) and (3.14), which
have potential to yield less conservative conditions. However, an augmented vector with
[ 27 (8)ds, [0 2T (s)ds, [ fT(2(s)ds, [ fT(2(s))ds, [°, [}, 2" (s)ds dO was used,
which is different from the method of [42].

In many cases, u is unknown. Considering this situation, a rate-independent corollary
for the delay 7(t) satisfying 0 < 7(t) < h is derived by setting X = 0, Q4 = 0 in the proof of
Theorem 3.1.

Corollary 3.5. For given scalar h > 0, diagonal matrices K = diag(ky, k;,..., k;), Kz =
diag(ki, k;,...,k;;), the system (2.3) is globally asymptotically stable if there exist symmetric
positive matrices P = [ Py |44, Q = [ Qi louo, Y = [Yii |oy0, Qi(i = 1,2,3), positive diagonal matrices
T, Ty, T35, A = diag(61,02,...,6,), A = diag(\i, Ao, ..., \,), and any matrices S;(i = 1,2,...,5)
with appropriate dimensions, such that (3.1), (3.2) and the following LMI hold:

E 4TR
[* R ] <0, (3.24)
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Table 1: Allowable upper bound of h for different u.

Method u=05 u=09
3, 4] 21502 13164
5] 22245 1.5847
(6] 25376 2.0853
[11] 2.2261 1.6035
[15] 25915 2.1306
[16] (m = 2) 2.6438 21349
[17] (m = 2) 2.4530 1.8593
Theorem 3.1 2.7098 2.2055
where
/En Ep Ei3 By Eis -Pi3 Ey Eis Ew  Eipo El,ll\
* Ex» Exy 0 Eps 0 0 0 0 0 0
* % Es 0 0 Es -Pn —Po -P3 -P3 —Pu
* % x Ey Ei 0 Ey Ei  Ep Ejio Ein
_ * * * * —2T2 0 BTP12 BTP12 BTP13 BTP13 BTP14
E=1 x =« % % % Eg -P, -PL -Py3 -P3 -Pu
* ok ok k% * Ezz  Ex Ez9 Ezio —Pu
L T A * * Ess  Eso Esio —Pu
* * * * * * * * Y, =S, 0
* * * * * * * * * Y2 0
\ * * * * * * * * * * -Q3 /

Ell =-P1C-CPy1 + Pp + Psz + h<P14 + Pﬂ) + Q11 +2K1AC

4
~2KRAC + WY1y~ Q ~ Qs + KQK ~ 2KaTi Ky + Qs

~

(3.25)

E14 = P11A + P13 + Q12 - CA - K1AA + KQAA +CA + h2Y12 + T1 (K1 + Kz),

Exp =-2Q + S5 + SL - 2K, 2K,
Exs = Th(K; + Ky),

Eu=Qn+AA+ATA-AA - ATA + W2Yyy — Q4 - 2T1.

The other Ej; is defined in Theorem 3.1.

4. Numerical Examples

In this section, two numerical examples are given to demonstrate the effectiveness of the

proposed method.
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0.4
0.3
0.2
0.1

0
-0.1
-0.2
—03}
—04 }
—05 |
-0.6

z(t)

0 10 20 30 40 50 60 70 8 90 100
Time

— z1(t) — z3(t)
— za() — z4(t)

Figure 1: The dynamical behavior of z(t).

Example 4.1. Consider the system (2.3) with the following parameters:

[1.2769 0 0 0 —-0.0373 0.4852 -0.3351 0.2336
C= 0 06231 O 0 A= -1.6033 0.5988 -0.3224 1.2352
a 0 0 09230 O ! ~ ] 03394 -0.0860 -0.3824 -0.5785|’

0 0 0  0.4480 —-0.1311 0.3253 -0.9534 -0.5015

" 0.8674 —1.2405 —0.5325 0.0220
0.0474 —-0.9164 0.0360 0.9816 .
B=118195 26117 -03788 o0sazs |- K1 =diag{0,0,0,0},

[-2.0413 0.5179 1.1734 -0.2775

K, = diag{0.1137,0.1279,0.7994, 0.2368},
f1(s) =0.05685(]s + 1| — |s - 1]), f2(s) =0.06395(|s + 1| — |s - 1]),
f3(s) =0.3997(|s + 1| — |s - 1]),

fa(s) =0.1184(|s + 1| — [s — 1]).
(4.1)

The upper bounds of h for different u are derived by Theorem 3.1 in our paper and the results
in [13-16] are listed in Table 1. According to Table 1, this example shows that the stability
condition in this paper gives much less conservative results than those in the literature. For
h = 2.7098, the global asymptotic stability with the initial state(-0.2,0.3,-0.4,0.2)" is shown
in Figure 1.
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Table 2: Allowable upper bound of h for different u.

