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Abstract This paper is concerned with a class of non-

linear uncertain switched networks with discrete time-

varying delays. Based on the strictly complete property of

the matrices system and the delay-decomposing approach,

exploiting a new Lyapunov–Krasovskii functional decom-

posing the delays in integral terms, the switching rule

depending on the state of the network is designed. More-

over, by piecewise delay method, discussing the Lyapunov

functional in every different subintervals, some new delay-

dependent robust stability criteria are derived in terms of

linear matrix inequalities, which lead to much less con-

servative results than those in the existing references and

improve previous results. Finally, an illustrative example is

given to demonstrate the validity of the theoretical results.

Keywords Switched interval networks � Robust

asymptotic stability � Delay-decomposing approach �
Interval time-varying delay � Parameters uncertainty

Introduction

Recently, a class of hybrid systems (Ye et al. 1998) have

attracted many researchers’ significant attentions as they

can model several practical control problems that involve

the integration of supervisory logic-based control schemes

and feedback control algorithms. As a special class of

hybrid systems, switched networks (Brown 1989; Liberzon

2003) consist of a set of individual subsystems and a

switching rule, play an important role in research activities,

since they have witnessed the successful applications in

many different fields such as electrical and telecommuni-

cation systems, computer communities, control of

mechanical, artificial intelligence and gene selection in a

DNA microarray analysis and so on. Therefore, the sta-

bility issues of switched networks have been investigated

(Huang et al. 2005; Li and Cao 2007; Lian and Zhang

2011; Zhang and Yu 2009; Niamsup and Phat 2010). By

using common Lyapunov function method and linear

matrix inequality (LMI) approach, authors considered the

problem of global stability in switched recurrent neural

networks with time-varying delay under arbitrary switching

rule in (Li and Cao 2007). However, common Lyapunov

function method requires all the subsystems of the swit-

ched system (Liu et al. 2009) to share a positive definite

radially unbounded common Lyapunov function. Gener-

ally, this requirement is difficult to achieve. The average

dwell time method is proposed to deal with the analysis and

stability of switched networks, which is regarded as an

important and attractive method to find a suitable switching

signal to guarantee switched system stability or improve

other performance, and has been widely applied to inves-

tigate the analysis and stability for switched system with or

without time-delay. In (Lian and Zhang 2011), employing

the average dwell time approach (ADT), novel multiple
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Lyapunov functions were employed to investigate the sta-

bility of the switched neural networks under the switching

rule depending on time. Generally speaking, switching rule

is a piecewise constant function dependent on the state or

time, most of existing works focus on stability for switched

networks with switching rule dependent on time. Perhaps it

is limited by existing method and technique, to the best of

our knowledge, there are few scholars to deal with the

robust stability (He and Cao 2008; Xu et al. 2012) for

switched uncertain networks under state-dependent

switching rule (Thanha and Phat 2013; Ratchagit and Phat

2011), despite its potential and practical importance.

Due to the finite switching speed of amplifiers, time

delay especially time-varying delay is inevitably encoun-

tered in many engineering applications and hardware

implementations of networks, it is often the main cause for

instability and poor performance of system. Consequently,

the stability of networks with time-varying delay is a

meaningful research topic (Liu and Chen 2007). What the

most we concern is how to choose the appropriate

Lyapunov–Krasovskii functional, derive the better stability

criteria, which can be shown that the results has less con-

servativeness. To reduce the conservatism of the existing

results, new analysis methods such as free weighting

matrix method, matrix inequality method, input–output

approach are proposed. However, it is impossible to derive

a less conservative result by using the common Lyapunov–

Krasovskii functional, the delay central-point (DCP)

method was firstly proposed in (Yue 2004), to solve the

problem for robust stabilization of uncertain systems with

unknown input delay. In this approach, introducing the

central point of variation of the delay, the variation interval

of the delay is divided into two subintervals (Zhang et al.

2009) with equal length. The main advantage of the

method is that more information on the variation interval of

the delay is employed, and the idea of delay-decomposing

(Zhang et al. 2010; Zeng et al. 2011; Wang et al. 2012; Hu

and Wang 2011; Wang et al. 2008) has been successfully

applied in investigating the H1 control and the delay-

dependent stability analysis for discrete-time or continu-

ous-time systems with time-varying delay, which signifi-

cantly reduced the conservativeness of the derived stability

criteria. In (Zhang et al. 2010), the delay interval [0, d(t)]

was divided into some variable subintervals by employing

weighting delays, the stability results based on the

weighting delay method were related to the number of

subintervals, and the size of the variable subintervals or the

position of the variable points. Authors considered the

exponential stability analysis for a class of cellular neural

networks, constructed a more general Lyapunov–

Krasovskii functional by utilizing the central point of the

lower and upper bounds of delay, since more information

was involved and no useful item was ignored throughout

the estimate of upper bound of the derivative of Lyapunov

functional, the developed conditions were expected to be

less conservative than the previous ones (Wang et al.

2012). Up to now, there no results have been proposed for

the switched uncertain systems with discrete time-varying

delay based on the delay-decomposing approach. There-

fore, it is of great importance to study robust stability of

switched uncertain networks with interval time-varying

delay.

Motivated by the aforementioned discussions, the pur-

pose of this paper is to deal with the robust asymptotic

stability problem for switched interval networks with

interval time-varying delays and general activation func-

tions, the activation function can be unbounded and the

lower bound of time-varying delay do not need to be zero.

