Hindawi Publishing Corporation
Mathematical Problems in Engineering
Volume 2015, Article ID 306806, 13 pages
http://dx.doi.org/10.1155/2015/306806

Research Article

Hindawi

Stability of Stochastic Discrete-Time Neural Networks with
Discrete Delays and the Leakage Delay

Liyuan Hou and Hong Zhu

School of Automation Engineering, University of Electronic Science and Technology of China, Chengdu 611731, China

Correspondence should be addressed to Liyuan Hou; liyuanhou@163.com

Received 20 November 2014; Accepted 30 January 2015

Academic Editor: Yang Tang

Copyright © 2015 L. Hou and H. Zhu. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This paper investigates the stability of stochastic discrete-time neural networks (NNs) with discrete time-varying delays and leakage
delay. As the partition of time-varying and leakage delay is brought in the discrete-time system, we construct a novel Lyapunov-
Krasovskii function based on stability theory. Furthermore sufficient conditions are derived to guarantee the global asymptotic
stability of the equilibrium point. Numerical example is given to demonstrate the effectiveness of the proposed method and the

applicability of the proposed method.

1. Introduction

Neural networks (NNs) have received much interest owing to
their wide application in the areas of signal processing, pat-
tern recognition, and static image processing in [1, 2]. One of
the most important and challenging questions in theoretical
analysis of neural networks (NNs) is dynamical behaviors of
the neural networks, for example, stability, instability, peri-
odic oscillatory, and chaos. Among them analysis of stability
has received much attention and various stability conditions
have been obtained in [3-10]. The main problem of stability
analysis is how to construct appropriate Lyapunov functions
which are widely used in various fields [11-18]. Then the
construction of Lyapunov functions is determined by the
structure of neural networks. The study of neural networks
generally considers the following factors.

It is well known that time delay is inherent in various
systems, including artificial neural networks, owing to the
finite speed of signal transmission [3]. Delays in a system may
cause oscillation and divergence and may degrade the perfor-
mance. Hence, stability analysis of systems with time delay
is widespread. Scholars classify the analysis of stability into
delay-independent and delay-dependent ones. It has been
proved in [4, 5] that the delay-dependent criterion is less
conservative than the delay-independent one, especially for
smaller values of delay. Delay-dependent stability condition

for continuous-time NNs with time-varying delays has been
reported in literatures [4-10]. The approaches to handle the
time-varying delay in most literatures are based on intro-
ducing free weighting matrices [19], model transformation
method [20], and linear matrix inequality (LMI) approach
and employing the delay partitioning approach in [21, 22].

In the digital life, most of the signals including the con-
tinuous-time NNs need to be processed, experimentalized,
or computed by the computer, such that we must discretize
the continuous-time signals before delivering them to the
computer. Therefore, the stability of discrete-time neural net-
works is necessary, and more and more literature about it was
published [22-28].

As pointed out in [29], discrete-time delays were intro-
duced into bidirectional associative memory (BAM) neural
networks which were known as leakage (or forgetting) terms.
From literatures [30-36] it can be found that the leakage
terms had a tendency to destabilize the neural networks. In
the literatures [30, 31], the system with leakage delays had
been studied. However, different from [29], the leakage delays
changed to be time varying. Not only that, different kinds of
neural networks with time delays in the leakage terms were
studied, especially the effect of leakage term on the dynamical
behavior of various kinds of neural networks [32-42]. In
[33], passivity analysis of neural networks with time-varying
delays and leakage delay was considered. And they used



the free-weighting matrix method and stochastic analysis
technique. Furthermore, Li and others in [34, 35] researched
stability of various differential systems including neural net-
works in leakage terms, by using contraction mapping the-
orem, Brouwers fixed point theorem, Lyapunov-Krasovskii
functional method, and free weighting matrix technique.
Unfortunately, neural networks with the leakage terms in
most literatures are continuous systems, and there is not
any thesis about discrete neural networks with the leakage
delay. On the other hand, it has now been well recognized
that stochastic disturbances are mostly inevitable owing to
noise in electronic implementations. It has also been revealed
that certain stochastic inputs could make a neural network
unstable.

In this paper, the stability problem is considered for dis-
crete-time neural networks with time-varying delays in the
leakage terms. Firstly, the mathematical models are estab-
lished. Secondly, a less conservative and new stability crite-
rion is derived by using a novel Lyapunov-Krasovskii func-
tional which depends on the circumstance of the delay par-
tition. Thirdly, a numerical example is provided to show the
effectiveness of the main result.