Method u=0.38 u=09 Unknown u
[3, 4] 1.2281 0.8636 0.8298
[5] 1.6831 1.1493 1.0880
[6] 2.3534 1.6050 1.5103
[11] 1.5948 1.1323 1.0743
[15] 2.5406 1.7273 —

[16] (m =2) 2.2495 1.5966 1.4902
[17] (m = 2) 2.1150 1.4286 1.3126
Our results 2.3731 1.6219 1.5103

Example 4.2. Consider the system (2.3) with the following parameters:

. 1 1 0.88 1
C =diag(2,2), A= [_1 _1], B= [ 1 1], (4.2)
K diag{0,0}, K, = diag{0.4,0.8}. (4.3)

Our purpose is to estimate the allowable upper bounds delay h under different u such
that the system (2.3) is globally asymptotically stable. According to the Table 2, this example
is given to indicate significant improvements over some existing results.

5. Conclusions

In this paper, a new Lyapunov functional was proposed to investigate the stability of neural
networks with time-varying delays. Some improved generalized delay-dependent stability
criteria have been established. The obtained criteria are less conservative because a convex
optimization approach is considered. Finally, two numerical examples have shown that these
new stability criteria are less conservative than some existing ones in the literature.

Acknowledgments

The authors would like to thank the editors and the reviewers for their valuable suggestions
and comments which have led to a much improved paper. This work was supported by the
Fundamental Research Funds for the Central Universities under Grant ZYGX2011YB029.

References

[1] S. Arik, “Global asymptotic stability of a larger class of neural networks with constant time delay,”
Physics Letters A, vol. 311, no. 6, pp. 504-511, 2003.

[2] J. D. Cao, “Global asymptotic stability of neural networks with transmission delays,” International
Journal of Systems Science, vol. 31, no. 10, pp. 13131316, 2000.

[3] C. Hua, C. Long, and X. Guan, “New results on stability analysis of neural networks with time-
varying delays,” Physics Letters A, vol. 352, no. 4-5, pp. 335-340, 2006.

[4] Y. He, M. Wu, and ]. H. She, “Delay-dependent exponential stability of delayed neural networks with
time-varying delay,” IEEE Transactions on Circuits and Systems 11, vol. 53, no. 7, pp. 553-557, 2006.



Mathematical Problems in Engineering 13

[5] Y. He, G. Liu, and D. Rees, “New delay-dependent stability criteria for neural networks with yime-
varying delay,” IEEE Transactions on Neural Networks, vol. 18, no. 1, pp. 310-314, 2007.

[6] Y.He, G.P.Liu, D. Rees, and M. Wu, “Stability analysis for neural networks with time-varying interval
delay,” IEEE Transactions on Neural Networks, vol. 18, no. 6, pp. 1850-1854, 2007.

[7] C.Song, H. Gao, and W. Xing Zheng, “A new approach to stability analysis of discrete-time recurrent
neural networks with time-varying delay,” Neurocomputing, vol. 72, no. 10-12, pp. 2563-2568, 2009.

[8] J. Tian and S. Zhong, “New delay-dependent exponential stability criteria for neural networks with
discrete and distributed time-varying delays,” Neurocomputing, vol. 77, no. 1, pp. 114-119, 2011.

[9] T. Li and X. L. Ye, “Improved stability criteria of neural networks with time-varying delays: an
augmented LKF approach,” Neurocomputing, vol. 73, no. 4-6, pp. 1038-1047, 2010.

[10] W. H. Chen, X. Lu, Z. H. Guan, and W. X. Zheng, “Delay-dependent exponential stability of neural
networks with variable delay: an LMI approach,” IEEE Transactions on Circuits and Systems II, vol. 53,
no. 9, pp. 837-842, 2006.

[11] T. Li, L. Guo, C. Sun, and C. Lin, “Further results on delay-dependent stability criteria of neural
networks with time-varying delays,” IEEE Transactions on Neural Networks, vol. 19, no. 4, pp. 726-730,
2008.