Inspired by the (DCP) method in (Yue 2004), constructing

new Lyapunov–Krasovskii functional decomposing the

delays in integral terms, based on the strictly complete

property of the matrices system the delay-decomposing

approach, some new delay-dependent robust stability cri-

teria are derived in terms of LMIs, which can be efficiently

solved by the interior point method (Boyd et al. 1994). The

main novelty of this paper can be summarized as follow-

ing: (1) switching signal in the paper depends on state of

networks. (2) consider the parameters fluctuation, a new

mathematical model of the switched networks with

parameters in interval is established, it become much closer

to the actual model. (3) introduce the delay-decomposing

idea and piecewise delay method, analyzing the variation

of the Lyapunov functional in every different subintervals,

some new delay-dependent robust stability criteria are

derived. Note that the delay-decomposing approach has

proven to be effective in reducing the conservatism.

The rest of this paper is organized as follows: In

‘‘Switched networks model and preliminaries’’ section, the

model formulation and some preliminaries are presented.

In ‘‘Main results’’ section, some delay-dependent robust

stability criteria for switched interval networks are

obtained. An numerical example is given to demonstrate

the validity of the proposed results in ‘‘An illustrative

example’’ section. Some conclusions are drawn in ‘‘Con-

clusion’’ section.

Notations Throughout this paper, R denotes the set of

real numbers, Rn denotes the n-dimensional Euclidean

space, Rm 9 n denotes the set of all m 9 n real matrices.

For any matrix A, AT denotes the transpose of A,

A [ 0 (A \ 0) means that A is positive definite (negative
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definite), * represents the symmetric form of matrix. _xðtÞ
denotes the derivative of x(t). Matrices, if their dimensions

not explicitly stated, are assumed to have compatible

dimensions for algebraic operations.

Switched networks model and preliminaries

Consider the interval network model with discrete time-

varying delay described by the following differential

equation in the form:

_yðtÞ ¼ �AyðtÞ þ B1gðyðtÞÞ þ B2gðyðt � sðtÞÞ þ u;

A 2 Al; Bk 2 B
ðkÞ
l ; k ¼ 1; 2;

�
ð1Þ

where yðtÞ ¼ y1ðtÞ; . . .; ynðtÞð ÞT2 Rn denotes the state

vector associated with n neurons; gðyÞ ¼ g1ðy1Þ; . . .;ð
gnðynÞÞT :Rn ! Rn is a vector-valued neuron activation

function; u ¼ u1; . . .; unð ÞT is a constant external input

vector. s(t) denotes the discrete time-varying delay. A ¼
diagða1; . . .; anÞ[ 0 is an n 9 n constant diagonal matrix,

denotes the rate with which the cell i resets its potential to

the resting state when being isolated from other cells and

inputs; Bk ¼ ðbðkÞij Þ 2 Rn�n; k ¼ 1; 2, represent the connec-

tion weight matrices, and Al ¼ ½A;A� ¼ fA ¼ diagðaiÞ: 0\

ai� ai� ai; i ¼ 1; 2; . . .; ngB
ðkÞ
l ¼ Bk;Bk

� �
¼ fBk ¼ ðbðkÞij Þ:

b
ðkÞ
ij � b

ðkÞ
ij � b

ðkÞ
ij ; i; j ¼ 1; 2; . . .; ng with A ¼ diagða1;

a2; . . .; anÞ;A ¼ diagða1; a2; . . .; anÞ;Bk ¼ ðb
ðkÞ
ij Þn�n;Bk ¼

ðbðkÞij Þn�n.

Throughout this paper, the following assumptions are

made on the activation functions gjð�Þ; j ¼ 1; 2; . . .; n and

discrete time-varying delay s(t):

ðH1Þ: There exist known constant scalars �li and l̂i, such

that the activation function gj(•) are continuous on R and

satisfy:

�li�
gjðs1Þ � gjðs2Þ

s1 � s2

� l̂i 8s1 6¼ s2 2 R; j ¼ 1; 2. . .n

ðH2Þ: The time-varying delay s(t) is differentiable and

bounded with constant delay-derivative bounds:: sn� sðtÞ
� sN ; _sðtÞ� l\1, where sn, sN, l are positive constants.

ðH3Þ: The time-varying delay s(t) satisfies: sn B

s(t) B sN, where sn, sN are positive constants.

Remark 1 In assumption ðH2Þ, the time-varying delay

s(t) is differentiable with the derivative less than 1, it is

called ’slow delay’; when removing the derivability,

s(t) maybe show a large rate of change, hence, we call it as

’fast delay’. In this paper, we will discuss interval network

model with slow delay and fast delay respectively.

The initial value associated with (1) is assumed to be

y(s) = w(s), w(s) is a continuous function on [ - sN, 0].

Similar with proof of Theorem 3.3 in (Balasubramaniam

et al. 2011), we can show that system (1) has one equi-

librium point y� under the above assumptions, the equi-

librium y� will be always shifted to the origin by letting

xðtÞ ¼ yðtÞ � y�, and the network system (1) can be rep-

resented as follows:

_xðtÞ ¼ �AxðtÞ þ B1f ðxðtÞÞ þ B2f ðxðt � sðtÞÞ;
A 2 Al; Bk 2 B

ðkÞ
l ; k ¼ 1; 2;

�
ð2Þ

where fjðxjðtÞÞ ¼ gjðxjðtÞ þ y�j Þ � gjðy�j Þ, and

fjð0Þ ¼ 0; j ¼ 1; 2; . . .; n.

