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A new global asymptotic stability criterion of Takagi-Sugeno fuzzy Cohen-Grossberg neural networks with probabilistic time-
varying delays was derived, in which the diffusion item can play its role. Owing to deleting the boundedness conditions on
amplification functions, the main result is a novelty to some extent. Besides, there is another novelty in methods, for Lyapunov-
Krasovskii functional is the positive definite form of p powers, which is different from those of existing literature. Moreover, a
numerical example illustrates the effectiveness of the proposed methods.

1. Introduction

Cohen-Grossberg neural networks (CGNNs) have many
practical applications, like artificial intelligence, parallel com-
puting, image processing and recovery, and so on ([1-6]).
But the success of these applications largely depends on
whether the system has some stability, and so people began
to be interested in the stability analysis of the system.
In recent decades, reaction-diffusion neural networks have
received much attention ([7-13]), including various Laplacian
diffusion ([6, 14-20]). Besides, people are paying more and
more attention to fuzzy neural network system ([21-34]),
due to encountering always some inconveniences such as the
complicity, the uncertainty, and vagueness ([27, 35-37]). For
example, in [27], Zhu and Li investigated the following fuzzy
CGNNs model:

dx, () = {-a; (x; ) | b (x5 (0) - N f; (x; 1))
j=1

= \/byg; (x;®) = Neif; (x; 6 =)
j=1 j=1

—\/dijgj (xj (t—‘r)) dt
=1

+ Yo (3,0, (¢ - 1) dw; (),
j=1
X (t)=¢; (), —T<t<0.
1)

In [36], Muralisankar and Gopalakrishnan studied the
following T-S fuzzy neutral type CGNNs with distributed
delays:

a5, (0 = Yy @(©) {-A; G (0) | B, (x(0)
1
~Cyf e - M, | e O
t—p(t

—Djfc(t—r(t))”.
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Besides, Balasubramaniam and Syed Ali discussed Takagi-
Sugeno fuzzy Cohen-Grossberg BAM neural networks with
discrete and distributed time-varying delays in [37].

Note that there is the following bounded condition on
amplification functions in many literatures (see, e.g., [38,
Theorem 4]) related to CGNNs:

0<ag,<ag(r)<a;, reR i=12,...,n (3)

So, in this paper, we try to delete this bounded condition
on amplification functions. This is the main purpose of this

paper.

2. Preliminaries

Consider the following fuzzy Takagi-Sugeno p-Laplace par-
tial differential equations with distributed delay.

Fuzzy Rule j. IF w,(t) is p;; and -+ w(t) is y;; THEN

19
8—1: = V-(@ (t,x,u)ovpu) - A(u) [B(”)

_ij(u(t—T(t),x))—MjJ ()f(u(s,x))ds] ' (4)
t—p(t

u(0,x)=¢0,x), (6,x) € (-00,0] xQ,

u(t,x)=0¢R", (t,x) € Rx0Q,

where Q) is an arbitrary open bounded subset in R™.
we(t) (k = 1,2,...,s) is the premise variable and ik (G =
L,2,...,r; k = 1,2,...,s) is the fuzzy set that is char-
acterized by membership function. And r is the number
of the IF-THEN rules; s is the number of the premise
variables. u(t,x) = (u;(t,x),u,(t,x),...,u,(t, x))T € R,
where u;(t, x) is the state variable of the ith neuron and
the jth neuron at time t and in space variable x. Matrix
D(t,x,u) = (@ij(t, X, U)),m With each Qij(t, x,u) = 0,
and EZij(t, x,u) is diffusion operator. D(t, x,u) o Vou =
(@jk(t,x,u))IVuiIP_Z(aui/axk)nxm denotes the Hadamard
product of matrix D(t, x,u) and V,u (see [39] for details).
Matrices A(u) = diag(a, (1), a,(u,),...,a,(u,)) and B(u) =
diag(b, (1,), by (), . .., b,(u,)), where a;(1;) and b;(u;) repre-
sent an amplification function at time ¢ and an appropriate
behavior function at time t. C; = (ci(]g))nx,l is the connection
matrix. Time delays 7(t) € [0,+00). f(u(t — 7(t),x)) =
(o, (t=7(0), 2)), fo(un(E=(£), %)) ... f (14, (E=7(8), %))
is the activation function of the neurons. And the second
and third equations of (4) imply the initial condition and the
Dirichlet boundary condition, respectively.

By way of a standard fuzzy inference method, (4) can be
inferred as follows.

ou

==V (D (t,x,u) o Vyu) = A(u(t, x)) [B(u(t,x))

= Y hj (@ () (cjf (u(t-T1(t),x)
j=1
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t
i Mj Jt—p(t) A ds):| ’

u@,x)=¢0,x), (0,x)¢€ (-00,0] xQ,

u(t,x)=0¢€R", (t,x) € Rx0Q,

(5)

where w(t) = [wl(t),wz(t),...,ws(t)]T and hj(w(t))

wi(®)] Yjey wilw®)), wiw®) : R — [0,1](j =
1,2,...,r) is the membersﬂip function of the system with
respect to the fuzzy rule j. h; can be regarded as the normal-
ized weight of each IF-THEN rule, satisfying 1 j(w(t)) > 0and

S @) = 1.
Next, we consider the following information for probabil-
ity distribution of time delays 7(¢):

PO<t@)<1)=¢

(6)
Pry<t(t)<1)=1-¢.

