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Abstract. In this paper, the impulsive fuzzy recurrent neural network with
both time-varying delays and distributed delays is considered. Applying the
idea of vector Lyapunov function, M-matrix theory and analytic methods,
several sufficient conditions are obtained to ensure the existence, uniqueness
and global exponential stability of equilibrium point for the addressed neural
network. Moreover, the estimation of the exponential convergence rate index
is provided. These results generalize a few previous known results and remove
some restrictions on the neural networks. Two examples are given to show the
effectiveness of the obtained results. The method of this paper, which does not
make use of Lyapunov functional, is simple and valid for the stability analysis
of fuzzy recurrent neural networks with variable delays or/and distributed
delays, it is believed that these results are significant and useful for the design
and applications of fuzzy neural networks.

1. INTRODUCTION

Recurrent neural networks have been extensively studied in the past decades.
Two popular examples of such kinds of neural networks are the Hopfield neural
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networks and cellular neural networks. They have been successfully applied
in signal processing, pattern recognition, associative memories, optimization
solvers, and other engineering and scientific areas [1], [2]. In such applications,
it is of prime importance to ensure that the designed neural networks are
stable.

In an hardware implementation of a recurrent neural network using analog
electronic circuits, the time delay will be inevitable and occur in the signal
transmission among the neurons, which will affect the stability of the neural
system and may lead to some complex dynamic behaviors such as oscillation,
divergence, chaos, instability or other poor performance of the neural networks
[2]. In this case, the time delay may substantially affect the performance of
the recurrent neural networks. Thus, the study of stability for delayed re-
current neural networks is of both theoretical and practical importance. In
recent years, the dynamical behaviors of recurrent neural networks with con-
stant delays or time-varying delays or/and distributed delays have been deeply
investigated, for example, see [2]-[20] and references therein.

However, besides delay effect, impulsive effects are also likely to exist in the
recurrent neural networks [21]. For instance, in implementation of electronic
networks, the state of the networks is subject to instantaneous perturbations
and experiences abrupt change at certain instants, which may be caused by
switching phenomenon, frequency change or other sudden noise, that is, does
exhibit impulsive effects. Therefore, it is necessary to consider both impulsive
effect and delay effect on the stability of the recurrent neural networks. Several
interesting results on impulsive effect have been gained for neural networks
with delays, for example, see [21]-[32] and references therein.

It is well-known that the fuzzy cellular neural networks (FCNN), was in-
troduced by Yang in 1996 [33], is also a kind of important recurrent neural
networks. It combines fuzzy logic with the traditional cellular neural net-
works. Studies have shown that the FCNN is very useful paradigm for image
processing problems, which is a cornerstone in image processing and pattern
recognition. Recently, some results on stability have been derived for the
FCNN without time delays and with time delays, for example, see [34]-[37]. In
[34], Yang and Yang obtained some conditions for the existence and the global
stability of the equilibrium point of the FCNN without delay. In [35], Liu
and Tang considered the FCNN with either constant delays or time-varying
delays, several sufficient conditions were obtained to ensure the existence and
uniqueness of the equilibrium point and its global exponential stability. In
[36], Yuan, Cao and Deng gave several criteria of exponential stability and
periodic solutions for FCNN with time-varying delays. In [37], Huang consid-
ered the stability of FCNN with diffusion terms and time-varying delay. To
the best of our knowledge, few authors have considered fuzzy recurrent neural
network model with both time delays and impulsive effects. From the view
of mathematical model, the fuzzy recurrent neural networks with both time
delays and impulsive effects belongs to new category of dynamical systems,
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which is neither purely continuous-time nor purely discrete-time one. Such
a model displays a combination of characteristics of both the continuous-time
and discrete-time systems and has complex dynamical behaviors. Therefore, it
is necessary to further investigate the dynamical behaviors of fuzzy recurrent
neural network model with both time delays and impulsive effects.

Motivated by the above discussions, the objective of this paper is to study
the global exponential stability of the impulsive fuzzy recurrent neural net-
work with both time-varying delays and distributed delays, and estimate the
exponential convergence rate index.