Notation. Throughout this paper, R" denotes the n-dimen-
sional Euclidean space, and R™"™ denotes the set of all real
matrices. The superscript T denotes matrix transposition and
the notation X > Y (X > Y, resp.), where X and Y are
symmetric matrices, means that X —Y is positive semidefinite
(positive definite, resp.). In symmetric block matrices, the
symbol * is used as an ellipsis for terms induced by symmetry.
| - | stands for the Euclidean vector norm in R”. E{x} and
E{x | y} denote the expectation of x and the expectation of x
conditional on y. (Q, #, &) is a probability space, where Q is
the sample space, # is the o-algebra of subsets of the sample
space, and & is the probability measure on F.

2. Preliminaries

Discretizing the continuous-time NNs with leakage terms
[39], we will consider the following discrete-time systems
with time-varying delays in leakage terms:

x(k+1)

= x (k) - Cx (k — ) + AF (x (k)) + BG (x (k — 7 (k))),
(1

where x(k) = [x,(k), x,(k),..., xn(k)]T is the state vector at
time k; C = diag[c;, ¢, ...,¢,] with C > 0is the state feedback
coeflicient matrix; the n x n matrices A = [a;],,., and B =
[6;j],xn are the connection weight matrix and the discretely
delayed connection weight matrix, respectively; F(x(k)),
G(x(k)) are the neuron activation functions, which satisfy
F(x(k)) = [F,(x,(k)), Fy(xy(K)), ..., F,(x, (k)] G(x(k)) =
(G, (x,(k)), Gy(x,(K)), ... ,Gn(xn(k))]T; 7(k) denotes the dis-
crete time-varying delay; o means the leakage delays.
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Assumption 1. Forany x,y € R, (x # y),i € {1,2,...,n}, the

activation functions satisfy

- < Fi(x)_Fi()’)
xX-y

Sff; G < G; (x) - G; ()’) Sg;"

xX-y
)

=~

where f;, f", g;,and g/ are constants.

Remark 2. The condition on the activation functions in
Assumption 1 was originally employed in [6, 7] and has been
subsequently used in recent papers with the problem of
stability of neural networks; see [21-28].

The system (1) has equilibrium points under
Assumption 1. Let x* be the equilibrium point of system (1),
and shift it to the origin by letting y(k) = x(k) — x*, and then
system (1) with stochastic disturbances can be rewritten as

y(k+1) =y(k)-Cy(k-0)+Af (y(k)

+Bg (y (k-1 (k) +8(k, y (k) w(k),

3)

where y(k) = [y, (k),yz(k),...,yn(k)]T is the state vector
of the transformed system, y(k — 0) = x(k — 0) — x*, and
the transformed neuron activation functions are f(y(k)) =
F(x(k)) = F(x"), g(y(k)) = G(x(k)) - G(x"), and w(k) is a
scalar Wiener process on a probability space (Q, #, &) with
E{lw(k)} = 0, E{w’(k)} = 1, Elw@w(j)} = 0@ # j). Then
fi (i) = fi/(x=y) < ;59 < (g:(x) = g:(y)/(x -

¥) < g; can be verified from Remark 2.

Assumption 3. The noise intensity function vector §(-,-) :
N x N" — N” satisfies the Lipschitz condition; that is, the
nonlinear function §(k, x) satisfies the following inequality:

8 (k,x)" 8 (k, x) < Ex"x, (4)
where & is a known scalar constant.

Assumption 4. The time-varying delay 7(k) is bounded, 0 <
7, < 1(k) < T, and its probability distribution can be

observed. Assume that integer 7(k) is satisfied in 7; < 7(k) <

T d; =7, -7, # 0,i = 1,2,...,1, which means we divide
[T,,» Tar] into [ parts, and Prob{r(k) € [1,_, 1)} = p; =1 - p;,
where0<p, <1,Y.p,=1i=1,....,Land 1j = 7,,,, T} = ).

To describe the probability distribution of time-varying
delay, we define the following set &/; = (1,_;, 7;],i = 1,2,..., L
Define mapping functions

{T(k), T(k) e o,
7, (k) =

1, 7(k)ed,
p; (k) =
0, else.
(5)

Remark 5. Consider Prob{p,(k) = 1} = E{p(k)} = p;,
Prob{p,(k) = 0} = pi, E{py(k) * p,(K)} = {&r i

Ty,  else,

Remark 6. In the literature [21], the delay-partitioning pro-
jection technique is used. In [21], they partition 7(t) into
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several components, that is, 7(t) = ZZI 7;(t), where m is
a positive integer, in order to derive some less restrictive
stability criteria. Different from the literature [21], we use the
knowledge of probability to describe the partition of time
delay. This way has the advantage of reducing the amount of
calculation.