Here the nonnegative scalar ¢, < 1. Define a random variable
as follows:

I, 0<7(t) <15
C@) = (7)

0, 1,<7(t) <1,

So, in this paper, we consider the following Takagi-Sugeno
(T-S) fuzzy system with probabilistic time-varying delays:

g—’;‘ =V (D (t,x,u) o Vyu) — A(u(t, x)) <|B(u (t, x))

- ihj (w (1)) [COij (wt-7,),x)+(1-¢)
=

Cif u(t-51),x)+(€-q)

(8)
(Cif (wt =7 (0,2) = C;f (u(t -1, (1), %)) ’

+M; J:p(t) f (u(s, x)) ds] } ,

u@,x)=¢(0,x), (0,x)¢€ (-00,0]xQ,

u(t,x)=0¢€R", (tx)€Rx0Q.
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System (8) includes the following integrodifferential
equations:

dx (t)

- =—Aua»{3ua»—2maum
=1

: [cocjf (x(t-7,0))+(1-¢)

: ij (x (t ) (t))) + (6: - CO) (9)
(Cif (x(t=m ) ~Cif (x (t =1, (1))

t

M, Jt_p(t) £x(s) ds] } L 30,

x(0)=¢(©0), 0 ¢€(-0c0,0].

Particularly when p = 2, system (8) degenerates into the
so-called reaction-diffusion CGNNs:

Z—Ij =V - (D(t,x,u) o Vu) — A(u(t, x)) {B(u (t, x))

- Zr:hj (w (1)) [conf (u(t-7,0),x)+(1-¢)
i1

Cif (-1 0,2) + (6 )

(Cf (=1 022) = Cof (u(t =1y ()

+M; Jj_p(t) S (u(s,x)) ds] } ,

u(0,x) =¢(6,x),

u(t,x)=0¢R",

(6, x) € (—00,0] x Q,

(t,x) € R x 0Q.

Throughout this paper, we assume p = p,/p, > 1 with
P, being even number and p, being odd number. Besides,
suppose that the following conditions hold:

(H1) There exist positive definite matrices A = diag(a,,
ay,...>4,) and A = diag(a;,a,,...,a,) such that

0<ai<ai(s)sﬁi, 0O#s€eR, i=12,...,n (1)
Z P2
where A(u) = diag(a,(u,),a,(u,),...,a,(u,)) and
u=(u,ty,...,u,)" €R"

(H2) There exists a positive definite matrix B =
diag(b,, by, ..., b,) such that b;(0) = 0 and

bi (s)

= >b, 0#s€R, i=12,...,n (12)
s

(H3) There is a positive definite matrix F = diag(F,, F,,
..., E,) such that

|fi(s)|<Fi|s|, SER, i=12,...,n (13)

From (H1)-(H3), we know that 5,(0) = f;(0) = 0 and
u = 0 is an equilibrium of fuzzy system (8).

Remark 1. 'There are numerous functions satisfying (H1). For
example, if p = 4/3, we may set

01(1+e) )
a; (s) = T, VO #s€R, g(0)=0.2.
It is obvious that
01(1+¢™)
limg; (s) = lim————= = +o00. (15)
s—0 s—0 \3/5—2
So the function g;(s) is unbounded for s € R. Moreover,
01<a"(5)—01(1+e‘52)<02 (16)
15 =0 <0.2.

One can know from (16) that 0.1 < a;(s)/s?*> < 0.2 with
a;=0.1andg; =0.2.

Remark 2. The amplification function g,(s) defined as (7) is
actually unbounded for s € R. However, various bounded
conditions always imposed restrictions on the amplifica-
tion functions of existing literature ([3-6, 9, 10, 24, 27, 28]).
Hence, our condition (H1) is weaker, which will make a corol-
lary with regard to ordinary integrodifferential equations (9)
become novel.

For convenience’s sake, we need to introduce the follow-
ing standard notations similarly as [38]:

Q= (ay),,, > 0(< 0,
Q=(4),,>0(<0),
Q>Q(Q<Q).
Q> Q(Q <Qy),
A (@), (17)

A’ (D))

min(
1C1 = ()
lu(t, x)|,

and the identity matrix with compatible I.

(i) The Sobolev space = {u € L¥ : Du € LF} (see [40] for
details).



(ii) Denote by A, the lowest positive eigenvalue of the
boundary value problem (see [40] for details).

—A 9 (t,x) =Ap(t,x), x€Q
x € 0Q.