2. MODEL DESCRIPTION AND PRELIMINARIES

In this paper, we consider the following model
p du; n n
D — —coui(t) + Zl ai; f(u;(t)) + Zl bijvj + Ji
j= j=

+ A st = 70 + V Bt = 7,(0)

7=

+ ;\1 6ijj Kij(t — s)fj(uj(s))ds

+j\/ mj_f Kij(t —s)fi(u;(s))ds

=1

+ /\ E]Uj + \/ szvja t 7& tk: t> 07
j=1 j=1
Auity) = uz(tl—:) —ui(ty ) = Li(wi(ty)),
\ 1_1727 y 1, k_1727 )

where n corresponds to the number of units in a neural network; wu(t) =
(ur(t), uz(t), -+, un(t))T, u;(t) corresponds to the state of the ith unit at time ¢;
f; denotes the activation function; 7;;(¢) corresponds to the transmission delay
along the axon of the jth unit from the ith unit and satisfies 0 < 7;;(t) < 75
(7;; is a constant); K;;(t) is delay kernel function; C' = diag(ci, ¢, -+, cn),
¢; represents the rate with which the ¢th unit will reset its potential to the
resting state in isolation when disconnected from the network and external
inputs; A = (aij)nxn, B = (bij)nxn, a;; and b;; are elements of feedback tem-
plate and feed forward template, respectively; o = (ij)nxn, B = (Bij)nxn,
§ = (8ij)nxns M = (Mij)nxn, Quj, Bij, 0;; and 7;; are elements of the discrete
fuzzy feedback MIN template, the discrete fuzzy feedback MAX template, the
distributed fuzzy feedback MIN template and the distributed fuzzy feedback
MAX template, respectively; T = (Ti)nxn, H = (Hij)nxn, 1i; and H;; are
elements of fuzzy feed forward MIN template and fuzzy feed forward MAX

template, respectively; V' = (v, vq, -+ ,v,)T, J = (J1, Jo, -+, Ju)T, v; and
J; denote input and bias of the ¢th neuron, respectively; t; is called impul-
sive moments and satisfy 0 < t) < t; < to < -+, limp_ ot = 400;

u;(t;) and u;(t)) denote the left limit and right limit at ¢, respectively;
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Li(u(ty)) = (Tue(ua(te)), Low(uz(te)), -~ - Lu(ua(t)))T, Li(ui(ty)) shows im-
pulsive perturbation of the ¢th neuron at t,.

Remark 1. Since the solution (ui(t,x), -+ ,u,(t,z))" of model (1) is discon-
tinuous at the point ty, by theory of impulsive differential equations, we as-
sume that (uy(ty), us(t), -+ un(ti))? = (ur(tx+0, ), ug(tr+0,2), - -, up(tp+
0,2))T. It is clear that, in general, the derivatives du&—(ttk) do not exist. On the

other hand, according to the first equation of model (1) there exist the limits
du; (t,F0) du;(ty) — duz(tk+0)
dt T

Remark 2. If Ijp(u;(ty)) =0 fori=1,2,---,n; k=1,2,---, then model
(1) becomes continuous fuzzy recurrent neural network

duc;t(t) = —cu(t) + jzl aij fi(us(£) + > bigvj +

J=1

. According to the above convention, we assume

+ /\ g fi(u;(t — 75())) + \/ Bij fi(ui(t — 73(1)))

+/\5U/ ) f;(u;(5))ds

(2) + \/ Tij / Kij(t = s) fi(u;(s))ds + /\ iV + \/

fort>0, 1=1,2,---,n

For convenience, we introduce several notations. u = (uy, ug, -+ - ,u,)’ € R®
denotes a column vector; |u| denotes the absolute-value vector given by|u| =
(Jual, |ual, - -+, Jun)T. For matrix A = (aij)uxn € R™™, |A| denotes the
absolute-value matrix given by |A| = (|ai;|)nxn; diag(bi,bs,- - ,b,) denotes
the diagonal matrix with diagonal entries by, by, - - - , b,; p(A) denotes the spec-
tral radius of A; |lu|| denotes a vector norm defined by ||ul| = max [,

n
while ||A|| denotes a matrix norm defined by ||A| = 1@[&2;{2 la;;|}. For
Sisnoj—g

A, B € R™" A > B(A > B) means that each pair of corresponding ele-
ments of A and B satisfies the inequality "> (>)”. C[X, Y] denotes the space
of continuous mappings from the topological space X to the topological space
Y. PCIILR"| = {¢ : I — R”) Y(tT) = P(t) for t € I,¢(t7) exists for

t € (ty,+00),1(t7) = ¢(t) for all but points t; € (to, +00)}, where I C R is
an interval.