The initial condition associated with (2) is given in the

form xðsÞ ¼ yðsÞ � y� ¼ uðsÞ ¼ wðsÞ � y�; s 2 ½�sN ; 0�. It

is easy to see f(x(t)) satisfy the assumption ðH1Þ.
Based on some transformations, the system (2) can be

written as an equivalent form:

_xðtÞ ¼ �½A0 þ EARAFA�xðtÞ þ ½B10 þ E1R1F1�f ðxðtÞÞ
þ ½B20 þ E2R2F2�f ðxðt � sðtÞÞ; ð3Þ

where RA 2 R; Rk 2 R; k ¼ 1; 2.

R¼ diag d11; . . .;d1n; . . .;dn1; . . .;dnn½ � 2 Rn2�n2

:
n

jdijj�1; i; j¼ 1;2; . . .;ng::

A0 ¼
AþA

2
; HA ¼ aij

� �
n�n
¼ A�A

2
: Bk0 ¼

BkþBk

2
;

H
ðkÞ
B ¼ bij

� �
n�n
¼ Bk�Bk

2
:

EA ¼
ffiffiffiffiffiffi
a11

p
e1; . . .;

ffiffiffiffiffiffi
a1n

p
e1; . . .;

ffiffiffiffiffiffi
an1

p
en; . . .;

ffiffiffiffiffiffi
ann

p
en½ �n�n2 ;

FA ¼
ffiffiffiffiffiffi
a11

p
e1; . . .;

ffiffiffiffiffiffi
a1n

p
en; . . .;

ffiffiffiffiffiffi
an1

p
e1; . . .;

ffiffiffiffiffiffi
ann

p
en½ �Tn2�n;

Ek ¼
ffiffiffiffiffiffiffiffi
bðkÞ11

q
e1; . . .;

ffiffiffiffiffiffiffiffi
bðkÞ1n

q
e1; . . .;

ffiffiffiffiffiffiffiffi
bðkÞn1

q
en; . . .;

ffiffiffiffiffiffiffiffi
bðkÞnn

q
en

� �
n�n2

;

Fk ¼
ffiffiffiffiffiffiffiffi
bðkÞ11

q
e1; . . .;

ffiffiffiffiffiffiffiffi
bðkÞ1n

q
en; . . .;

ffiffiffiffiffiffiffiffi
bðkÞn1

q
e1; . . .;

ffiffiffiffiffiffiffiffi
bðkÞnn

q
en

� �T

n2�n

;

where ei 2 Rn denotes the column vector with ith element

to be 1 and others to be 0.

System (3) can be changed as

_xðtÞ ¼ �A0xðtÞ þ B10f ðxðtÞÞ þ B20f ðxðt � sðtÞÞÞ þ EDðtÞ
ð4Þ

where E = [EA, E1, E2],

DðtÞ ¼
�RAFAxðtÞ
R1F1f ðxðtÞÞ

R2F2f ðxðt � sÞÞ

2
64

3
75

¼ diagfRA;R1;R2g
�FAxðtÞ
F1f ðxðtÞÞ

F2f ðxðt � sðtÞÞÞ

2
64

3
75;

and DðtÞ satisfies the following matrix quadratic inequality:
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DTðtÞDðtÞ�
xðtÞ

f ðxðtÞÞ
f ðxðt � sðtÞÞÞ

2
64

3
75

T
FT

A

FT
1

FT
2

2
64

3
75

FT
A

FT
1

FT
2

2
64

3
75

T

�
xðtÞ

f ðxðtÞÞ
f ðxðt � sðtÞÞÞ

2
64

3
75:

In this paper, our main purpose is to study the switched

interval networks, it consists of a set of interval network

with discrete time-varying delays and a switching rule.

Each of the interval networks regards as an individual

subsystem. The operation mode of the switched networks is

determined by the switching rule. According to (2), the

switched interval network with discrete interval delay can

be described as follows:

_xðtÞ ¼ �ArxðtÞ þ Br
1 f ðxðtÞÞ þ Br

2 f ðxðt � sðtÞÞ;
Ar 2 Alr ; Br

k 2 B
ðkÞ
lr
; k ¼ 1; 2;

�
ð5Þ

where Alr ¼ ½Ar;A
r� ¼ fAr ¼ diagðairÞ: 0\air

� air � air ;

i ¼ 1; 2; . . .; ngB
ðkÞ
lr
¼ ½Br

k ;B
r
k � ¼ fBr

k ¼ ½b
ðkÞ
ijr
�: 0\b

ðkÞ
ijr
�

b
ðkÞ
ijr
� b

ðkÞ
ijr
; i; j ¼ 1; 2; . . .; ng with Ar ¼ diagða1r

; a2r
; . . .;

anr
ÞAr ¼ diagða1r ; a2r ; . . .; anrÞ

Br
k ¼ ½b

ðkÞ
ijr
�n�n; B

r
k ¼ ½b

ðkÞ
ijr
�n�n.