18
(P(t>x) =0, ( )

Lemma 3. One has

PUR I
q
Note that Lemma 3 is the particular case of the famous
Young inequality.

el
a‘1+b_, Va,b € (0,+00), g> 1. (19)
g

3. Results and Discussion

Lemma 4. Let P = diag(p;, p,>---> p,) be a positive definite
matrix and u be a solution of the fuzzy system (8). Then one
has

J u'p (V . (D (t,x,u) o Vpu)) dx < -A,pDul?, (20)
0 P

where D = ming (inf, . , | Dy;(t, x,1)), lullh = Y7, [ |u;|Pdx,
and p is a positive scalar, satisfying P > pl.

Proof. Since u is a solution of system (8), it follows by Gauss
formula and the Dirichlet zero-boundary condition that

—2 ou;
J ]lej ;Zax (Djk |V”f|p ﬁ)dx
m n oY ou. 2
_};;ijDjk'Vuj'p <a—xi> dx  (21)

DpY [ fuf” dx = -1ipDpu.
£ |, p
0

Remark 5. Lemma 4 extends the conclusion of [2, Lemma
2.1] and [10, Lemma 2.4] from Hilbert space HS (Q) to Banach

space WO1 Q). Particularly, in the case of Q = (0,T) C R! or

Wol’p(O,T), the first eigenvalue A, = ((2/T) _[O(P_I)I/P(dt/(l —
tP/(p - 1))/P))P (see, e.g., [40]).

Theorem 6. If there exists a positive definite matrix P =
diag(py, ps» - - -» p,,) and two positive scalars p, p such that the

following inequalities hold:

MDp + Phyi (AB) > —Z <<P— D e

) 1- ) (22)
+p(p-1) 'mj' + fo_|ci'1 + ( ! foiz'cj' +P'mj'>
AmaxA/‘muxF
p ,
- 03
P < pl,
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then the null solution of fuzzy system (8) is globally asymptot-

() ()
)nxn’ M] = (m,]i )nxn’
(J)

|, and Tl(t) < <

ically stable, where matrices C; = (¢!

()

lejl = maxylc |, Im;| = maxg|m;

1, Tz'(t) <1,<1, 0<p(t) <p.
Proof. Firstly, we can conclude from (H1)-(H3) that u = 0 is

an equilibrium point for system (8).
Next, consider the Lyapunov-Krasovskii functional:

V)=V, (t)+

Vz (1) +

V3 &)+ Vi), (24)

where
n

Vi (t) = L u" (t,%) Pu(t, x)dx = ). L pujdx,

i=1

V, () = 2c0nE (i |cj'>
P\ =
N A EY j

k=17t

a-an2 (Sl o

AL A/\masz j

t—

ACREX: (Zimi)

- AmaxZAmaxFi z L <fp a¢ L( |y (5, 0[F ds> dx.

i=1 k=1

J |uk (s, x)|P dxds,
7, (1)
Vi) =

J |uk (s,x)|P dxds,
7,(t) JQ

Here, u(t,x) = (u;(t,x),u,(t,x),...,u,(t, o) s a
solution for stochastic fuzzy system (8). Below, we may denote
u(t, x) by u and u,(t, x) by u; for simplicity. ]

Remark 7. 1t is obvious that our Lyapunov-Krasovskii func-
tional is the positive definite form of p powers, which is
different from those of existing literature ([41-43]). For
example, in [41], the model is also neural networks with
discrete time delay and distributed delays:

dx(t) = [—Cix )+ A f(yE—1(t),1)

+BiJ f(y(s),r(s))] dt + o,dw; (t),
t=p(t)

(26)
dy (0 = [-Cy )+ Kg et~ 7(0).)

+ B, Jt g(x (s),r(s))] dt +5,dw, (t).
0
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In [42, Theorem 1], the corresponding Lyapunov-Krasovskii
functional is as follows:

0 t
7, =j d@j 6fT(y(s),r(s))Lf(y(s),r(s))ds
-p t+
(27)

0 -
+ J ~dej g (x(s),r(s)) Lg (x(s),r(s))ds,
-p t+6

which is the positive definite form of 2 powers. And the
conclusion of [42, Theorem 1] is the asymptotical stability
in the mean square, which is also similar to that of our
Theorem 6. However, by means of our Lyapunov-Krasovskii
functional with the positive definite form of p powers, we
shall derive the asymptotical stability in the mean square for
nonlinear p-Laplacian diffusion system (8).

Evaluating the time derivation of V;(t) along the trajec-

tory of the fuzzy system (8), we can get by [38, Lemma 6] and
Lemma 4

Vi (t) =2 L [u"P (V- (D (t,x,u) o V,u))

—u"PA (1) B ()] dx + 2ihj (w (1)

j=1

. <j WPA () 6,C,f (s (£ - 7, (), %)) dx
Q

" JQ WPA ) (1= ) C,f (u(t -1, (1), x)) dx
T t
+ JQ u' PA (u) M; Jt—p(t) f(u(s,x))ds dx>

< =24, pD |lullf -2 J u" PA (1) B (u) dx
- Q
+2qy | [u'|PAw]C)
j=17¢

.|f(u(t—‘r1(f)ax))|dx+2(l_%)ijﬂ

=
PAW) |C)] |f (u(t -7, (1), x))|dx
" zi J " PA @ | Jt |f (u (s, x))| ds dx.
170 t=p(t)
(28)