Definition 1. A function u(t) : R — R" is called a solution of model (1) with
the initial condition u(s) = ¢(s) € PC((—o0,to], R"), if u(t) is continuous at
t # ty and t > to, u(ty) = u(ty) and u(ty) exists, u(t) satisfies model (1) for
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t > ty under the initial condition. Especially, a point u* € R™ is called an
equilibrium point of model (1), if u(t) = u* is a solution of model (1).
Definition 2. An equilibrium point u* = (u},ub, -+ ,ul)’ of model (1) is said
to be globally exponentially stable, if there exist constants € > 0 and M > 0
such that

lu(t) — || < Mlj¢ —u*[je===")

for all t > ty, where u(t) = (uy(t),us(t), - ,u,(t))" is any solution of model

(1) with initial value u;(s) = ¢i(s) € PC((—o0,t], R), i = 1,2,--- ,n, and

¢ — w*l| = max |¢i(s) — uffee with |¢i(s) — ujlec = sup [di(s) — ujl.
1<i<n s€(—o0,to]

Definition 3. [32] A real matric A = (a;j)nxn 5 said to be an M-matriz if
a; <0(i,7=1,2,---,n;i #j) and A~* > 0.

To prove our results, the following lemmas are necessary.

Lemma 1. [32] Let Q be n xn matrixz with non-positive off-diagonal elements,
then Q) is an M-matriz if and only if one of the following conditions holds.

(i) There exists a vector & > 0 such that £TQ > 0.
(ii) There exists a vector & > 0 such that Q& > 0.

when A is an M-matrix, denote
Q(A) = {¢ € R"AL > 0,¢ > 0}, (3)
from Lemma 1, we know that Q(A) is nonempty.

Lemma 2. [38] Let A be a nonnegative matriz, then p(A) is a eigenvalue of
A, and A has at least one positive eigenvector which is provided by p(A).

When A is an nonnegative matrix, denote
['(A) = {¢ € R"[AE = p(A)¢}, (4)
from Lemma 2, we know that I'(A) is nonempty.

Lemma 3. [34] Suppose u and u' are two state of model (1), then we have

’ /\ozz-jfj(uj) — /\Oé”f](ug) S Z Qi - fj(uj) - f](U;) )
j=1 j=1 i=1
’\/@jfj(uj) =\ Bifi W) <78 - [ £i(ug) — fi(u)].
j=1 j=1 j=1

Throughout this paper, we make the following assumptions:

(H1) If (uf,u3, -+ ,u*)T is an equilibrium point of model (2), then impulsive

r o

jumps I, of model (1) satisfy the following conditions [23]-[26]
Lin(ul) =0, k=1,2---,i=12--n.
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(H2) For function f;, there exists a positive diagonal matrix F' = diag(F, F5,
-+, F,) such that

F; = sup fi(@1) — fi(@s)
T1#T2 T1 — X2

forall z1 #x9, 7 =1,2,--- n.
(H3) The delay kernel K;; : [0,400) — [0,400) is real valued nonnegative
continuous function and satisfies [18]

/+OO 6'65Kij($>d8 = Tz’j(ﬂ)a
0

where p;;(3) is continuous function in [0,0), ¢ > 0, and p;;(0) = 1,
1,7=12--- n.
(H4) Let u + I(u) := pi(u), then there exist nonnegative matrices P, =

(pgf) Jnxn such that

Ipk(x1) — pr(xe)| < Pilzy — 29|

for all x1, 20 € R*", k=1,2,---.