Ar
0¼

A
rþAr

2
; Hr

A¼ aijr

� �
n�n
¼A

r�Ar

2
:

Br
k0¼

B
r
k þBr

k

2
; H

ðkÞ
Br
¼ bijr

� �
n�n
¼B

r
k �Br

k

2
:

Er
A¼

ffiffiffiffiffiffiffiffi
a11r

p
e1; . . .;

ffiffiffiffiffiffiffiffi
a1nr

p
e1; . . .;

ffiffiffiffiffiffiffiffi
an1r

p
en; . . .;

ffiffiffiffiffiffiffiffi
annr

p
en

� �
n�n2 :

Fr
A¼

ffiffiffiffiffiffiffiffi
a11r

p
e1; . . .;

ffiffiffiffiffiffiffiffi
a1nr

p
en; . . .;

ffiffiffiffiffiffiffiffi
an1r

p
e1; . . .;

ffiffiffiffiffiffiffiffi
annr

p
en

� �T
n2�n

:

Er
k ¼

ffiffiffiffiffiffiffiffi
bðkÞ11r

q
e1; . . .;

ffiffiffiffiffiffiffiffi
bðkÞ1nr

q
e1; . . .;

ffiffiffiffiffiffiffiffi
bðkÞn1r

q
en; . . .;

ffiffiffiffiffiffiffiffi
bðkÞnnr

q
en

� �
n�n2

:

Fr
k ¼

ffiffiffiffiffiffiffiffi
bðkÞ11r

q
e1; . . .;

ffiffiffiffiffiffiffiffi
bðkÞ1nr

q
en; . . .;

ffiffiffiffiffiffiffiffi
bðkÞn1r

q
e1; . . .;

ffiffiffiffiffiffiffiffi
bðkÞnnr

q
en

� �T

n2�n

:

r:Rn ! C ¼ f1; 2; . . .;Ng is the switching signal, which

is a piecewise constant function dependent on state x(t).

For any i 2 f1; 2; . . .;NgAi ¼ Ai
0 þ Ei

ARi
AFi

A Bi
k ¼ Bi

k0þ
Ei

kR
i
kFi

k, and Ri
A 2 R; Ri

k 2 R; k ¼ 1; 2. This means that the

matrices (Ar, B1
r, B2

r) are allowed to take values, at an

arbitrary time, in the finite set fðA1;B1
1;B

1
2Þ; ðA2;

B2
1;B

2
2Þ; . . .; ðAN ;BN

1 ;B
N
2 Þg.

By (4), the system (5) can be written as

_xðtÞ ¼ �Ar
0xðtÞ þ Br

10f ðxðtÞÞ þ Br
20f ðxðt � sðtÞÞ þ ErDrðtÞ;

ð6Þ

where Er = [EA
r, E1

r, E2
r]and DrðtÞ satisfies the following

quadratic inequality:

ðDrðtÞÞTDrðtÞ�
xðtÞ

f ðxðtÞÞ
f ðxðt � sðtÞÞÞ

2
64

3
75

T ðFr
AÞ

T

ðFr
1 Þ

T

ðFr
2 Þ

T

2
64

3
75
ðFr

AÞ
T

ðFr
1 Þ

T

ðFr
2 Þ

T

2
64

3
75

T

�
xðtÞ

f ðxðtÞÞ
f ðxðt � sðtÞÞÞ

2
64

3
75: ð7Þ

To derive the main results in the next section, the fol-

lowing definitions and lemmas are introduced.

Definition 2.1 The switched interval neural network

model (5) is said to be globally robustly asymptotically

stable if there exists a switching function rð�Þ such that the

neural network model (5) is globally asymptotically stable

for any Ar 2 Alr ; Br
k 2 B

ðkÞ
lr
; k ¼ 1; 2.

Definition 2.2 The system of matrices fGigquadi ¼
1; 2; . . .;N, is said to be strictly complete if for every x 2
Rnnf0g there is i 2 f1; 2; . . .;Ng such that xTGix \ 0.

Let us define N regions

Xi ¼ fx 2 Rn : xT Gix\0g; i ¼ 1; 2. . .; N:

where Xi are open conic regions, obvious that the system

{Gi} is strictly completely if and only if these open conic

regions overlap and together cover Rn \ {0}, that is

[N
i¼1

Xi ¼ Rnnf0g:

Proposition 2.1 (Uhlig 1979)The system

fGig; i ¼ 1; 2; . . .; N, is strictly complete if there exist

ki	 0; i ¼ 1; 2; . . .; N;
PN
i¼1

ki ¼ 1, such that

XN

i¼1

kiGi\0:

Lemma 2.1 (Han and Yue 2007) Given any real matrix

M = MT [ 0, for any t [ 0, function s(t) satisfies

sn B s(t) B sN, and _xðtÞ : ½�sN ;�sn� �! Rn, the

following integration is well defined:

� ðsN � snÞ
Zt�sn

t�sN

_xTðsÞR _xðsÞds�
xðt � snÞ
xðt � sNÞ

� �T

�
�M M

M �M

� �
xðt � snÞ
xðt � sNÞ

� �
:

Lemma 2.2 (Zhang et al. 2009) For any constant

matrices w1 and w2 and X of appropriate dimensions,

function s(t) satisfies sn B s(t) B sN, then

ðsðtÞ � snÞw1 þ ðsN � sðtÞÞw2 þ X\0

316 Cogn Neurodyn (2014) 8:313–326
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holds, if and only if

ðsN � snÞw1 þ X\0; ðsN � snÞw2 þ X\0

In the following section, we use the generalized the DCP

method, partition the interval delay into m subintervals

with equal length, be some scalars satisfying

sn ¼ s0� s1� s2� . . . sm ¼ sN

Obviously, ½sn; sN � ¼
Sm
j¼1

½sj�1; sj�. For convenience, we

denote the length of the subinterval d = sj - sj-1, therefor,

for any t [ 0, there should exist an integer k, such that

sðtÞ 2 ½sk�1; sk�.