Besides, gathering (H1) and (H2) gives
[, 4TPAGB@) x> Py (AB) [l (29)
o £

It follows by (H1), (H3), and Lemma 3 that

o [, W TPAG[C1 (el —m 0.9 dx=eo X 3 | pilnas )l |1 o ¢ =7 0. )

k=1 i

<ap Y Y | ol Felue -7 (0, 0)
=1

k=1 i

p
(=2 B0

k=1 i=1 7©

Similarly,

(1-¢) JQ |uT| PA (u) 'Cj' |lf (u(t -1 (),x))|dx < (1-¢)

-1 ) .
= co(pT)pn |cj| A maxAA max F ||u||§

+¢Pn |65 Amax AL o Y j |uge (t =7, (1), x)|” dx.
p k=179

-1 ) _
QH'CA AmaxAAmaxF ”ullg

(1= ) Pn o) M A FY. j lug (£ =, (1), %)|” dx,
p k=1-9



n
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JQ |uT| PA (1) |M]| L_P(t) |f (u(s,x))|dsdx = Z 2 JQ pi lwia; ()] |ml(£)' L_p(t) | fi (ug (s, x))| ds dx

k=11

k=1i=1 7%
P SR J J )
+ = M| A AA P u (s, x)|" dsdx.
P' ]' ;;;1 Q t—p(t)| . |

On the other hand,

v, (t) = 26011E <i .cj'>
p j=1

Z J luk (t, x)|P dx

'AmaxZAmaxF(
k=170

Y (-d o)

k=1 Q

o (£ =7, (1), %) dx)
(32)

= r
S 260”% <Z 'C]|> /\maxA)LmaxF ”l'lllg - 2C01’l
j=1

. E <Zr: 'C]|> AmaxZ)‘rnaxF(1 - Tl)
r\&

: Z L |ug (t =7, (1), x)|” dx.

k=1

Similarly,

t —
J (p—l Jus (2,207 +
t=p(t) p

(p

. o
g (; x)| Tl)f’n 1, A A s F il

)dsdx<p

(31)

Vi) <2(1-¢)n

o Il

<Zr: |Cf'> Amaxz/\maxF "ullg

j=1
|Cj|> (33)

A A o F (1 - 1,)

max max

-2(1-¢)n

< Il

r
=

n

'y L, lug (£ - 7, (1), )| dx.

k=1

Next, we need to recall some facts derived by mathemat-
ical analysis. Assume that 7(t,s) is continuous on variables
t and s, and 07/t exists, utilizing the integral middle value
theorem reaches

d a(t) ,
o L(t) n(ts)ds = @ (1) (6.0 1)

- WntE@) (34)

J‘D(t) on (t,s)
+
& Ot

ds,

where both &(-) and @(-) are differentiable.
Moreover, we can derive by employing (32) time and
again

, ? r o n n 0 p 0 p
ACEEE DY) RN ) IQ (J lug (8, )| dis - L) g (¢ + 5, )| ds) dx

j=

r n o n t
(Z |mj|> /\maXZAmasz Z J (p | (2, x)|P - J | s, x)lp ds) dx (35)
i i Q t=p(t)

n o n t
< |ij> A max A maxF <np lealh - > J J |ty (s, )| ds dx) .
=1 i=1 k=1 *Q Jt-p(t)
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Combining (28)-(35) results in

V' (t) < =2 | 1, Dp + Ay, (AB) - —

-Z(ﬁ(p— Dol +p(p-1)Bm|
a (36)

+

Pl +(1-a); |c|+pp|m|)

~)\maxZ/\maxF] lull? < 0.

Now the standard Lyapunov functional theory derives
that the null solution of the fuzzy system (8) is globally
asymptotically stable.

Remark 8. In the case of Takagi-Sugeno fuzzy model, our
Theorem 6 is better than [38, Theorem 4] because the
condition (H1) is weaker than the bounded assumption (2).

Remark 9. In Theorem 6, (22) illustrates the influence of
nonlinear diffusion on the stability of system (8) while its role
was always ignored in existing results (see, e.g., [5, 39, 44]).

Theorem 6 derives the following corollary.

Corollary 10. If there exists a positive definite matrix P =
diag(py, Ps» - - -» P,,) and two positive scalars p, p such that the

following inequalities hold:

DA (4B) > z<(p_1)|c|+p 1) ||

. 1- .
+ 1CO_|C_J['1 + ( lfo-l'cj' +p|mj'>/\ A F (37)
P> EI’
P<pI,

then the null solution of the ordinary integrodifferential equa-
tions (9) is globally asymptotically stable.

Furthermore, if both diffusion behaviors and distributed
delay are ignored, we derive from Corollary 10.