3. MAIN RESULTS

Theorem 1. Under assumptions (H1)- (H4), model (1) has a unique equilib-
rium point, which is globally exponentially stable and the exponential conver-
gence rate index equals € — \, if the following conditions are satisfied

(i) W=C— (A + |a] +|8] + |0] + |n|)F is an M —matriz.
(11) A = QW) ﬁ I'(Py) is nonempty.
(iii) Let =
e = max{l, p(Fy)}, (5)

and there exists a constant \ such that

In i

<\<e, k=12, (6)
e — g1

where the scalar € > 0 s determined by the inequality
ile—a)+ Zé}ﬂ(!azj\ + e (Jai| + [B]) + riy(e)([035] + \%\)) <0 (7)
j=1

for a given £ = (&,&,-++,&)T €A, 7= max {7}

Il ol e
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Proof. Since equilibrium point u* = (u},u},--- ,u*)? of model (2) satisfy the
following equation

Z@z’jfj(“;) + /\ g f(u3) + \/ Big fi(u
+ /\ 51] / f] dS + \/7713 / Kz] )dS

+Zb”v]+l +/\ v]+\/

fori=1,2,---,n. From assumptlon (H3), we get

> aifiwd) + N\ aisfi @)+ \ B fiu) + N 6iifi(u

— [ hS [

+\/77mf] +mev]+l+/\ vj+\/Hv
i=1

7j=1

fort=1,2,---,n. By using of Lemma 3 and theory of homeomorphism, the
proof for the existence and uniqueness of the equilibrium point of model (2) is
similar to the proof of Theorem 1 in [18], we omit it. From assumption (H1),
we know that model (1) have a unique equilibrium point. So, we will only
prove that this unique equilibrium point of model (1) is global exponentially
stable.

Let u* = (u},u3, -+ ,u’)T be the unique equilibrium point of model (1).
Denote

yilt) = w(t) — i, fily (1) = £y (1) + ) — fi(wl),,
Pir (i (t)) = par(yi (t) + u)) — pir ()

then model (1) can be rewritten as

’dﬁhvﬂw>+2mmwx»+ﬁwﬁww—mm»

=1

+G%mmwmxm+§&jkmFﬁﬂmw@ N

+ V Mij f Ki;(t S)fj(yj(s))ds7

( yz(tk) sz(yz(tk))
Since W is an M-matrix and the set A is nonempty, from lemma 1, there
exists a positive vector & = (£1,&, -+ ,&,)T € A C Q(W) such that

-@@+ZEJ(MA+MM+WM+MJH%D<O (9)
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Considering functions

Li(z) = &z —a)+ Zé}ﬂ(\aij! + e (lagg| + [Bi5]) + 73 (@) (|035] + lmj\)),
j=1

i=1,2-n.

From (9) and assumption (H3), we know that L;(0) < 0 and L;(x) is continu-

ous. Since 2£i2) L;(z) is strictly monotone increasing, there exist g; > 0

dx
such that

Lz‘(&‘) = fi(&‘—Cz‘)

+ 3 & (Jassl + €7 (s + 1851) + rig(e) (0l + ) ) < 0.
j=1

i=1,2,-- ,n.
Choosing 0 < € < min{ey, €9, -+ ,&,}, then

§ile — ) + Z@E(I%I + €7 (Jaij| + [B]) + iy () (|655] + Imjl)) <0, (10)
=1

1=1,2,---,n.
Let
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Calculating the upper right derivative D z;(¢) of z;(t) along the solutions of
(8), from Lemma 3 and the assumption (H2), we can get

D+$i(t) = 5e€(t_t°)|yi(t)| + ee(t_tO)Sgn(yi( ) { Czyz + Zaz]f] yj

+ N\ i f(ys(t = 75t +\/ﬁmfj y(t = 75(1))
j=1
+A%/mx ) us(s)ds
=1
+\/77ij/Kw( )f](yj( ))ds}
=1
< e —e)lnn] + D laul )
+Z || + 18351 Fily; (¢ — 735())]
+Z 10451 + [n5]) F. / $)|y;( )|d3}
= (e —¢)m(t —l—Z\a”]F:z:]
+ Z(!%’! + 1By Eye ™ Wa(t — (1))
j=1
+ Z 3l s DFy [ (= s)ay(o)ds
< (e —c)a(t +Z|am|F%

