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A class of fuzzy neural networks (FNNs) with time-varying delays and impulses is investigated. With removing some restrictions on
the amplification functions, a new differential inequality is established, which improves previouse criteria. Applying this differential
inequality, a series of new and useful criteria are obtained to ensure the existence of global robust attracting and invariant sets for
FNNs with time-varying delays and impulses. Our main results allow much broader application for fuzzy and impulsive neural

networks with or without delays. An example is given to illustrate the effectiveness of our results.

1. Introduction

The theoretical and applied studies of the current neural
networks (CNNs) have been a new focus of studies worldwide
because CNNGs are widely applied in signal processing, image
processing, pattern recognition, psychophysics, speech, per-
ception, robotics, and so on. The scholars have introduced
many classes of CNNs models such as Hopfield-type net-
works [1], bidirectional associative memory networks [2],
cellular neural networks [3], recurrent back-propagation net-
works [4-6], optimization-type networks [7-9], brain-state-
in-a-box-(BSB-) type networks [10,11], and Cohen-Grossberg
recurrent neural networks (CGCNNG) [12]. According to the
choice of the variable for CNNs [13], two basic mathematical
models of CNNs are commonly adopted: either local field
neural network models or static neural network models. The
basic model of local field neural network is described as

% (1) = —x; (t) + iwijfi (x;®)+L, i=12...,n
j=1

@)

where f; denotes the activation function of the jth neuron; x;
is the state of the ith neuron; I; is the external input imposed

on the ith neuron; w;; denotes the synaptic connectivity value
between the ith neuron and the jth neuron; # is the number
of neurons in the network.

It is well known that local field neural network not only
models Hopfield-type networks but also models bidirectional
associative memory networks and cellular neural networks.
In the past few years, there has been increasing interest in
studying dynamical characteristics such as stability, persis-
tence, periodicity, robust stability of equilibrium points, and
domains of attraction of local field neural network. Many
deep theoretical results have been obtained for local field
neural network. We can refer to [14-32] and the references
cited therein.

However, in mathematical modeling of real world prob-
lems, we will encounter some other inconveniences, for
example, the complexity and the uncertainty or vagueness.
Fuzzy theory is considered as a more suitable setting for
the sake of taking vagueness into consideration. Based on
traditional cellular neural networks (CNNs),T. Yang and L.-
B. Yang proposed the fuzzy CNNs (FCNNs) [33], which
integrate fuzzy logic into the structure of traditional CNNs
and maintain local connectedness among cells. Unlike pre-
vious CNNss structures, FCNNs have fuzzy logic between its



template input and/or output besides the sum of product
operation. FCNNs are very useful paradigm for image pro-
cessing problems, which is a cornerstone in image processing
and pattern recognition. In addition, many evolutionary
processes in nature are characterized by the fact that their
states are subject to sudden changes at certain moments and
therefore can be described by impulsive system. Therefore, it
is necessary to consider both the fuzzy logic and delay effect
on dynamical behaviors of neural networks with impulses.
Nevertheless, to the best of our knowledge, there are few
published papers considering the global robust domain of
attraction for the fuzzy neural network (FNNs). Therefore, in
this paper, we will study the global robust attracting set and
invariant set of the following fuzzy neural networks (FNNs)
with time-varying delays and impulses:

;(6) = -6 (A)u, () + le w; ) f; (u; (£ =7 ®)))
+ ]ZI i W) + I+ ]/\1 a; V) f; (u; )
+ J/\l a; W) f (s (-7 (1)) + J/=\1 6; (V)
V8 005 oy )+ V505 =)

+\/ 8V vy, t#t, t20,

j=1
Dy (1) = u; (t7) = (1) = pe M w; (1), t=tp, £ 20,
U; (t) :¢i (t)’ te [_T(A))O])
2

where y;;(1) are elements of fuzzy feed-forward template,
a;;(A) and (xl-j(/\) are elements of fuzzy feedback MIN tem-
plate, b;(1) and f3;;(1) are elements of fuzzy feedback MAX
template, and cij(){) and 8ij(/\) are elements of fuzzy feed-
forward MIN template and fuzzy feed-forward MAX tem-
plate, respectively. w;;(1) is the weight of connection between
the ith neurons and the jth neurons. u;(t), I;, and v; stand for
state, input, and bias of the ith neurons, respectively. 7;;(t)
is the transmission delay and f; is the activation function.
A and V denote the fuzzy AND and fuzzy OR operation,
respectively. Au;(t;) is the impulses at moments t;, and 0 <
t, < t, < ---is a strictly increasing sequence such that
lim _, t = +00. g; = py(A)u;(t) is the impulsive function.
Function ¢, is the initial function. 7(A) > 0 is a constant.
A € E C Ris the parameter.