Then the system (3) can be rewritten as

y(k+1)=y(k)-Cy(k-0)+Af (y (k)

1
+ Y pi (k) Bg (y (k -7, (K))) + 8 (k, y (k) w (k).
i=1
6)

3. New Stability Criteria

In this section, we will establish new stability criteria for
system (1). The following lemma is needed in order to derive
our main results.

Lemma 7 (Zhu and Yang [23] discrete Jenson inequality). For
any constant matrix M € R™", M = M" > 0, integers y, > y,,
vector functionw : [y, y1+1,...,9,] — R"such that the sums
in the following are well defined, and then

V2 T
~(n-n+1) Lo (i) M)
=N

Y2 T Y2
- (Z w(i)) M (Z w(i)) .
= =N

The next theorem can be obtained if the stochastic term
w(k) is removed in the system (6).

(7)

Theorem 8. Under Assumptions 1 and 4, the system (6) with
w(k) = 0 is globally asymptotically stable, if there exist
positive matrices P, Ry, Ry, R;, Q, S; (i = 1,...,1), W =
diaglw,, w,,...,w;], U = diag[u,, u,, ..., u], and free matrix
T,,T,,...., T+ 1, V|, V,, V5 with any appropriate dimensions,
such that the following LMI holds:

[T, T, 0 Iy Iis g 0 Iig Iy 0 0
* I, 0 0 0 0 0 0 0 0 Iy
* x I3 0 0 Iog 0 0 0 O 0
* o« o« I, 0 T,o 0 0 0 I, O
* % % x I, 0 0 0O 0 O 0
* % % % % I 0 0 0 Tgy O
* % % % % % [ 0 0 0 0
* ox % % % ox % Iy Ioy Tgyy O
k% % % * * ox % Iy 0 0
k% % % * % ok %k * —=I, 0

|« % % x * % % % * * I, |

<0,

I, =C"PC + 0’R; - R, - UF, - WG, - V] -V,

,,=R, T,,=-C'PA+UF,

Is=WG,  To=(-pC'PB,...,—pC"PB),
L=V~ V’ lo=Vi - V,
[—2R, R, T

R, -2R,
T, = :
.. —2R, R,
L Rl _Rl J
o0 -
WG,

WG,

I,¢ = diag [0, WG,,...,WG,,0],
[, = diag [T1>T2) e ,Tm] >
I,=-R, TI,=A"PA-U,

T T T
Le=(mA"PB,...,pA"PB), T, =A"T,

5_Z(r 7, +1)S - W,

T, =¥, —diag[W +S,,...,W+5],
¥, = diag [p,B"PB,..., pB PB|,
T T T N\T
Ts10 = (PiTioB, poT1oBs ... pTyoB) L, =-P,
L=V, +V), L=V, +Vj,
ro 1
L =V;+V, - =Q,
o
I = (TM - Tm) hR, + (TM - Tm) R, +0Q,

1 ..
FH = _E dlag [Rz,Rz,- . -7R2] >

(Di:TiTi’ Fl_dlag[flfl’foZ"' ff
i B +f }

F, = di ,
) 1ag[ 5 5

G, =diag[§,3/>5, 95>+ > 349>

5 IEEEE)

i +a a+a i +at
G2=diag[g12gl 92292 gnzgn]’

h= max {T T o},

i=2,3,...,

(8)



4

where T, € R™"2m (j = L1+ 1) denotes a matrix
with the ith element I, whzle the i+ 1th element is —1,,.,,, and
other elements are zero matrixes. For example, ®, = [0 I -

Io - 0]

Proof. For convenience, we denote A(y(k)) = y(k+1)— y(k);

that is, A{y(k) — CZZ:?G y(@)} = y(k + 1) — y(k) — Cy(k) +
Cy(k—0), and then systems (6) with w(k) = 0 can be rewritten
as follows:

k-1
C(k+1):A<|y(k)—C > y(i)} =—Cy (k) + Af (y (k)

i=k—-o

1
+3'p, (k) Bg (y (k - 7, (K))).

i=1

)

We construct a new Lyapunov-Krasovskii functional
V(yp, k) as

6
V(yek) = ZVi (VoK) (10)
i=1
where
Vi (yok) =" (k) P (K) ,
-1 k-1
Va(yek)=h Y Y " (j)Rin(j),
i=—Ty; j=k+i
“T,—1 k-1
Voek = ¥ Y 7 G) R (),
i=—Ty j=k+i
-1 k-1
Virek) =0 Y Y y () Ry (j),
i=—0 j=k+i
1 k-1
Vs (yok) = ) g (1) Sig (y(j))
=1 jekz(0)
I -1 k-1 -
£ Y g (ym)Sig(ym),
i=1 j=1,; m=k-j
-1 k-1
Ve k)= > Y #' () Qu(j),

i=—0 j=k+i

nk) =yk+1)-y(k).
)