Remark 2 In this paper, we consider the case when

m = 3, interval delay is decomposed into three subinter-

vals: [sn, s1], [s1, s2], and [s2,sN]. Let S1 ¼ ftjt [ 0; sðtÞ
2 ½sn; s1�g S2 ¼ ftjt [ 0; sðtÞ 2 ðs1; s2�g S3 ¼ ftjt [ 0;

sðtÞ 2 ðs2; sN �g, in the proof of our main results, applying a

piecewise analysis method (Zhang et al. 2009) to check the

variation of derivative of the Lyapunov functional in S1 S2

and S3 respectively.

Main results

In this section, the global robust asymptotic stability of the

proposed model (5) will be discussed. By delay fractioning

approach, designing a effective switch rule and construct-

ing a suitable Lyapunov functional, a new robust delay-

dependent criterion for the global asymptotic stability of

switched network system (5) is derived in terms of LMIs.

Set GiðAi
0;Q1;Q2;Q3Þ¼�ðAi

0Þ
T
P�PAi

0þQ1þQ2þQ3;

Xi¼fx2Rn : xTðtÞGiðAi
0;Q1;Q2;Q3ÞxðtÞ\0g;

�X1¼X1; �Xi¼Xin
[i�1

j¼1

�Xj; i¼ 2;3; . . .;N:

L1¼ diagf �l1 l̂1; �l2 l̂2; . . .; �lnl̂ng
L2¼ diagf �l1þ l̂1; �l2þ l̂2; . . .; �lnþ l̂ng

N¼ ½N1 N2 N3 N4 N5 N6 N7 N8 N9�M
¼ ½M1 M2 M3 M4 M5 M6 M7 M8 M9�S
¼ ½S1 S2 S3 S4 S5 S6 S7 S8 S9�Z ¼ ½Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8 Z9�X
¼ ½X1 X2 X3 X4 X5 X6 X7 X8 X9�Y

¼ ½Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9�d¼
1

3
ðsN� snÞ; s1¼ snþd; s2

¼ snþ2d

Theorem 3.1 Under the assumption ðH1Þ and ðH2Þ, if

there exist matrices P [ 0, T1 [ 0, T2 [ 0, Qj [ 0,

Rj [ 0 (j = 1, 2, 3, 4) and diagonal matrices ck¼
diagfck;1; ck;2; . . .; ck;ng[0ðk¼ 1; 2; 3Þ, and matrices

Nl;Ml; Zl; Slðl¼ 1; 2; . . .; 9Þ with appropriate dimensions

such that for all m and n, the following conditions hold:

(i) 9 ni	 0; i ¼ 1; 2; . . .;N;PN
i¼1 ni ¼ 1 :

PN
i¼1 niGi(A0

i , Q1, Q2, Q3) \ 0.

(ii)