The main purpose of this paper is to investigate the global
robust attracting and invariant sets of FNNs (2). Different
from [34, 35], in this paper, we will introduce a new nonlinear
differential inequality, which is more effective than the linear
differential inequalities for studying the asymptotic behavior
of some nonlinear differential equations. Applying this new
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nonlinear delay differential inequality, sufficient conditions
are gained for global robust attracting and invariant sets.

The rest of this paper is organized as follows. In Section 2,
we will give some basic definitions and basic results about
the attracting domains of FNNs (2). In Section 3, we will
obtain the proof of the usefully nonlinear delay differential
inequality. In Section 4, our main results will be proved by
this delay differential inequality. Finally, an example is given
to illustrate the effectiveness of our results in Section 5.

2. Preliminaries

As usual, C(X,Y) denotes the space of continuous mappings
from the topological space X to the topological space Y.
In particular, let C([-7(A), 0], R") denote the set of all real-
valued continuous mappings from [-7(A), 0] to R" equipped
with supremum norm | - ||, defined by

¢l = max

1<i<n _r

- (t )
Sup |; (6)] 3)

where ¢ = (¢, ¢5....4,)" € C([-7()),0],R™). Denote by
u(t, ¢, A) the solution of FCNNGs (2) with initial condition ¢ €
C([-7(A), 0], R™).

Let E denote the n-dimensional unit matrix. For A,B €
R™" or A,B € R", A > B (A > B) means that each pair of
the corresponding elements of A and B satisfies the inequality
“> (>)” For any x € R", A € R™, ¢ € C([-1,0],R"),
we define [x]" = (lxyl, bl )" = colflxl}, [A]" =
(3D s [9(D]; = (@1 ()] [ 95 (D)] s - [0, (D] [0 =
o], (D], = SUP_,g<oi@;(t + 0)}. For an M-matrix
D [36], we denote D € # and Qp(D) = {z € R"
Dz > 0,z > 0}. For the sake of simplicity, we denote that
g = sup)z9(A), g = inf,zg(1), where g(1) is bounded in

As usual, in the theory of impulsive differential equations,
at the points of discontinuity ¢, k = 1,2,..., we assume that
u;(t) = u;(t;) and ul{(tk) = u;(t,:).

Inspired by [37], we construct an equivalent theorem
between (2) and (4). Then we establish some lemmas which
are necessary in the proof of the main results.

Throughout this paper, we always assume the following.

(A Forall A € 8,0 < |uze(N)| < 1 and Y20, py(A) is
uniformly absolute convergence.

(Az) Ci(A) > 0, (Uij(A)’ Vij()t)’ aij()t)’ bij(/\), Cij()t)’ 0‘,‘]'(/\),
Bij(A), and 6;;(A) are bounded in E(i, j = 1,2,...,n).

(A;) The activation function f;(-) with f;,(0) = 0, i =
1,2,...,nis second-order differentiable and Lipschitz
continuous; that is, there exist positive constants L,
such that | f;(x)| < L;|x]| for any x € R.

(A,) Functions Tij(t), i,j = 1,2,...,n are nonnegative,

bounded, and continuous defined on R* and 0 <
T,-j(t) <7(A).
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(As) Let D = -(P+Q) € M, where P = (f)ij)nx,,,f)ii =
—ﬁ+(|aii| + |Eii|)Li’ f’ij = Linlﬁl(l_mikl)A z;;l,j#i
[T, (1 + e D(a] + |Eij|)> Q (@i)nxn> i
LTy (U= T D™ 2y TTedy (U + [ (o + ety | +
B 1) and T = colf| ;| + X7, (] + [ + 18,11}

Consider the following non-impulsive system (4):

50 =W x @0+ [T +um)"

0<t <t
x [Z w;; (A) f; ( [T (1+up)x; (- (t))>
j=1 0<t<t

+ /\ a;j (ij( H (1 +yjk)xj (t))
j=1

0<tp<t

+\/ by (A)fj< IT (1+p)x; (t))
j:l

0<ty<t

N\ f < [T (0 me) ;- (t))>
j=1

0<t.<t

+ Z Yij 1) v+ /\ Gj 1) iz
= =1

V8@ (T1 (0 ) 65, 0)
j=1

O<ti<t

+\/6ij()t)vj+1ij|, t>0,

=1

x (0 =¢ 1), tel-T(),0].

(4)

We have the following lemma, which shows that system (2)
and (4) is equivalent.