Corollary 11. If there exists a positive definite matrix P =
diag(py, s> - - -» p,) and two positive scalars p, p such that the
following inequalities hold:

np
Amm AB —
Phinin (AB) > »

<1—cO>|c,~|>

1-1,

LS G |C;
.j;((p—l)|cj|+ 10_|i|1 +

7
AmaxAAmaxF
P> pl,
P < pI,
(38)
then the null solution of the following fuzzy system
d r
’;it) = —A(x(1) {B(x GIEDYACIO)N
j=1
[@Cif (x(t =7, ) + (1 - )
Cif (x(t-1,10)) + (€ - ) (39)

(Cif (x(t -1 )~ Cf (x(t -, <t>)>)]} ,

t?o’

x(0)=¢(0),
is globally asymptotically stable.

0 € (—00,0]

Remark 12. Condition (HI) is weaker than the bounded
conditions on amplification functions of existing literature
([3-6, 9, 10, 24, 27, 28]).

Discussion 1. In recent related literature ([27, 45-51]), some
new conditions and methods were presented, and their
results were very good. However, some of the methods and
conditions are not applicable for system (8) with nonlinear
p-Laplacian diffusion. How to apply the new conditions
and methods of [45-49] to our system (8) is an interesting
problem.

4. Methods and Numerical Example

4.1. Methods. In this paper, Lyapunov functional method is
employed to derive the stability criterion. In this process, the
integral middle value theorem together with the derivation
formula on integral upper limit functions plays the important
roles.

Example 1. Consider the following Takagi-Sugeno p-Laplace
fuzzy T-S dynamic equations.

Fuzzy Rule 1. IF w, (t) is py,, and w,(t) is y;,, THEN

0

a—l: :V-(@(t,x,u)ovpu)—A(u) [B(”)
-¢Cif (u(t-7,(),x)) - (1-¢)
Cif (u(t-7,(t),x) - (€ -q)

H(Cf (u(t -7 (1),x) = Cof (u(t -7 (1), )))

t
_MIJ fu(s,x))ds]|,
t=p(t)



u(0,x)=¢(0,x), (0,x)¢€ (-00,0] xQ,

u(t,x)=0€eR* (tx)e€Rx0Q.

(40)

Fuzzy Rule 2. IF w,(t) is py;, and w,(t) is py,, THEN

9
a_i‘ =V (D (t,x,u) 0 Vyu) - Aw) [B(u)

—6Cf (u(t-7,(1),x)) - (1-¢)
Cof (u(t-1,1),x)) = (€ - )

(Cof (ut -1, (1), %) = Cof (u(t -1, (t),x))) (41)
t

- M, J fu(s,x)ds|,
t=p(t)

u(0,x) =¢(0,x),

u(t,x)=0¢€R,

0, x) € (—00,0] x Q,

(t,x) € Rx0Q,

where u(t,x) = (u,(t,x),u,(t,x))", Q =
and then Remark 1 gives

(-7
A - (z | dt
ho -/ (p-1

Let 7,(t) = t/3, 7,(t) = t/2, and then 7, = 1/3, 7, =
1/2. Let aj(u;) = 0.1, + ™), i = 1,2, b(u,)
2u1(1+sin2u1) b,(uy) = 1.95u,, f,(u,(t—-1(t))) = 0.16u,(t
(t))smul(t (1)), fz(u2 (t—1(t))) = 0.166u,(t —7(t)), T =
0.5, D = 0.003,¢, = 075, ¢ = 02,¢, = 03, m =
0.02, m, =0.03, and

(0,m), p = 4/3,

p
=0.7915. (42)
))1/P>

0.003 0.005
0.004 0.006

0.02 001)
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0.16 O
F = ,
0 0.166
0.2 0.1
0 0.15

o
oy 2i)
(O .01 001).

M
: 0.03

(43)

Now we use MATLAB to solve LMIs (22)-(23), obtaining the

feasibility data
09381 O
P= ,
0 1.013

p = 09103, (44)

P = 1.023.

Now Theorem 6 derives that the null solution of this
Takagi-Sugeno fuzzy equations is globally asymptotically
stable (see Figures 1 and 2).

5. Conclusions

By constructing a novel Lyapunov function, we employed
Young inequality and LMI technique to derive the asymptotic
stability criteria for CGNNs with distributed delays and non-
linear diffusion. Since the stability of nonlinear p-Laplacian
diffusion neural networks was originally investigated in [2],
various p-Laplacian diffusion neural networks have attracted
a lot of interest ([6, 17, 34, 39, 44]). As pointed out in
Discussion 1, some new conditions and methods may not
be applicable to CGNNs model with nonlinear p-Laplacian
diffusion. So our results are a novelty to some extent.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Authors’ Contributions

Xiongrui Wang wrote the original manuscript, carrying out
the main part of this paper. Shouming Zhong checked it, and
Ruofeng Rao is in charge of correspondence. All authors read
and approved the final manuscript.