Pi þHi
m �

!i
mn �Ri

m

� �
\0; m ¼ 1; 2; 3; n ¼ 1; 2 ð8Þ

where

where

Pi
11 ¼ T1þðAi

0Þ
T
0 iþQ4�R4� c2L1�L1c2þðFi

AÞ
T
Fi

A

Pi
66 ¼�ð1�lÞT1� c3L1�L1c3

Pi
71 ¼ L2c2þðBi

10Þ
T
P� c1Ai

0�ðBi
10Þ

T
0 iþðFi

AÞ
T
Fi

1

Pi
77 ¼ c1Bi

10þðBi
10Þ

Tc1þT2� c2� cT
2 þðBi

10Þ
T
10iþðFi

1Þ
T
Fi

1

Pi
81 ¼ ðBi

20Þ
T
P�ðBi

20Þ
T
0 iþðFi

AÞ
T
Fi

2

Pi
87 ¼ ðBi

20Þ
Tc1þðBi

20Þ
T
10iþðFi

1Þ
T
Fi

2

Pi
88 ¼�ð1�lÞT2� c3� cT

3 þðBi
20Þ

T
20iþðFi

2Þ
T
Fi

2

Pi
97 ¼ ðEiÞTc1þðEiÞT/TðBi

10Þ
T

Pi
98 ¼ ðEiÞT/TðBi

20Þ
T

Pi
99 ¼ ðEiÞT/Ei� I

Pi ¼

Pi
11 � � � � � � � �

R4 �Q1 � R4 � � � � � � �
0 0 �Q2 � � � � � �
0 0 0 �Q3 � � � � �
0 0 0 0 �Q4 � � � �
0 0 0 0 0 Pi

66 � � �
Pi

71 0 0 0 0 0 Pi
77 � �

Pi
81 0 0 0 0 c3L2 Pi

87 Pi
88 �

ðEiÞT P� ðEiÞT/Ai
0 0 0 0 0 0 Pi

97 Pi
98 Pi

99

2
6666666666664

3
7777777777775

\0;
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Hi
133
¼ �R2 � dMT

3 � dM3

Hi
162
¼ dNT

6 � dNT
2þT

2

Hi
163
¼ �dNT

3 þ dMT
3�T

6

Hi
165
¼ �dNT

5 þ dMT
5

Hi
233
¼ �R1 þ dZ3 þ dZT

3

Hi
244
¼ �R3 � dST

4 � dS4

Hi
263
¼ dZT

6 � dZT
3þT

3

Hi
264
¼ �dZT

4 þ dST
4�T

6

Hi
265
¼ �dZ5 þ dS5

Hi
266
¼ �dZ6 � dZT

6 þ6 þdST
6

Hi
344
¼ �R2 þ dXT

4 þ dX4

Hi
363
¼ �dXT

3 þ dYT
3

Hi
364
¼ dXT

6 � dXT
4þT

4

Hi
365
¼ �dXT

5 þ dYT
5�T

6

Hi
366
¼ �dX6 � dXT

6 þT
6 þdY6

/ ¼ d2R1 þ d2R2 þ d2R3 þ s2
nR4

!i
11 ¼ dN !i

12 ¼ !i
21 ¼ dS !i

22 ¼ !i
31 ¼ dX !i

32 ¼ dY

Hi
1 ¼

0 � � � � � � � �
dNT

1 dNT
2 þ dNT

2 � � � � � � �
�dMT

1 dNT
3 � dMT

2 Hi
133

� � � � � �
0 dNT

4 R2 � dMT
4 �R2 � R3 � � � � �

0 dNT
5 �dMT

5 R3 �R3 � � � �
dMT

1 � dNT
1 Hi

162
Hi

163
�dNT

4 þ dMT
4 Hi

165
Hi

166
� � �

0 dNT
7 �dMT

7 0 0 �T
7 þ dMT

7 0 � �
0 dNT

8 �dMT
8 0 0 �T

8 þ dMT
8 0 0 �

0 dNT
9 �dMT

9 0 0 �T
9 þ dMT

9 0 0 0

2
6666666666664

3
7777777777775

\0;

Hi
2 ¼

0 � � � � � � � �
0 �R1 � � � � � � �

dZT
1 R1 þ dZT

2 Hi
233

� � � � � �
�dST

1 �dST
2 dZT

4�T
3 Hi

244
� � � � �

0 0 dZT
5 R3 � dST

5 �R3 � � � �
�dZT

1 þ dST
1 �dZT

2þT
2 Hi

263
Hi

264
Hi

265
Hi

266
� � �

0 0 dZT
7 �dST

7 0 �T
7 þ dST

7 0 � �
0 0 dZT

8 �dST
8 0 �T

8 þ dST
8 0 0 �

0 0 dZT
9 �dST

9 0 �T
9 þ dST

9 0 0 0

2
6666666666664

3
7777777777775

\0;

Hi
3 ¼

0 � � � � � � � �
0 �R1 � � � � � � �
0 R1 �R1 � R2 � � � � � �

dXT
1 dXT

2 dXT
3 þ R2 Hi

344
� � � � �

�dYT
1 �dYT

2 �dYT
3

T
5 � dYT

4 �dYT
5 � dY5 � � � �

�dXT
1 þ dYT

1 �dXT
2þT

2 Hi
363

Hi
364

Hi
365

Hi
366

� � �
0 0 0 dXT

7 �dXT
7 �T

7 þ dYT
7 0 � �

0 0 0 dXT
8 �dYT

8 �T
8 þ dYT

8 0 0 �
0 0 0 dXT

9 �dYT
9 �T

9 þ dYT
9 0 0 0

2
6666666666664

3
7777777777775

\0;
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then, switched interval network (5) is global robust

asymptotic stable, the switching rule is chosen as

r(x(t)) = i whenever xðtÞ 2 �Xi.