Lemma 1. Assume (A ) holds, thenwe have the following.
(i) If x;(¢) is a solution of (4), then u,(t) = Hogkq(l +
Ui )x;(t) is a solution of (2).
(ii) If u;(t) is a solution of (2), then x;(t) = Hogtk<t(1 +
p) " u;(t) is a solution of (4).

Proof. Firstly,letus prove (i). Foragiven A € E, itis easy to see
that u;(¢) = HOStk (1 + p(A))x;(t) is absolutely continuous
on the interval (t;,t,,,] and forany t#¢t,, k=1,2,..,,

u(t) = ( [T Q+p ) x @,

0<t.<t

)
[T 0+ ps V) x, (t))

0<t<t

3
satisfies system (2). In addition, for every t; € {t;};2,,
u; (t) = lim H (1 + (A))xi t)
F2 0 ost <t
=[] (t+m0) % @), ©)
0<t <ty
u; (ty) = H (1 + Wi (A)) x; (t).
0<t; <ty

Thus, for every k = 1,2,...,
u; (1) = (1+ g (V) 1 (). 7)

The proof is complete.

Next, we prove (ii). Since u;(t) = Hostk«(l + Uy (A))x;(t)
is absolutely continuous on the interval (¢;, t;,,] and, in view
of (7), it follows that, forany k = 1,2, ..,

Xi (tlt) = H (1 + Wi (A))_lui (t;)
0<t;<ty
= H (1 + Ui ()‘))_lui (tk) =X (tk) >
0<t;<ty (8)
st = T (14w 0) ()
0<t;<ty_,
=x;(t), i=12,...,

which implies that x;(¢) is continuous on [0, 00). It is easy to
prove that x;(t) is absolutely continuous on [0, co). Now, one
can easily check that

x(t) = ( [T+ ue®) wy @),

0<t, <t
€
[TO+ma) u, (t)>
0<t; <t
is the solution of (4). The proof is complete. O

Definition 2. Let S be subsets of C([-7(A), 0], R") £ C which
is independent of the parameter A € E and let u(t, ¢, A) be a
solution of FNNs (2) with ¢ € C.

(i) For any given A € E, if for any initial value ¢ € S
implies that u(t,¢,A) € Sforallt > 0, then S is said
to be a robust positive invariant set of system of FNNs
).

(ii) For any given A € E, if for any initial value ¢ € S, the
solution u(t, ¢, A) € S converges to Sast — 00, that
is, dist(u(t, ¢, A),S) — 0ast — oo, then S is said to
be a global robust attracting set of system of FNNs (2),
where dist(¢,S) = inf, s dist(¢, ), and dist(g, y) =
SUPe(—1,0119(5) — y(s)| for ¢ € C.

For a class of differential equations with the term of fuzzy

AND and fuzzy OR operation, there is the following useful
inequality.



Lemma 3 (see [33]). Letu = (ul,uz,...,un)T and v = (v,

Varurs vn)T be two states of (2), then we have
,/\1 o f () - /\1 o fi (v Z |"‘u| 'fJ ("j)|’
= = j=1
\/I“ijfj(”j)_\/l ’Jf] Z|“lf|'f1 )|
j= =

(10)

3. Nonlinear Delay Differential Inequality

In this section, we will establish a new nonlinear delay
differential inequality which will play the important role to
prove our main results.

Lemma 4. Assume that u(t) € C([t,, 00), R") satisfies

+

d—[u O <Plu®] +Qu®)]; +1,

t>t,,

dt (1)
u(ty+6) =¢(6) € C([-7,0],R"), 0¢€[-1,0],
where P = (pij)nxn and pij 2 0fori#j,Q = (qij)an >0,

I=(,L,....,1)T>0.IfD=-(P+Q) € M and L = D',

then we have the following.
(i) For any constant d > 1, the solution u(t) of (11) satisfies
[u@®)]

<dL, t=t, (12)

provided that [¢]! < dL.
(ii) Consider that

] <ze™™ 1L, t>1, (13)
provided that
@] <ze™™ 1L, telty-1.6], (14

where z = col{|z;]} € Q,,(D) and the positive constant
K is determined by the following inequality:

[KE+ P+ Qe""] < 0. (15)

Proof. Since D = —(P + Q) € ./, we have D! >0 Lete =
D™ col{1}e (¢ > 0 small enough), then & > 0.In order to prove

(12), we will first prove that
[w@®)]" <dL+e=col{x;} =% Vt=>t, (16)

for any given initial function ¢ € C([t,
[p]; <dL.