+ Z(!%’! + |8y Fyex (t — 75(t))
(1) +memm [ IRt~ s)ay(s)ds

fore=1,2,--- nytp 1 <t <tp,k=1,2,---.
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Let [y = nin @y then

1<i<n
7i(s) = € y(s)] < lyis)| = lonls) =l < o -l <&lo (12)
for —co < s <ty i=1,2,---,n. We can prove that
.Tl(t) <&lp, to<t<ty, 1=1,2,---,n. (13)

In fact, if inequality (13) is not true, then there must exist some i and t* €
[to, 1) such that

ZEZ(t*) = fil07 D+$Z(t*) Z O and ZE](t) S éjl()
for —co <t <t*, j=1,2,---,n. However, from (10), (11) and (H2), we get

D+xi(t*) < <(5 - Cz)fz + Z |az‘j|Fj§j + Z(|C¥Z]| + |ﬂij|)Fj€ET§j
j=1 j=1

(12) + 303651 + s Fyrig()€; Yo < 0,

j=1
this is a contradiction. So inequality (13) is true. Thus, we have
()] < &loe™7) g <t<ty, i=1,2,--,n. (14)
In the following, we will use the mathematical induction to prove that
yi(t)] < Y01 Merbiloe =T oy <t <ty 15
1=1,2,--- k=12,

hold, where vy = 1.
When k = 1, from inequality (14) we know that inequality (15) hold.
Suppose that the inequalities

|yz(t)| S Yovy1- /Ym—lfiloe_s(t_t())a tk—l S t < tka 1= ]-7 27 T, N, (16>

hold for k=1,2,--- . m
From assumption (H4) and (16), we know that the second equation of model
(8) satisfies

yi(tm)| < Zp Nyt

(17) S sz(;n)%’h *Ym— 1£]l0€ eltm—to)
=1

fori=1,2,---.n
From & = (&,&, -+ ,&,)T € A, we know that £ € T'(P,,). That is
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le.,
Zpl(';n)gj:p<Pm)fi, i=1,2,-+,n.
j=1

Applying (18) to (17), we get

‘yz(tMH < Yoy1 - Pymflp(Pm)filoeis(tmito), 7 = 1, 2’ ceen.
From (5) and (19), we have

—&(tm —to)

i (tm)| < Yo -+ - Ym—1Ym&iloe . i=1,2,---,n.
This, together with both (12), (16) and (20), lead to

|y’l(t)| S Yov1 - "ym—l/meiloe_E(t_tO)a 1= 17 27 e 7n;t S (_007 tm]a

ie.,
zi(t) <o Ym—1Ym&ilo, 1=1,2,--- n;t € (—00,ty)].
In the following, we will prove that
l‘z(t) S Yoy /Ym—l/meilOv 1= 17 2) R £ t e [tmy tm+1)7
hold.

1345

(18)

(19)

(20)

(23)

If (23) is not true, then there must exists some ¢ and t** € [t,,, t;,41) such

that
zi(t™) =07 Ym-1Ym&ilo,  DTwi(t) >0
and
zi(t) < %071 Ym-1Tmjlo
for —oo <t <t**, j=1,2,--- ,n. However, from (11) and (10), we get

Da;(t™) < [(6 — )i+ Y laglFi& + Y (| + By Fye™
j=1 j=1

+ Z(|5ij| + |7h‘j|)Fj7“z‘j(€)§j] YY1 * * * Ym—1Ymlo

j=1
< 0,

this is a contradiction. So (23) holds.
By the mathematical induction, we can conclude that (15) holds.
From (6), we have

Ve < 6)\(%*%71)7 k=1,2,--.
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From (15), we get
’yz(t” < )\(t17t0) A(t27t1) . )\(tk 1—tk_o fl e e(t—to)

AMtg—1 —to)e—s(t—to)