Proof Consider the following Lyapunov–Krasovskii

functional
Vðt; xtÞ ¼ V1ðt; xtÞ þ V2ðt; xtÞ þ V3ðt; xtÞ þ V4ðt; xtÞ

þ V5ðt; xtÞ ð9Þ

where

V1ðt; xtÞ ¼ xTðtÞPxðtÞ þ 2
Xn

i¼1

c1;i

ZxiðtÞ

0

fiðsÞds

V2ðt; xtÞ ¼
Z t

t�sðtÞ

½xTðsÞT1xðsÞ þ f TðxðsÞÞT2f ðxðsÞÞ�ds

V3ðt; xtÞ ¼
Z t

t�sn

xTðsÞQ1xðsÞdsþ
Z t

t�s1

xTðsÞQ2xðsÞds

þ
Z t

t�s2

xTðsÞQ3xðsÞdsþ
Z t

t�sN

xTðsÞQ4xðsÞds

V4ðt; xtÞ ¼ d
Zt�sn

t�s1

Z t

s

_xTðhÞR1 _xðhÞdhds

þ d
Zt�s1

t�s2

Z t

s

_xTðhÞR2 _xðhÞdhds

þ d
Zt�s2

t�sN

Z t

s

_xTðhÞR3 _xðhÞdhds

V5ðt; xtÞ ¼ sn

Z t

t�sn

Z t

s

_xTðhÞR4 _xðhÞdhds

Calculating the time derivative of V(t, xt) along the

trajectory of (6), it can follow that
_V1ðt;xtÞ ¼ 2xTðtÞP _xðtÞþ 2

Xn

i¼1

c1;ifiðxiðtÞÞ _xiðtÞ

¼ 2xTðtÞP½�Ai
0xðtÞþBi

10f ðxðtÞÞ
þBi

20f ðxðt� sðtÞÞþEiDiðtÞ�
þ 2f TðxðtÞÞc1½�Ai

0xðtÞþBi
10f ðxðtÞÞ

þBi
20f ðxðt� sðtÞÞþEiDiðtÞ�

¼�2xTðtÞðAi
0Þ

T
PxðtÞþ 2f TðxðtÞÞðBi

10Þ
T
PxðtÞ

þ 2f Tðxðt� sðtÞÞðBi
20Þ

T
PxðtÞ

þ 2ðDiðtÞÞTðEiÞT PxðtÞ� 2f TðxðtÞÞc1Ai
0xðtÞ

þ 2f TðxðtÞÞc1Bi
10f ðxðtÞÞ

2f TðxðtÞÞc1Bi
20f ðxðt� sðtÞÞÞþ 2f TðxðtÞÞc1EiDiðtÞ

ð10Þ

_V2ðt;xtÞ ¼ xTðtÞT1xðtÞ� ð1� _sðtÞÞxTðt� sðtÞÞT1xðt� sðtÞÞ
þ f TðxðtÞÞT2f ðxðtÞÞ� ð1� _sðtÞÞf Tðxðt� sðtÞÞÞ
T2f ðxðt� sðtÞÞÞ�xTðtÞT1xðtÞþ f TðxðtÞÞT2f ðxðtÞÞ
� ð1�lÞxTðt� sðtÞÞT1xðt� sðtÞÞ
� ð1�lÞf Tðxðt� sðtÞÞÞT2f ðxðt� sðtÞÞÞ

ð11Þ
_V3ðt; xtÞ ¼ xTðtÞðQ1 þ Q2 þ Q3 þ Q4ÞxðtÞ

� xTðt � snÞQ1xðt � snÞ � xTðt � s1ÞQ2

xðt � s1Þ � xTðt � s2ÞQ3xðt � s2Þ
� xTðt � sNÞQ4xðt � sNÞ

ð12Þ

_V4ðt; xtÞ ¼ d2 _xTðtÞR1 _xðtÞ � d
Zt�sn

t�s1

_xTðsÞR1 _xðsÞds

þ d2 _xTðtÞR2 _xðtÞ � d
Zt�s1

t�s2

_xTðsÞR2 _xðsÞds

þ d2 _xTðtÞR3 _xðtÞ � d
Zt�s2

t�sM

_xTðsÞR3 _xðsÞds ð13Þ

By applying Lemma 2.1, we have

_V5ðt; xtÞ ¼ s2
n _xTðtÞR4 _xðtÞ � sn

Z t

t�sn

_xTðsÞR4 _xðsÞds

� s2
n _xTðtÞR4 _xðtÞ þ

xðtÞ
xðt � snÞ

� �T �R4 R4

R4 �R4

� �

�
xðtÞ

xðt � snÞ

� �

ð14Þ

Based on (10)–(14), we can get

_Vðt; xtÞ� xTðtÞ½ðAi
0Þ

T
P� PAi

0 þ T1 þ Q1 þ Q2 þ Q3

þ Q4�xðtÞ þ f TðxðtÞÞ½c1Bi
10 þ Bi

10c1

þ T2�f ðxðtÞÞ þ 2ðDiðtÞÞTðEiÞT PxðtÞ
þ 2f Tðxðt � sðtÞÞÞðBi

20Þ
T
PxðtÞ

þ 2f TðxðtÞÞc1Bi
20f ðxðt � sðtÞÞÞ � xTðt � snÞQ1

xðt � snÞ þ 2f TðxðtÞÞc1EiDiðtÞ
þ 2f TðxðtÞÞ½ðBi

10Þ
T
P� c1Ai

0�xðtÞ
� ð1� lÞxTðt � sðtÞÞT1xðt � sðtÞÞ
� xTðt � s1ÞQ2

� xðt � s1Þ � ð1� lÞf Tðxðt � sðtÞÞÞ
� T2f ðxðt � sðtÞÞÞ � xTðt � s2ÞQ3xðt � s2Þ
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þ _xTðtÞ/ _xðtÞ � xTðt � sNÞQ4xðt � sNÞ

� þ
xðtÞ

xðt � snÞ

� �T �R4 R4

R4 �R4

� �
xðtÞ

xðt � snÞ

� �

� d
Zt�sn

t�s1

_xTðsÞR1 _xðsÞds� d
Zt�s1

t�s2

_xTðsÞR2 _xðsÞds

��d
Zt�s2

t�sM

_xTðsÞR3 _xðsÞds ð15Þ

By the assumption ðH1Þ, one has

½fiðxiðtÞÞ � �l
i
xiðtÞ�½fiðxiðtÞÞ � l̂

i
xiðtÞ� � 0 ð16Þ

½fiðxiðt � sðtÞÞÞ � �l
i
xiðt � sðtÞÞ�½fiðxiðt � sðtÞÞÞ � l̂

i
xiðt

� sðtÞÞ� � 0

ð17Þ

It follows from (16) and (17) that

2
Xn

i¼1

c2;i½fiðxiðtÞÞ � �l
i
xiðtÞ�½fiðxiðtÞÞ � l̂

i
xiðtÞ�

¼
Xn

i¼1

c2;i

xðtÞ
f ðxðtÞÞ

� �T
2�l

i
l̂

i
eie

T
i �

�ð�l
i
þ l̂

i
ÞeT

i ei 2eie
T
i

" #
xðtÞ

f ðxðtÞÞ

� �

¼
xðtÞ

f ðxðtÞÞ

� �T
2c2L1 �
�c2L2 2c2

� �
xðtÞ

f ðxðtÞÞ

� �
� 0

ð18Þ

2
Xn

i¼1

c3;i½fiðxiðt � sðtÞÞÞ � �l
i
xiðt � sðtÞÞ�½fiðxiðt � sðtÞÞÞ

� l̂
i
xiðt � sðtÞÞ�

¼
xðt � sðtÞÞ

f ðxðt � sðtÞÞÞ

� �T
2c3L1 �
�c3L2 2c3

� �
xðt � sðtÞÞ

f ðxðt � sðtÞÞÞ

� �

� 0 ð19Þ

where ei denotes the unit column vector with a ‘‘100 on its

ith row and zeros elsewhere.