Taking the difference of the functional along the solution
of (9), we obtain

E{AV (. k)} = Z[E {AV; (v K)} (12)

Mathematical Problems in Engineering

E{AV; (y K)}
=E{V; Wanr b+ 1) =V (1K)}

=E{¢" (k+1) P (k+ 1) = T (k) P{ ()}

=E {yT (k) C"PCy (k) - 2y" (k) C"PAf (y (k))

k) y" (k) C"PBg (y (k - 1, (k)))
+ T (y (k) ATPAS (y (k)

1
+2Y p; (k) f* (y (k) A"PBg (y (k - 7, (K)))

i=1

1
. (Zpi (k) Bg (v

i=1

(k-1 (k))))
P(ipj (k)Bg (y (k-1 (k))))

- T PC <k)} :
(13)
According to Remark 5, it is easy to get
E{AV) (31 k)

= y" (k) C"PCy (k) - 25" (k) C"PAS (y (K))

1
~2) piy" (k) C"PBg (y (k- 7, (K)))
- (14)

+ T (y (k) ATPAS (y (k)

+ ZZpl

+a; (k)W (k) - T (k) P (K),

(7 (k) A"PBg (y (k - 7, (k)))

where a,(k) = [g (y(k ~ 7, (k)) -+ g"(y(k— 7))

Consider
E{AV, (¥ k)}
= E{V, (Vs b+ 1) = V3 (0 K)}

=E{h§j S () R ()

i=—1p j=k+i+1

Yy ifummm}

i=—Ty j=k+i
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i=—Tyr

-1
-E {hrMnT (k) Ry (k) =h Y " (k+i) Ry (e +1)

E{AV; (i k)}
= E{V; e K+ 1) = V3 (5 k)

—T,~1 k
= E{ Y 2 1 (G)Rn())
i=—Ty j=k+i+1

i=—Tyy j=k+i

-3 Y A0) Rzn(j)}
=E {(TM ~1,)1" (k) Ry (k)

—T,~1
-y ;1T(k+i)R2;1(k+i)]> ,

i=—Ty

E{AV, (v K}
=E{E{V, Dtk +1) | 3} -

- {az Y (R 0)

Vi (o k)

i=—0 j=k+i

oy zlfumy(j)}

k-1
=0’y () Ryy (k) -0 ) y () Ryy (i),
i=k—0

AV; (}’k» k)

= Vs (Vs k +1) = Vs (3. k)

=Y Y OGS

i=1 j=k+1-1;(k+1)

'y

i=1j

—1

Y 2 g ym)sg(yom)

o1 m=k—j+1

A

1Y Y Foissbo)
i=1 j=k (k)

1

o
T

"y

i=1j

1.g (y (m)) Sig (y m))}

™

i—1 M

= (9" (y ) S:g (y (k)

i=1

- 9" (y(k-17,(0))) Sig (y (k- 7, (K))))

1

k-1
D)
j=k—,(k+1)+1
k-1

j=k—1,(k)+1

g (N Say ()

9" (7)) Sig (y (7))

7,-1

Y (9" (%) Sig (v )

-9 (y(k=7)Sg(y(k-1))
i T, + 1
~g' (y(k-7;(K))Sig (y (k- 7, (K))),
AV (J’k’k)
=V ek +1) =

9" (y () S;g (y (k)

Ve (}’lv k)

S Y At -3 Y A el

i=—0 j=k+1+i i=—0 j=k+i

= Z (11 (k) Qn (k) + Z ' (7)Qn(j)

i= j=k+1+i

- i () Qn (

Jj=k+1+i

j))—nT<k+i>Qn<k+i>

-1

Y on' (ke +i)Qyk+1i).

i=—0

= an" (k) Qn (k) -

(15)

Using the algebraic expression —h Z;_TM 0" (k+i)R,n(k +
i) in AV, (¥, k) and by using Lemma 7, we can get