= min {fz}H(ﬁ_u H€

1<i<n
< 5 H¢ —u HeMt to)e—e(t to)
- mm{ i}
1<i<n
o A
for any t € [ty_1,tx), k = 1, 2, -+, that is
&i A)(t—t
olt) = ] < =l — e )
Jnin {&;}

for t > ty. So
lu(t) = u| < Mg —u*|lem V)
for t > ty, where M = max {&}/ 1r£1i£1 {&} > 1. This means that the equilib-

rium point v* of model (i) is globally exponentially stable, and the exponential
convergence rate index equals € — A. The proof is completed. O

Remark 3. We may properly choose the matriz Py in assumption (H4) to
guarantee A in Theorem 1 be nonempty. Especially, when Py = pyE (py is
nonnegative constant), A is certainly nonempty. So, by using Theorem 1, we
easily obtain the following corollary.

Corollary 1. Under assumptions (H1)- (H3) and P, = P = diag(p1, p2, * - -,
Pn), model (1) has a unique equilibrium point, which is globally exponentially
stable and the exponential convergence rate index equals € — A, if the following
conditions are satisfied

(i) W=0C— (A + |a] + 8] + |0] + |n|)F is an M —matriz.
(i1) Let v, > max{1l,py}, and there exists a constant A such that
In vy,
le — i1
where the scalar € > 0 s determined by the inequality

(e +ij i (lais] + € (s | 4 1851) + 735(2) (8551 + i) ) < 0

<\<e, k=12

?

for a given 5 =(&,8,--, &) T eQW), 7=  max {7}

1<i<n,1<j<n

Remark 4. Theorem 1 and Corollary 1 show the fact that the exponential
stability of model (1) still remains even under strong impulsive perturbations
if model (2) exponentially converges as fast as possible.



Stability analysis 1347
Corollary 2. Let assumptions (H2) and (H3) hold, if
W =C = (|A] + |af + |8] + |o] + [n]) F

is an M—matriz, then model (2) has a unique equilibrium point, which is
globally exponentially stable, and the exponential convergence rate indexr € > 0
1s determined by the inequality

ile — i) + 3 &6Fy (lagl + e (lasgl + 181) + 733(e) (051 + i) ) < 0
j=1

fori=1,2,--- n, and £ = (&,&, - ,&)T € QW), 7= max {7}

1<i<n,1<j<n

Proof. From W is an M— matrix, we know that model (2) has one unique
equilibrium point. Since model (2) is a special case of model (1) with I (u) = 0,
we have pg(u) = u. So, (H1) hold, and (H4) with Py, = diag{1,1,---,1} hold.
From Corollary 1, we can get that the unique equilibrium point of model (2)
is globally exponentially stable. The proof is completed. O

Corollary 3. Let assumption (H2) hold, if
W =C = (Al + o] +|8)F

18 an M —matriz, then model

7 = —ciui(t) + Z aijfj(uj(t)) + Z bijl)j + Jz
+ /\ i fi(u;(t — 735(t))) + \/ Bij fi(u;(t — 735(t)))

(24) + A\ Ty + \ Hyjvy, t20, i=1,2--,n

j=1 j=1
has a unique equilibrium point, which is globally exponentially stable, and the
exponential convergence rate index € > 0 1s determined by the inequality

& — )+ D &Fy (Jaigl + ¢ (o] + |840)) <0
j=1

fori=1,2,--+ n, and §{ = (&,&, - ,&)T € QW), 7= max  {n;}.

Remark 5. Corollary 3 extends and improves the corresponding results on
the stability of model (24) in [35]-[37]. In [35] and [36], the differentiability on
time-varying delays is required. In addition, the following two examples show
that the results obtained in this paper have a less restriction than those in [35]

and [37].
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4. EXAMPLES

Example 1. Consider the following model

du;(t) 2 2
dzt = —ciui(t) + ]Zl aijfj(uj(t)) + ]Zl bijl)j + Jz
2 2
+ N i £i(ui (8 — 75 (0) + \/ By fi(uy(t — 735(2)))
=1 =1
J2 ) J
(25) + A\ Tyoj+ \/ Hyvj, t>0, i=12,
j=1 j=1

where

(03 09 g 02 05
= Vo7 o02) P=loe o04)

(0= F0) = 56411 +16 1)), 7i(t) = 7a(t) = 3+ 2|sime].