[12] S. Mou, H. Gao, J. Lam, and W. Qiang, “A new criterion of delay-dependent asymptotic stability for
Hopfield neural networks with time delay,” IEEE Transactions on Neural Networks, vol. 19, no. 3, pp.
532-535, 2008.

[13] L. Hu, H. Gao, and P. Shi, “New stability criteria for Cohen-Grossberg neural networks with time
delays,” IET Control Theory & Applications, vol. 3, no. 9, pp. 1275-1282, 2009.

[14] R. Yang, H. Gao, and P. Shi, “Novel robust stability criteria for stochastic Hopfield neural networks
with time delays,” IEEE Transactions on Systems, Man, and Cybernetics B, vol. 39, no. 2, pp. 467474,
2009.

[15] H. Zhang, Z. Liu, G. B. Huang, and Z. Wang, “Novel weighting-delay-based stability criteria for
recurrent neural networks with time-varying delay,” IEEE Transactions on Neural Networks, vol. 21, no.
1, pp. 91-106, 2010.

[16] S. P. Xiao and X. M. Zhang, “New globally asymptotic stability criteria for delayed cellular neural
networks,” IEEE Transactions on Circuits and Systems II, vol. 56, no. 8, pp. 659-663, 2009.

[17] X. M. Zhang and Q. L. Han, “New Lyapunov-Krasovskii functionals for global asymptotic stability
of delayed neural networks,” IEEE Transactions on Neural Networks, vol. 20, no. 3, pp. 533-539, 2009.

[18] H. B. Zeng, Y. He, M. Wu, and C. F. Zhang, “Complete delay-decomposing approach to asymptotic
stability for neural networks with time-varying delays,” IEEE Transactions on Neural Networks, vol. 22,
no. 5, pp. 806-812, 2011.

[19] T. Li, W. Zheng, and C. Lin, “Delay-slope-dependent stability results of recurrent neural networks,”
IEEE Transactions on Neural Networks, vol. 22, no. 12, pp. 2138-2143, 2011.

[20] D. Yue, Y. Zhang, E. Tian, and C. Peng, “Delay-distribution-dependent exponential stability criteria
for discrete-time recurrent neural networks with stochastic delay,” IEEE Transactions on Neural
Networks, vol. 19, no. 7, pp. 1299-1306, 2008.

[21] J. H. Park and O. M. Kwon, “Further results on state estimation for neural networks of neutral-type
with time-varying delay,” Applied Mathematics and Computation, vol. 208, no. 1, pp. 69-75, 2009.

[22] X. Zhu and Y. Wang, “Delay-dependent exponential stability for neural networks with discrete and
distributed time-varying delays,” Physics Letters A, vol. 373, no. 44, pp. 40664072, 2009.

[23] Z. Wang, Y. Liu, M. Li, and X. Liu, “Stability analysis for stochastic Cohen-Grossberg neural networks
with mixed time delays,” IEEE Transactions on Neural Networks, vol. 17, no. 3, pp. 814-820, 2006.

[24] J. Sun, G. P. Liu, J. Chen, and D. Rees, “Improved stability criteria for neural networks with time-
varying delay,” Physics Letters A, vol. 373, no. 3, pp. 342-348, 2009.

[25] J. Tian and X. Xie, “New asymptotic stability criteria for neural networks with time-varying delay,”
Physics Letters A, vol. 374, no. 7, pp. 938-943, 2010.

[26] Q. Song and Z. Wang, “A delay-dependent LMI approach to dynamics analysis of discrete-time
recurrent neural networks with time-varying delays,” Physics Letters A, vol. 368, no. 1-2, pp. 134-145,
2007.

[27] X. Liao, G. Chen, and E. N. Sanchez, “Delay-dependent exponential stability analysis of delayed
neural networks: an LMI approach,” Neural Networks, vol. 15, no. 7, pp. 855-866, 2002.

[28] Y. Liu, Z. Wang, and X. Liu, “Global exponential stability of generalized recurrent neural networks
with discrete and distributed delays,” Neural Networks, vol. 19, no. 5, pp. 667675, 2006.



14 Mathematical Problems in Engineering

[29] C. D. Zheng, L. B. Lu, and Z. S. Wang, “New LMT-based delay-dependent criterion for global
asymptotic stability of cellular neural networks,” Neurocomputing, vol. 72, no. 13-15, pp. 3331-3336,
2009.