-1
—h Y " (k+i) Ry (k+i)

k-T,,—1
=-h Z P ORnO-h Y 7" ()R )
i=k—T,, i=k—7, (k)
k=, (k)-1 k—7,(k)-1
~h Y q"ORp@ -~k Y q )Ry G)
i=k—, (k) i=k—Ty

k-1 T k-1
—( ) n(i)> R1< D n(i)>
i=k-1,, i=k-1,,
k-7,,—1 k-t,,—1
( > 11(1)> < Y ’7(i)>
i=k—1, (k) i=k—1, (k)



k7, (k)-1 T ety ()1
(Em)+(2)
i=k—1, (k) i=k—7, (k)
k=7 k)~ T k- (k)-1
- ( > z)> ( Y n<i>>
i=k—Tpr i=k—Ty,
=~y -y(k-1,)" R (y(®) - y(k-1,))
~(y(k=1,)—y (k-1 (K))"
Ry (y(k-1,) -y (k-1 (K))
~(y (k=7 (k) = y (k -7, ()"
Ry (y (k-1 (k) - y(k -7, (k))

e — (k=1 () = y (k=1y))"

Ry (y(k=7(k)) = y (k= 1p)).-
(16)

Let (k) = (y'(k - 7,), y'(k - 7,(k), y'(k -
7,(k)), ..., yT (k = 7,(k)), y" (k - 7,,)"; then

k-1
~h Y 7" ()R ()

i=k—Ty;
<[y" k) of (0]
[-R;, Ry 0 .- 0 7
* —2R;, R, --- 0
[yac)] (7)
o (k)
* * * —2R; R,
* % * * -R, |

y (k) ]

a T T
2 [yT (k) of (k)]¥, [“1 w)

As is well known, for any vectors x, y and any symmetric
matrix Z > 0, the following inequality holds:

2x"y<x"Z7'x+ y' Zy. (18)

e k), y = S0 (), Z = Ro/(xi -
1;(k)), where Tj,, is free matrix, then the last inequality can
be expressed as follows:

Denoting x =

. k-1 (k)-1
—20, )Ty ), ()

i=k—Ty;

<o) (KT Z7 ' T (k) + (- 7, (K))

Mathematical Problems in Engineering

k() T k- (k)-1
( Y n(z)) < Y n(i)>
i=k—Typ i=k—Ty;

k=7(k)-1
< “1T (k) Tl+1Z_1Tl];1‘x1T (k) + Z n (i)T Ryn (i)
i=k—Typ
(19)
which is equal to
k—7(k)-1
Y 00" Ry (i)
i=k—Ty;

<(n -1 k) o (k)T R'Taf (k) (20)

k-1y(k)-1

+20] () Ty Y. 1(j)-
j=k—Ty

Similarly, we can get
k=7,(k)-1

_2,7

j=k=7i41 (k)

< (301 (k) =

Rz’l )

7 (k) o) (k)T AR, T af (k) (21)

i+1

k—1,(k)-1

> ().

] k_TiH (k)

+ 2041 (k) T;p4

Combining those inequalities, we obtain

—T,—1

= Y g (k+i) Ry (K + i)

i=—Ty

k-1,,—1 k-1, (k)-1

== Y A" ORn- Y " ()Ryn()

i=k—1, (k) i=k—1, (k)

k-,(k)-1

—= ) @Ry ()

i=k—Ty;
T
< (7 -700) o () Ty BT o) (K)

k-1y(k)-1

+20] (R Ty Y. 1())
j=k—t

-
+ {(TH—I (k) -7 (k))“1 (k)T+1R_1Tz+1“1 (k)

i

,_.

I
—

k—7;(k)-1
+20¢1 (k) Tipy Z n(j)

j=k=Ti41 (k)

+ (Tl (k) - m) “1 (k) TR, T “1 (k)
k-T,,—1

+20] ()T, Y 7()).
j=k=,(k)

(22)
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According to the equation in Assumption 1, we have
(f (@) - iy ®) (f (y @) -y ®) <0

(g (y (k=7 (k) - g; y (k-1 (K))) (23)
(g(y (k- r(k))) g’y (k-1 (k)) <o0.

It can be deduced that there exist U = diag[u;, u,...,u,] >0
and W = diaglw,, w,, ..., w,] > 0, such that
¥ (0 ] Ffred Al tie
f()’(k)) fz_;— el eie”
[ y (k) ]
f(y (k)
:[ (k) ]T'UFI —UFZH () ]<0
f)l [-UE U JLf(y())] -
i [ y®) ]T Gigteel I Tell
= y (k) _gi +g; eie»T el
2 1 171
[ y (k) ]
g(y ()
[ r® ]T WG, —WG2H y (k) ]<0
Lg(y )] [-WG, W Jlg(y()]
iw‘— )’(k—Tj(k)) g_i_g;reieiT _geie?
i=1 I _g(y (k_TJ' (k))) —Meiezw eieiT
‘ y (k=7 (k)
9(» (k=7; (1))
T
_ y(k-1; (k) WG, —WGZ]
g(y(k—rj (k))) -WG, W
. y(k=1; k) <o
9(r (k=7; (1))
(24)

where e; denotes the unit column vector having one ele-
ment on its rth row and zeros elsewhere. Derived from
Zi:kl_g n(i) = y(k)—y(k-0o), we can get the following equation

for any matrices V. = (V,V], V] )"

dimensions:

with appropriate

pk) =2y k) y"