- 1,t,], R") with

If (16) does not hold, then there existi € {1,2,...,n} and
t, > t, such that
[u; (t)| =%, [u@®)] <x, fort<t, (17)

% l, (£,)] > 0. (18)
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It follows from (11) and (17) that

dr + +
()] < Plu(t)]” +

—[dI +col{l}e—1I] < —col{l}e <0,

Qu(t )] +I<(P+Q)x+1

(19)

which contradicts the inequality (18). So (16) holds for all ¢ >
t,. Letting e — 0 in (16), we have

[w®)] <dL,

The proof of part (i) is complete.
Since L = D'I, we have (P + Q)L + I = 0. Then

t>t,. (20)

[p,1+q,]]L +1,=0, i=1,2...,n (20

TA=

From (15), we can get

Z[Pl]+q1] ]Z <-kz;, 1=12,...,n (22)

j=1

In the following, we at first will prove that for any positive
constant €,

w,O < +e)|ze™+ L] =w @),
| 1 | [ 1 1 1

(23)
t>ty, i=12,...,n
We let
p={ic{l,2,....,n}: |u; ()| >w; (t)
for some t € [ty, +00)}, (24)

9; =inf {t € [ty, +00) : |u; (1)| > w; (£), i € }.

If inequality (23) is not true, then g is nonempty set and there
must exist some integer m € ( such that 9,, = min;c,9; €
[tg, +00).

By u,,(t) € ([t — 0,+00), R) and the inequality (23), we
can get

9,, >ty

|um (Sm)l = wm (Sm) > (25)

d+
E |um (Sm)l = wm (em) >

lu; O] <w; (1), telty-1.9,],i=1L2,...,n. (26)
By applying (11) and (21)-(26), we obtain

d+

E |le (Sm)|

—x(9

M=

<

(1+e)zje mto) [pmmj + qm]-em] —e€l,

-.
I
—_

(27)

B

Z [ij + qu€ ] (1 + 6) Z e (9 —to)

j=1

< —kz, (1+e)e ™)~y (9,),
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which contradicts the inequality in (25). Thus the inequality
(23) holds. Therefore, letting e — 0, we have (13). The proof
is complete. U

By the process of proof of Lemma 4, we easily derive the
following theorem

Theorem 5. Under the conditions of Lemma 4, then

tEer[u )" < L. (28)

4. Main Results

In this section, we will state and prove our main results. The
following lemma is very useful to prove Theorem 7.

Lemma 6. Assume that 0 < la| < 1, (k = 1,2,...)
and the series of number Y2, a, is absolute convergence,

then the infinite products [[;2, (1 — lac)) ™", [T, (1 + a;) and
[T, (1 +lag|) are convergent and [ 112, (1-1a )™ = [T, (1+
a) "t T, (1 + lag) = T12,(1 + ap).

Proof. In fact, by the assumption 0 < |g;| < 1, (k =1,2,...),
we have

— >
1- |ak| 1+ ay (29)

which imply that

In(1-|ag|)<n(l+a)<In(l+]|al),
(30)

In(1-|al) <o, In(1+|a) > 0.

On the other hand, since ), a, is absolute convergence, we
derive that

lim g, = klirrgo |a| = 0. (31)

k— o0

Equations (30) and (31) give that

lim M =1,
k— oo |ak|

lim ————*2 =1, (32)

According to (32) and considering that )2, a; is absolute
convergence, we get that the series of positive number
-YR In(1 — al) = Y, In(l - lal)h Yo, In(l +
a;), and Ziil In(1 + |a,|) is convergent. Thus the infinite
products [Te2, (1 = )™, [T, (1 + @), and [T2, (1 + |a])
are convergent. At the same time, combined with (29), we
conclude that [T2, (1 = la )" = [12,(1 +a) ™" [T, (1 +
lael) > [Teoy (1 + a). The proof of Lemma 6 is complete. [

Theorem 7. Assume that (A,)-(As) hold, then

s={pec:[¢];, <nD T} (33)

is a robust positive invariant and global robust attracting set of
FNNs (2),where

n=dmggﬁowmwiﬁaﬂ@wnniﬁaﬂmw).