[30] S. Xu and J. Lam, “A new approach to exponential stability analysis of neural networks with time-
varying delays,” Neural Networks, vol. 19, no. 1, pp. 76-83, 2006.

[31] H. Zhao and J. Cao, “New conditions for global exponential stability of cellular neural networks with
delays,” Neural Networks, vol. 18, no. 10, pp. 1332-1340, 2005.

[32] O.M. Kwon, J. H. Park, S. M. Lee, and E. J. Cha, “A new augmented Lyapunov-Krasovskii functional
approach to exponential passivity for neural networks with time-varying delays,” Applied Mathematics
and Computation, vol. 217, no. 24, pp. 10231-10238, 2011.

[33] G. B. Zhang, T. Li, and S. M. Fei, “Further stability criterion on delayed recurrent neural networks
based on reciprocal convex technique,” Mathematical Problems in Engineering, vol. 2012, Article ID
829037, 14 pages, 2012.

[34] Y. Y. Ge, T. Li, and S. M. Fei, “Master-slave synchronization of stochastic neural networks with mixed
time-varying delays,” Mathematical Problems in Engineering, vol. 2012, Article ID 730941, 18 pages,
2012.

[35] H. Wu, N. Li, K. Wang, G. Xu, and Q. Guo, “Global robust stability of switched interval neural
networks with discrete and distributed time-varying delays of neural type,” Mathematical Problems
in Engineering, vol. 2012, Article ID 361871, 18 pages, 2012.

[36] H. Zhang, T. Li, and S. Fei, “Synchronization for an array of coupled Cohen-Grossberg neural
networks with time-varying delay,” Mathematical Problems in Engineering, vol. 2011, Article ID 831695,
22 pages, 2011.

[37] H. Li, H. Gao, and P. Shi, “New passivity analysis for neural networks with discrete and distributed
delays,” IEEE Transactions on Neural Networks, vol. 21, no. 11, pp. 1842-1847, 2010.

[38] H.Li, B. Chen, Q. Zhou, and W. Qian, “Robust stability for uncertain delayed fuzzy Hopfield neural
networks with Markovian jumping parameters,” IEEE Transactions on Systems, Man, and Cybernetics
B, vol. 39, no. 1, pp. 94-102, 2009.

[39] S. Mou, H. Gao, W. Qiang, and K. Chen, “New delay-dependent exponential stability for neural
networks with time delay,” IEEE Transactions on Systems, Man, and Cybernetics B, vol. 38, no. 2, pp.
571-576, 2008.

[40] S.Mou, H. Gao, W. Qiang, and Z. Fei, “State estimation for discrete-time neural networks with time-
varying delays,” Neurocomputing, vol. 72, no. 1-3, pp. 643-647, 2008.

[41] S. Mou, H. Gao, Y. Zhao, and W. Qiang, “Further improvement on synchronization stability of
complex networks with coupling delays,” International Journal of Computer Mathematics, vol. 85, no.
8, pp. 1255-1263, 2008.

[42] P. G. Park, J. W. Ko, and C. Jeong, “Reciprocally convex approach to stability of systems with time-
varying delays,” Automatica, vol. 47, no. 1, pp. 235-238, 2011.

[43] S.Boyd, V. Balakrishnan, E. Feron, and L. El Ghaoui, Linear Matrix Inequalities in Systems and Control,
SIMA, Philadelphia, Pa, USA, 1994.

[44] ]. Hale, Theory of Functional Differential Equations, Springer, New York, NY, USA, 1977.



-

Advances in

Operations Research

/
—
)

Advances in

DeC|S|on SC|ences

Mathematical Problems
in Engineering

Algebra

2

Journal of
Probability and Statistics

The Scientific
\(\(orld Journal

International Journal of

Combinatorics

Journal of

Complex Analysis

International
Journal of
Mathematics and
Mathematical
Sciences

Hindawi

Submit your manuscripts at
http://www.hindawi.com

Journal of

Mathematics

Journal of

DISBJBLL alhematics

International Journal of

Stochastic Analysis

Journal of

Function Spaces

Abstract and
Applied Analysis

Journal of

Applied Mathematics

ol

w2 v (P
/

e

\jtl (1)@" W, E

International Journal of
Differential Equations

ces In

I\/lathémamcal Physics

Discrete Dynamics in
Nature and Society

Journal of

Optimization