Z Ul (l)]

i=k—o

k-1
V<—y<k>+y<k—a)+ > n(i)) = 0.

i=k—0

(25)

Combining (12)-(25), we obtain

E{AV (y (k). k)}

E { y" (k) C"PCy (k) - 2y" (k) C"PAf (y (k)

1
-2 py" (k) C"PBg (y (k - 7; (K)))

i=1

+ 1 (y (k) A"PAS (y (k)

+ ZZP,

+ 0 (k) Wy, (k) = ¢ (k) PE (K) = o () Yoex, (K)

(y (k) A"PBg (y (k - 7; (K)))

2 (@ + ) g (y(R)Sig (y (k)

- 9" (y(k—7,(0))) Sig ( (k - 7, (K)))]

I
+Z[(T -1, +1)y" () Qy (k)
i=1
- }’T (k-7,()Qy (k-1 (k))]
+(n =7 (R) & () TRy T e (k)
-1
+ z (i1 (k) = 7; (k) 0‘1T (K Ty R, Tz+10‘1 (k)

i=1

+ (1, (k) - 7,,) &f (k) T, RS T «, (K)

+chx1 () Ty (v (k =7, (k) = y (k = 7101 ()

+20) (k) T, (y (k- 7,,) = y (k = 7, (K)))
+20 (k) Tpyy (v (k=1 (k) = y (k= 73)))

+ ’7T (k) [(tar = T) BRy + (Tps = T,,) Ry + 0Q] 17 (k)

-1 -1
- éZnT(kH)QZn(kH)+M(k)}



<6" (k) (5 + q;TrmcD + (TM -7 (k)) Tl+1R1TzT+1

Ti+1R1T'T

+ i+1

1

—1
(Ti+1 (k) - (k))

=1

+(1, (k) -, T1R1T1T> 0 (k),

(26)

k-1
0 (k) = (yT K)o (), Y y(@), fT(y(®),g" (v k),

i=k—o

k-1 T
o (k),¢ (k). y" (k=0), ) nT(i)> :

i=k-o

(I, 0 0 Ty s Ty 0 Iig D]

* I,b 0 0 0 I, 0O 0 O

* x Iy, 0 0 0 O O O

* x x I, 0 I, 0 0 O

E=|% x x x I, 0 0 0 O [,

* % % % x I 0 0 0

* % % % % % L, 0 0

I L T N T Y P
L % % % % % % % Iy ]

® =(0,0,0,A,0,p,B,p,B,...,pB,0,-C,0),

1T

i

T,=[010--0
27)

Then if

E+0'T,,0 + (1, — 7 (K)) TIHRITITJ;l

I I, 0 Iy L5 Tig
*= b 0O 0 0 O
* o+ I; 0 0 Thg
* o« ox I, 0 Ty
* % % x Io 0
% ok ok * Iy

o o o o o o

* \]’_J

*
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TR T,

-1
) (T () = 7, (k)
i=1
+ (1 () - 7,) TR T <0
(28)

we can conclude that Z;Sl’ E{Il y(k) 1%} is convergent and
lim, _, , E{]l y(k) |I*} 0, which implies that the system
(6) is globally asymptotically stable. Using Schur complement
and the boundary condition 7;(k) € [7;_,, 7;], we can get the
inequality in this theorem.

This completes the proof of the theorem.

O

Remark 9. The stability analysis problem of a general class
of discrete-time neural networks with leakage delays is dealt
with in Theorem 8. The stability condition can be expressed
by a set of LMIs, which can be checked by resorting to
MATLAB LMI Toolbox.

Remark 10. A similar study to this paper has been investi-
gated in [21, 22, 33]. We note that our new stability criterion
for stochastic discrete system benefits from the idea of delay
partitioning. Based on the general assumption of time delay,
we represent 7(k) as [ parts, such that the condition is not
only delay dependent but also dependent on the partitioning
number.

Remark 11. From the proof of Theorem 8, it can be easily
found that we enlarged (1, (k) — 7,,), 7,1 (k) — 7;(k), (7, — 77 (k))
into h. We can get the next theorem in a different way to
handle (7, (k) - 7,,,), 7, (k) — 7;(k), (1; — 7;(k)).