Acknowledgments

This work is supported by Scientific Research Fund of Science
Technology Department of Sichuan Province (2011JYZ010,



Mathematical Problems in Engineering

Computer simulation of the state u1l

0.02
0.015

0.01

ul

0.005

10
Time t

Sectional curve of the state variable u1(t, x)
0.02

0.018

0.016

0.014

ul(t, 0.158)

0.012

0.01 -

0.008 +

0.006 |

0.004 +

0.002 +

0 5 10 15

FIGURE 1: Computer simulations of the state u, (t, x).

Computer simulation of the state u2

0.25
0.2

0.15

u2

0.1

0.05

15

10

|\
o

Sectional curve of the state variable u2(t, x)

0.25
0.2+t
u2(t, 0.316)

0.15 +

0.1
0.05

0 .}\ k A
0 5 10 15

FIGURE 2: Computer simulations of the state u,(f, x).

2012JY010) and Scientific Research Fund of Sichuan Provin-
cial Education Department (14ZA0274, 12ZB349, 11ZA172,
and 08ZB002).

References

[1] X. Zhang, S. Wu, and K. Li, “Delay-dependent exponential
stability for impulsive Cohen-Grossberg neural networks with
time-varying delays and reaction-diftusion terms,” Communi-
cations in Nonlinear Science and Numerical Simulation, vol. 16,
no. 3, pp. 1524-1532, 2011.

[2] R. Rao, S. Zhong, and X. Wang, “Stochastic stability criteria
with LMI conditions for Markovian jumping impulsive BAM
neural networks with mode-dependent time-varying delays and
nonlinear reaction-diffusion,” Communications in Nonlinear
Science and Numerical Simulation, vol. 19, no. 1, pp. 258-273,
2014.

[3] Q.LiuandR.Xu, “Periodic solutions of a cohen-grossberg-type
BAM neural networks with distributed delays and impulses,”
Journal of Applied Mathematics, vol. 2012, Article ID 643418, 17
pages, 2012.

[4] H. Song, D. Chen, W. Li, and Y. Qu, “Graph-theoretic approach
to exponential synchronization of stochastic reaction-diffusion



Cohen-Grossberg neural networks with time-varying delays,”
Neurocomputing, vol. 177, pp. 179-187, 2016.

H. Xiang and J. Cao, “Periodic oscillation of fuzzy cohen-
grossberg neural networks with distributed delay and variable
coeflicients,” Journal of Applied Mathematics, vol. 2008, Article
ID 453627, 18 pages, 2008.

P. Qingfei, Z. Zifang, and H. Jingchang, “Stability of the stochas-
tic reaction-diffusion neural network with time-varying delays
and p-laplacian,” Journal of Applied Mathematics, vol. 2012,
Article ID 405939, 10 pages, 2012.

Q. Song, H. Yan, Z. Zhao, and Y. Liu, “Global exponential
stability of impulsive complex-valued neural networks with
both asynchronous time-varying and continuously distributed
delays,” Neural Networks, vol. 81, pp. 1-10, 2016.

K. Li, L. Zhang, X. Zhang, and Z. Li, “Stability in impulsive
Cohen-Grossberg-type BAM neural networks with distributed
delays,” Applied Mathematics and Computation, vol. 215, no. 11,
pp. 3970-3984, 2010.

K. Li and Q. Song, “Exponential stability of impulsive Cohen-
Grossberg neural networks with time-varying delays and
reaction-diffusion terms,” Neurocomputing, vol. 72, no. 1-3, pp.
231-240, 2008.

J. Pan and S. Zhong, “Dynamic analysis of stochastic reaction-
diffusion Cohen-Grossberg neural networks with delays;
Advances in Difference Equations, vol. 2009, Article ID 410823,
pp. 1-18, 2009.

R. Rao, X. Wang, and S. Zhong, “LMI-based stability criterion
for impulsive delays Markovian jumping time-delays reaction-
diffusion BAM neural networks via Gronwall-Bellman-type
impulsive integral inequality;” Mathematical Problems in Engi-
neering, vol. 2015, Article ID 185854, 11 pages, 2015.

Q. Song, J. Cao, and Z. Zhao, “Periodic solutions and its expo-
nential stability of reaction-diffusion recurrent neural networks
with continuously distributed delays,” Nonlinear Analysis: Real
World Applications, vol. 7, no. 1, pp. 65-80, 2006.

R.Rao, Z.Pu, S. Zhong, and X. Li, “Fixed points and exponential
stability for impulsive time-delays BAM neural networks via
LMI approach and contraction mapping principle;” Mathemat-
ical Problems in Engineering, vol. 2016, Article ID 3154683, 8
pages, 2016.

Y. Li, Y. Mi, and C. Mu, “Properties of positive solutions for a
nonlocal nonlinear diffusion equation with nonlocal nonlinear
boundary condition,” Acta Mathematica Scientia, vol. 34, no. 3,
pp. 748-758, 2014.

R. Rao and S. Zhong, “Stability analysis of impulsive stochastic
reaction-diffusion cellular neural network with distributed
delay via fixed point theory,” Complexity, Article ID 6292597,
9 pages, 2017.

V. A. Galaktionov, “On asymptotic self-similar behaviour for a
quasilinear heat equation: single point blow-up,” SIAM Journal
on Mathematical Analysis, vol. 26, no. 3, pp. 675-693, 1995.