(34)

Proof. Calculating the upper right derivative (d*/dt)[x(t)]"
along system (4) and by using Lemma 6, we have

d+
I |x; ()]

= sgn (x; (1)) x; (t)

< (—gi +L,; |5,-1-| +L,; |Eii|) |xi (t)|

+ Lil_[(l + A“ik)il Z H (1 + P‘jk)
<t j=Lj#it<t

% ([ay] + [bs]) |x; 0]

(1 +u56)

1t<t
x ([@y| + [ay] + [by])

x|ae; (£ =7 )]

-1
+ LiH(l + hik) '

n
t.<t j=

+ |1+ Zl (7l + el + [63]) [
iz
< (—Ei +L; |a,] + L, |Eii|) |x; (1)

LTl Y T+ [mg)

<t j=lLj#it<t

x ([ay] + [by]) |x; @)

PO ™ Y T [

to<t 1<t
x (@] + [ay| + [by])

x|xe; (£ =7 )|

n —
+ | 5] + z; (7] + feal + [84]) ]
Z



< (—Ei + L [a| + L; |Eii') |x; (8)]

L[]l Y TT0+Ex])
k=1 j=Lj#ik=1
x([ay] + [s])]x; )
22 RS B ()
=1 j=l k=1

x ([@y] + [a| + [by])
x|ae; (¢ =7 )]

n p—
+ |4 +Z(|7ij|+|Eij|+|5ij|)|”j"

j=1

From (Aj), (35) can be rewritten as follows:

Z—;[x O] <Plx(®)]" +Qx @)}, +1, t=0. (36)

Then from the conclusion (i) of Lemma 4, we can obtain

x(t)] <L, t=0, (37)

provided that [(p]:(A) <L, whereL, = D 'L
According to Lemma 1 and (37), one has

[u®]

:diag( [T Q+p)-n [] (1+p¢nk)>[x(t)]+

0<t <t 0<ty<t

(38)

smgﬁiuwmqunu+mm)mmr
k=1

k=1
=TI[x(t)]" <L, = L,
provided that [¢]7,) < I, where I = TID 1. In view of
Definition 2, we get that S denoted by (33) is a robust positive
invariant set of FNNs (2).

On the other hand, since D € ./, there exists a positive
vector z = (21,255 - -+ » zn)T such that

Dz >0, thatis, (P+Q)z<0. (39)

By using continuity, we know that there must exist a positive
scalar x(A) such that

[K (ME+P+ QeK(A)T(A)] z <0, (40)

where d > 1 is a constant such that [gb]:( N < dL.
Then by (36), (40), and (A,), all the conditions of
Theorem 5 are satisfied, and we have

lim [x ()] <L. (41)
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According to Lemmal and Definition 2, we yield that S
denoted by (33) is also a global robust attracting set of FNNs
(2). The proof is complete. O

Theorem 8. In addition to (A,)-(As), further assume I=
0. Then FNNs (2) has a zero solution and the zero solution
is global robust exponential stability and the exponential
convergent rate equals k which is determined by (40).

5. Illustrative Example

The following illustrative example will demonstrate the effec-
tiveness of our results. Consider the following FNNs with
time-varying delays and impulses:

2
() = —¢ M w )+ ) w; W) f; (u; (t-7; 1))
j=1
n 2
+ Z Yij A v+ i+ /\ a;j N fj (”j (t))
j=1 j=1
2 n
+ N\ oy ) 5 (w; (£ -7 @0)) + [\ ;W)
=1 j=1
2 2
+\/ B ) £ (4 0)+\ By ) £ (s (£ -7 1))
j=1 j=1

+ \/ 8 (M) v, t#h, t20,
j=1

Auy () = u; (1) —u; (£7) = pye M s (1),
ui (t) :¢i (t)> le [—T(A),O],

t=t, t>0,

(42)
wherei = 1,2, t; € {1,2,3,...}, B = [n/4,7/2], T(A) = 1,
¢ (A) = h(8+sin(21)), ,(A) = h(9+cos(2)), f;(x) = fo(x) =
(1/2)(Ix + 1| = [x = 11), 7;;(t) = | sin(i = j)t], phy(A) = pp(A) =
(-1)*sin A/2%, a;(1) = h(1 + sin 2iA)/4, a;(A) = (1 + sin(i +
DO/ (# ), b;(A) = h(1 + 2sin(i + j)A)/6, b;(A) = (1 +
25in(i + HA)/6) (i # ), agy(A) = (2 + sini + PA/9, B;(A) =
(1+2sin(i+ j)A)/9, a)ij()t) = (L+sin(i+f)A)/6, cij(/\) =sin(i+
A4, yij(A) = —sin(i+j)A/4,and 8ij(A) = cos(i+ j)A/4,I; =

—((-1)/4), v; = (-1 By the simple calculation, we obtain

(7)) () w

where h = T[22, 2F + 1)/(2* = 1). Then D = (P + Q) is a
nonsingular M-matrix, and taking « = 0.1,z = (1,1)", we
get

[KE +P+ Ge’“] z<0. (44)

Therefore, by Theorem 7, we obtain that

S= {¢> €C:[pl;y < b 1= <211 i)T} (45)
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is a robust positive invariant and global robust attracting set
of FNNs (42).
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