Corollary 12. Under Assumptions 1 and 4, the system (6)
with w(k) 0 is globally asymptotically stable, if there
exist positive matrices P, Ry, Ry, R;, Q, S; (i = 1,...,1),
W = diaglw,, w,,...,w;], U = diaglu,,u,,...u], and free
matrix T;, (i = 1,2,...,2l), V|, V,, V5 with any appropriate
dimensions, such that the following LMI holds:

g Iy 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0T, O
0 0 0 0 0
0 0 0 T 0
ol <0, (29)
0 0 0 0 0
Ig Tgo 0 Igy O
* Iy 0 0 0
* % Ty 0 Ty
* * * =I 0
* % % * I, |
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I I, 0 Iy Th5 g
*= I, 0 0 0 O
* o« I3 0 0 Iy
* o« o« I, 0 Ty
* ok % x I: 0

[
|

= j_isz z

2] 1°
I, = diag [TI’TS’ cee ’Tzl—l] >
T T
Q= ZTZJ 1 z 2j-1 1 Tyl +1 T 20> (31)
J#i
Qo1 = diag [T1> T5s .5 Tois Topp Tojgs - - T21—1] >

R, Rz

,=-d
1ag[d d

R, ]
b dl bl

and the definition of T, is the same as the definition in
Theorem 8, and Ty}, T, |, T 1, Ty in inequality (29) are T},
Ty 100 Ts100 T.10 i Theorem 8, respectively.

Proof. =¥ 1" (k+i)Ryq(k+i) in AV, (k) is handled in the

following way:
—T,,—1
= Y (ke +i) Ry (k +1)
i=—T),
k-1;_,—1 k—1;(k)-1
—Z( Y + Y >nT<i>Rm(i)
jekmk) =k

Y[

i=1

-1, (k) oc3 (k) Ty R, T 105 (k)

+200 (k)T
+ (7 (k) -

2i— 1(J’(k T; (k)) )’(k T))
7)o (k) TR, Ty (k)

7.,) -y (k-1,(K))].

(k_Tl)""’y(k_TM))'

+ 2oc3 (k) Ty; (y (k-

a (k) =(y(k-1,).y
(32)

S O O O o O

gl

g [y 0 0 0
0 0 0 O 0
0 0 0 O 0
0 0 0 TI,;; O
0 0 0 O 0
0 0 0 T 0
ol <0 (30)
0 0 0 o0 0
I Tgg 0 Igy O
* Iy 0 0 0
* % O 0 Qup
* % % I}, 0
SO T * I, |

When 7(k) € o;, 1;(k) = 1(k), T; (k) = T, (j # 1), the
last inequality is equlvalent to

—T,,—1

= Y 0k + i) Ryy (k +1)

i=—T),

< (-7 (k) o (k) Ty R, Ty (K)
1 (J’ (k - T (k)) - )’(k - Ti))
7,1) o (k) TR, Ty (k)

7)) -y(k-1 (k)))]

+ 2000 (k) Ty,
+ (1, (k) -
+ 205 (k) Ty (y (k -

(33)

!

+Z(T]—T

J#i

+ 2063T (k) Ty, ()/ (k - ijl) - y(k - TJ'))'

V) e () Ty y R Ty, ety (K)

Then
E{AV (y (k). k)}
<6" (k) (E+@'T,®)6 (k)
+[(r; = 7 (k) oy (k) Ty R, ' T;_ et (k)

+20; (k) Ty (y (k=1 (k) - y (k- 1,))

+ (7, (k) = 7,,) oh (k) Ty R, Ty (k)

+ 2“3T (k) Ty (y (k=1) -y (k-7 (k)))] (34)

l

+Z(T1 -
i
+2“§ (k) Ty (J’ (k Tj- 1) y(k_Tj))'

By solving the convex LMI condition at boundary condi-
tions 7;(k) € [7,_,T;], we can get the LMIs in Corollary 12.
This completes the proof of Corollary 12. O

V) () Ty Ry Ty oty (K)
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Remark 13. The difference between Theorem8 and
Corollary 12 is obvious. The LMIs in Corollary12 are
derived by property of 7;(k), which is more simple than the
LMIs in Theorem 8.

The next theorem can be obtained if the stochastic term
w(k) is not removed in (6).