R. Rao and S. Zhong, “Existence of exponential p-stability
nonconstant equilibrium of markovian jumping nonlinear dif-
fusion equations via ekeland variational principle;” Advances
in Mathematical Physics, vol. 2015, Article ID 812150, 10 pages,
2015.

R. Rao, S. Zhong, and Z. Pu, “On the role of diffusion factors in
stability analysis for p-Laplace dynamical equations involved to
BAM Cohen-Grossberg neural network,” Neurocomputing, vol.
223, pp. 54-62, 2017,

[19] J. Ding and B.-Z. Guo, “Global existence and blow-up solutions

for quasilinear reactiondiffusion equations with a gradient

Mathematical Problems in Engineering

term,” Applied Mathematics Letters, vol. 24, no. 6, pp. 936-942,
2011.

[20] R. Rao and Z. Pu, “Stability analysis for impulsive stochastic
fuzzy p-Laplace dynamic equations under Neumann or Dirich-
let boundary condition,” Boundary Value Problems, vol. 2013,
article no. 133, 2013.

[21] Y. H. Xia, Z. Yang, and M. Han, “Lag synchronization of
unknown chaotic delayed yang-yang-type fuzzy neural net-
works with noise perturbation based on adaptive control and
parameter identification,” IEEE Transactions on Neural Net-
works and Learning Systems, vol. 20, no. 7, pp. 1165-1180, 2009.

[22] Y. Xia, Z. Yang, and M. Han, “Synchronization schemes for
coupled identical YANg-YANg type fuzzy cellular neural net-
works,” Communications in Nonlinear Science and Numerical
Simulation, vol. 14, no. 9-10, pp. 3645-3659, 2009.

[23] D. He and D. Xu, “Attracting and invariant sets of fuzzy Cohen-
Grossberg neural networks with time-varying delays,” Physics
Letters A, vol. 372, no. 47, pp. 7057-7062, 2008.

[24] Y. Liu and W. Tang, “Exponential stability of fuzzy cellular
neural networks with constant and time-varying delays,” Physics
Letters A, vol. 323, no. 3-4, pp- 224-233, 2004.

[25] C. K. Ahn, “Delay-dependent state estimation for T-S fuzzy
delayed Hopfield neural networks,” Nonlinear Dynamics, vol. 61,
no. 3, pp. 483-489, 2010.

[26] Q. Song and J. Cao, “Impulsive effects on stability of fuzzy
Cohen-Grossberg neural networks with time-varying delays;”
IEEE Transactions on Systems, Man, and Cybernetics, Part B:
Cybernetics, vol. 37, no. 3, pp. 733-741, 2007.

[27] Q. Zhu and X. Li, “Exponential and almost sure exponential
stability of stochastic fuzzy delayed Cohen-Grossberg neural
networks,” Fuzzy Sets and Systems, vol. 203, pp. 74-94, 2012.

[28] M. A. Cohen and S. Grossberg, “Absolute stability of global
pattern formation and parallel memory storage by competitive
neural networks,” IEEE Transactions on Systems, Man, and
Cybernetics, vol. 13, no. 5, pp. 815-826, 1983.

[29] A.-T. Nguyen, T. Laurain, R. Palhares, J. Lauber, C. Sentouh,
and J.-C. Popieul, “LMI-based control synthesis of constrained
Takagi-Sugeno fuzzy systems subject to L2 or Loo disturbances,”
Neurocomputing, vol. 207, pp. 793-804, 2016.

[30] R. Mrquez, T. M. Guerra, M. Bernal, and A. Kruszewski,
“Asymptotically necessary and sufficient conditions for
Takagi-Sugeno models using generalized non-quadratic
parameter-dependent controller design,” Fuzzy Sets and
Systems, vol. 306, pp. 48-62, 2017.

[31] S.Xu, G. Sun, and W. Sun, “Takagi-Sugeno fuzzy model based
robust dissipative control for uncertain flexible spacecraft with
saturated time-delay input,” ISA Transactions, vol. 66, pp. 105—
121, 2017.

[32] X. M. Ding, Z. K. Xu, N. J. Cheung, and X. H. Liu, “Parameter
estimation of Takagi-Sugeno fuzzy system using heterogeneous
cuckoo search algorithm,” Neurocomputing, vol. 151, no. 3, pp.
1332-1342, 2015.

[33] H. D. Choi, C. K. Ahn, P. Shi, M. T. Lim, and M. K. Song, “L2-
Loo Filtering for takagi-sugeno fuzzy neural networks based on
wirtinger-type inequalities,” Neurocomputing, vol. 153, pp. 117-
125, 2015.

[34] X. Wang, R. Rao, and S. Zhong, “LMI approach to stability
analysis of Cohen-Grossberg neural networks with p-Laplace
diffusion,” Journal of Applied Mathematics, vol. 2012, Article ID
523812, 12 pages, 2012.