1 0
0 1
0.7 —2.5
—-2.1 8
Corollary 3, we know that model (25) has a unique equilibrium point which is
globally exponentially stable, and the exponential converging index A = 0.01326.

Since 1(t) and 12(t) are not differentiable, the conclusions in [35] and [36]
are not applicable to ascertain the stability of model (25).

Since

, T =05. It is easy

Obviously, assumption (H2) hold, and F = (

computing that C'— (| A|+|a|+|5]) F = ( ) is an M -matriz. By

€~ (|A| + diag ( max {las; 1}, max {lasy 5]}

. —-0.2 —1.1
g (a1 U0 ) = (70 75 )

is not an M-matriz, the conclusions in [37] are not applicable to ascertain the
stability of model (25).
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Example 2. Consider the following model
2

( 2
= () + 3 aifi(us(0) + 3 bigvs +
]:

J=

T A au gt — my(0))) + %%b%@ﬂ%%)

] 1

n /\ 8i; f Kij(t — 5) f(u;(s))ds (26)

=1

+J f Kij(t — s) fi(u;(s))ds

2
+ /\ \/ ij Vg, t 7é tk, t Z O,
j=1
L Au(ty) = ui(t) — Uz‘(ti) = Lip(ui(t)), =12, k=1,2,---,

49 0 1 —1.2 03 04
C:(o 4.8)’ A:(0.3 2)’ :(0.1 0.5)’
- 01 06 s_ (01 02 (01 06
“\lo03 o02) °“ Vo4 o05) "“\o3 o02)
0.3 0.7
02 0.9

B=T=H-= < ) .V =(03,00)T, J=1(2.34,2.02)7,

fi(z) = falx) = x, K;j(t) = te™, 7;(t) = 0.01(| cost| + 1), to = 0.5, t, =
tkfl +O5, [1k(ul(tk)) 0. 005(U1(tk) — 1), IQk(/U/Q(tk»)) = —0005(u2(tk) — 1) fOT
k=1,2,3, -

One can verify that the point (1,1)T is an equilibrium point of model (26),

and assumptions (H1)-(H4) hold, and T = 0.02, F = (1 0 ), P, =

01

1.005 0
0 1.005
It is easily computing that

)fork:1,2,3,---

3.3 =3
W=C = (Al +lal 180+ 1al+ lbr = (% 13
is an M-matriz, and T(B,) = R?, QW) = {(z1,20)7]21 < 20 < 1.121,21 >

0,20 > 0}, s0 A ={(21,22)T |21 < 20 < 1.121, 21 > 0,20 > 0} is nonempty. Let
€= (1,1.05)T € A and e = 0.01753, which satisfy inequalities

ecwikaQ%HwWMHmwmﬁmwﬂww<m =12

Taking v = 1.005, A = 0.01, which satisfy inequalities
Y > max{1, p(P)},
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and

1 Inl.
ny, _n 005§)\<€7 k=12
tp — tk—1 0.5

Clearly, all conditions of Theorem 1 are satisfied. From Theorem 1, we know
that the unique equilibrium point (1,1)T of model (26) is globally exponentially
stable, and the exponential convergence rate index equals 0.007535.

5. CONCLUSIONS

In this paper, the global exponential stability of the impulsive fuzzy recur-
rent neural network with both time-varying delays and distributed delays has
been studied. Several sufficient conditions have been obtained to ensure the
existence, uniqueness, and global exponential stability of equilibrium point
for impulsive fuzzy recurrent neural networks model with both time-varying
delays and distributed delays. The sufficient conditions obtained are delay-
independent, which implies that the strong self-regulation is dominant in the
networks. In particular, the estimate of the exponential converging index was
also provided, which depends on the system parameters. Compared with the
method of Lyapunov functional that is employed by previous publications, our
method is simpler and more effective for stability analysis of the fuzzy recur-
rent neural networks with both time-varying delays and distributed delays.
Two examples have shown that our results are less restrictive than previously
known criteria.
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