Corollary 14. Under Assumptions 1 and 4, the system (6) with
w(k) = 0 is globally asymptotically stable, if there exist positive

[T, I, 0 Iy I T
*= I, 0 0 0 O
* o« I; 0 0 Iy
LA L S VIRV U
* ok % % I, 0
* ok % % * Iy
I, =
* % % % % %
* % %k % %
* % % % % %
* % % * % %
* % % k% %
[ % % % % % %
[T, I, 0 Iy Is The
* I, 0 0 0 O
* o« I; 0 0 DGy
x o« o« I, 0 Ty
* % % ok Ig 0
B I T T S
T e w x ox % %
* % k% % %
* % ok % % %
® % ok % % %
N N T T T
[+ % % % % %
1 _ 1
Tio= ) Ty l;+ DI Ty, o,
j=1 j=1

Ligaa = diag (Tp Ts..., Tzl—l) >

! !
= T T Ay
Oy = ZTZj—IIj + ZIJ' Thjoy + Toli + I Ty
j#i j#i

oS O O O o O

* \]’ﬂ

o O O o o o

Ryl
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matrices P = PT, R, Ry, Q; (i = 1,...,1), S, (i=1,...,1), W =
diag(wy, w,, ..., wy), U = diaglu,,u,,...y;], and free matrix
T,,T,,...,T) with any appropriate dimensions, such that the
following LMI holds:

P+ 1yhR, + (1) — 7,,) Ry < AL, (35)
Lig iy 0 0 0 7
0 0 0 ©0 0
0 0 0 O 0
0 0 0 Iy O
0 0 0 O 0
0 0 0 Igy O <o
0 0 0 O 0
Iy Ty 0 Iy O
« I, 0 0 0
* % I 0 Ty
* % % I}, 0
* * % * Iy, |
(36)
g [y 0 0 0 ]
0 0 0 O 0
0O 0 O 0 0
0 0 0 I, O
0 0 0 O 0
0 0 0 Ty O <0
0 0 0 O 0
I Ty 0 Igy O
* Iy, 0 0 0
* ok O 0 Quy
® % * I 0
* * * * I, |
Oy, = diag (T1, Tsoe o> Toints Toip Doyt -+ Topn) 5
I, = —diag(ﬁ—f,i—j,...,i—j),
(37)

and the definition of I, is the same as it in Theorem 8, and
Iio Tain T Tsan are T Lyior Tsioo Ts 100 Tespectively, in
Theorem 8.
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Proof. As w(k) + 0, A{V,(y,k)}, and A{V5(y, k)} are
different from Theorem 8,

E{AV; (3 K)}
= E{E (Vi Ok k+ 1) | 7} = Vi (oK)}
=E{¢" (k+1) PC (k+1) - " (k) P¢ ()}

= y" (k) C"PCy (k) - 29" (k) C"PAF (y (K))
1
~23py" (k) C"PBg (y (k - 7, (k)
i=1
T T
+f (v (k) A" PAf (y (K))
1
+2) pif " (v (k) ATPBg (y (k - 7; (K)))
i=1

+ o (k) ¥ e, ()

=" (k) PC (k) + 8" (K, y (k) P8 (K, y (k).
(38)

Derived from Assumption 3, we can get
8" (k, y (k) (P + TpfhR, + (Tpy = 7,,) R,) & (K, y (K))
< /\max (P + TMth + (TM - Tm) RZ) 6T (k’ y (k)) q (k’y (k))

< A& (k) y (k).
(39)

Based on Theorem 8, the desired condition can be obtained.
This is the end of proof. O

4. Examples

In this section, a numerical example is given to illustrate the
effectiveness and benefits of the developed methods.

Example 1. We consider the delayed stochastic DNNs (6)
with the following parameters, which have been considered
in [33]:

15 0 0.5 0.2 04 -0.1

C= ., A= ,  B= :
0 13 04 03 0.1 0.2

(40)

And the activation functions satisfy Assumption 1 with

00 05 0 00
F] = > F2: 5 G1 = >
00 0 0.5 00

05 0
G, = .
0 05

1

For the parameters listed above, we can obtain the following
feasible solution. Due to the limitation of the length of this
paper, we only provide a part of the feasible solution here:

0.0283 0.0014

0.7557 0.0283
b ’ 0.0217 0.0011

[0.5832 0.0217:|
2= >

[22.5229 1.5164]
1= >

0.5903 0.0055
1.5164 0.1059 > ’

0.0055 0.0010
(42)

5. Conclusions

The stability analysis of stochastic discrete-time NNs with
leakage delay has been investigated in this paper via the Lya-
punov functional method. By employing delay partition and
introducing a new Lyapunov functional, a delay-dependent
stability condition is proposed. What is more, more general
LMIs conditions on the stability of the stochastic discrete-
time NN are established by choosing a new novel Lyapunov-
Krasovskii functional. Finally, the feasibility and effectiveness
of the developed methods have been shown by the numerical
simulation example. The foregoing results have the potential
to be useful for the study of leakage delay. And the results can
be extended to complex networks with mixed time-varying
delays.
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