Mathematical Problems in Engineering

(35]

[36]

(37]

(38]

(39]

[40]

(41]

(45]

[46]

(47]

(48]

(49]

(50]

X. Li, R. Rakkiyappan, and P. Balasubramaniam, “Existence and
global stability analysis of equilibrium of fuzzy cellular neural
networks with time delay in the leakage term under impulsive
perturbations,” Journal of The Franklin Institute, vol. 348, no. 2,
pp. 135-155, 2011.

S. Muralisankar and N. Gopalakrishnan, “Robust stability crite-
ria for Takagi-Sugeno fuzzy Cohen-Grossberg neural networks
of neutral type,” Neurocomputing, vol. 144, pp. 516-525, 2014.

P. Balasubramaniam and M. Syed Ali, “Stability analysis of
Takagi-Sugeno fuzzy Cohen-Grossberg BAM neural networks
with discrete and distributed time-varying delays,” Mathemati-
cal and Computer Modelling, vol. 53, no. 1-2, pp. 151-160, 2011.
P. Lindgvist, “On the equation div(] Vul"™) + A |ulfu =0,
Proceedings of the American Mathematical Society, vol. 109, no.
1, pp. 159-164, 1990.

R. Rao, “Delay-dependent exponential stability for nonlin-
ear reaction-diffusion uncertain Cohen-Grossberg neural net-
works with partially known transition rates via Hardy-Poincare
inequality;” Chinese Annals of Mathematics, Series B, vol. 35, no.
4, pp. 575-598, 2014.

R. FE Rao and X. R. Wang, “Infinitely many solutions for
the resonant quasi-linear equation without landesman-lazer
conditions,” Acta Mathematica Scientia (Chinese Series), vol. 32,
no. 4, pp. 744-752, 2012.

Q. Zhu, C. Huang, and X. Yang, “Exponential stability for
stochastic jumping BAM neural networks with time-varying
and distributed delays,” Nonlinear Analysis: Hybrid Systems, vol.
5, no. 1, pp. 52-77, 2011.

Z. Chen, X. Wang, S. Zhong, and J. Yang, “Improved delay-
dependent robust passivity criteria for uncertain neural net-
works with discrete and distributed delays,” Chaos, Solitons ¢
Fractals, vol. 103, pp. 23-32, 2017.

R. Yang and R. Guo, “Adaptive finite-time robust control of
nonlinear delay hamiltonian systems via lyapunov-krasovskii
method,” Asian Journal of Control, vol. 20, no. 2, article 1Cl1,
2008.

R. Rao, Z. Pu, S. Zhong, and J. Huang, “On the role of
diffusion behaviors in stability criterion for p-laplace dynamical
equations with infinite delay and partial fuzzy parameters under
dirichlet boundary value;” Journal of Applied Mathematics, vol.
2013, Article ID 940845, 8 pages, 2013.

C. K. Ahn, “Passive and exponential filter design for fuzzy
neural networks,” Information Sciences, vol. 238, pp. 126-137,
2013.

X. Liand J. Wu, “Stability of nonlinear differential systems with
state-dependent delayed impulses,” Automatica, vol. 64, pp. 63—
69, 2016.

J. Cheng, H. Zhu, S. Zhong, Q. Zhong, and Y. Zeng, “Finite-time
H_, estimation for discrete-time Markov jump systems with
time-varying transition probabilities subject to average dwell
time switching,” Communications in Nonlinear Science and

Numerical Simulation, vol. 20, no. 2, pp. 571-582, 2015.

Q. K. Song and Z. J. Zhao, “Stability criterion of complex-valued
neural networks with both leakage delay and time-varying
delays on time scales,” Neurocomputing, vol. 171, pp. 179-184,
2016.

X. Li and E. Deng, “Razumikhin method for impulsive func-
tional differential equations of neutral type,” Chaos, Solitons &
Fractals, vol. 101, pp. 41-49, 2017.

J. Tian, W. Xiong, and E Xu, “Improved delay-partitioning
method to stability analysis for neural networks with discrete

1

and distributed time-varying delays,” Applied Mathematics and
Computation, vol. 233, pp- 152-164, 2014.

[51] X. Li and J. Cao, “An impulsive delay inequality involving

unbounded time-varying delay and applications,” Institute of
Electrical and Electronics Engineers Transactions on Automatic
Control, vol. 62, no. 7, pp. 3618-3625, 2017.



Advances in
Op ranons Research

Advances in

DeC|5|on SC|ences

Journal of

Ap ||ed Mathemancs

Algebra

Journal of
bability and Statistics

The Scientific
Wo‘rld Journal

International Journal of

Combinatorics

Journal of

Complex Analysis

|nternational
Journal of
Mathematics and
Mathematical
Sciences

Hindawi

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

Journal of

Mathematics

Journal of

clﬂhMbhemahcs

in Engmeermg

Mathematical Problems

Journal of

tion Spaces

Abstract and
Applied Analysis

International Journal of

Stochastic Analysis

International Journal of
D|fferent|a| Equations

Discrete Dynamics in
ure and Society

Optimization