By substituting (7) and (18), (19) into (15), it yields

_Vðt; xtÞ� xTðtÞGiðAi
0;Q1;Q2;Q3ÞxðtÞ þ gTðtÞPigðtÞ

� d
Zt�sn

t�s1

_xTðsÞR1 _xðsÞds� d
Zt�s1

t�s2

_xTðsÞR2 _xðsÞds

� d
Zt�s2

t�sM

_xTðsÞR3 _xðsÞds ð20Þ

where

gTðtÞ ¼ xTðtÞ xTðt � snÞ xTðt � s1Þ xTðt � s2Þ
�
�xTðt � sNÞ xTðt � sðtÞÞ f TðxðtÞÞ f T

ðxðt � sðtÞÞÞ ðDiðtÞÞT
�

In the following, we will consider three cases: that is

t 2 S1; t 2 S2; t 2 S3.

Case 1: when t 2 S1, i.e. sðtÞ 2 ½sn; s1�.
By using Lemma 2.1, we have

� d
Zt�s1

t�s2

_xTðsÞR2 _xðsÞds�
xðt � s1Þ
xðt � s2Þ

� �T �R2 R2

R2 �R2

� �

�
xðt � s1Þ
xðt � s2Þ

� �
ð21Þ

� d
Zt�s2

t�sN

_xTðsÞR3 _xðsÞds�
xðt � s2Þ
xðt � sNÞ

� �T �R3 R3

R3 �R3

� �

�
xðt � s2Þ
xðt � sNÞ

� �
ð22Þ

Combing (20)–(22), and applying Newton-Leibniz formula and

adding the free weighting matrices N and M, it can be obtained

_Vðt; xtÞ� xTðtÞGiðAi
0;Q1;Q2;Q3ÞxðtÞ þ gTðtÞPigðtÞ

� d
Zt�sn

t�s1

_xTðsÞR1 _xðsÞds

þ
xðt � s1Þ
xðt � s2Þ

� �T �R2 R2

R2 �R2

� �
xðt � s1Þ
xðt � s2Þ

� �

þ
xðt � s2Þ
xðt � sNÞ

� �T �R3 R3

R3 �R3

� �
xðt � s2Þ
xðt � sNÞ

� �

þ 2dgTðtÞN xðt � snÞ � xðt � sðtÞÞ �
Zt�sn

t�sðtÞ

_xðsÞds

2
64

3
75

þ 2dgTðtÞM xðt � sðtÞÞ � xðt � s1Þ �
Zt�sðtÞ

t�s1

_xðsÞds

2
64

3
75

ð23Þ

It is easy to deduce the following inequality:

� 2dgTðtÞN
Zt�sn

t�sðtÞ

_xðsÞds¼ d
Zt�sn

t�sðtÞ

2gTðtÞð�NÞ _xðsÞds

�ðsðtÞ� snÞdgTðtÞNR�1
1 NTgðtÞþ d

Zt�sn

t�sðtÞ

_xTðsÞR1 _xðsÞds

ð24Þ

� 2dgTðtÞM
Zt�sðtÞ

t�s1

_xðsÞds�ðs1 � sðtÞÞdgTðtÞMR�1
1 MTgðtÞ

þ d
Zt�sðtÞ

t�s1

_xTðsÞR1 _xðsÞds ð25Þ
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By substituting (24)–(25) into (23), it follows that

_VðxðtÞÞ� xTðtÞGiðAi
0;Q1;Q2;Q3ÞxðtÞ þ gTðtÞ½Pi þHi

1

þ ðsðtÞ � snÞdNR�1
1 NT

þ ðs1 � sðtÞÞdMR�1
1 MT �gðtÞ ð26Þ

when m = n = 1, using Schur complement, (8) is

equivalent to

Pi þHi
1 þ d2NR�1

1 NT\0 ð27Þ

Similarly, when m = 1 and n = 2, (8) is equivalent to

Pi þHi
1 þ d2MR�1

1 MT\0 ð28Þ

From (27) and (28), by using Lemma 2.2, we can obtain

Pi þHi
1 þ ðsðtÞ � snÞdNR�1

1 NT þ ðs1

� sðtÞÞdMR�1
1 MT\0 ð29Þ

Therefore, we finally obtain from (26) and (29) that

_VðxðtÞÞ\xTðtÞGiðAi
0;Q1;Q2;Q3ÞxðtÞ;

8i ¼ 1; 2; . . .;N; t 2 S1
ð30Þ

Case 2: when t 2 S2, i.e. sðtÞ 2 ðs1; s2�.
Similar to case 1, we have

�d
Zt�sn

t�s1

_xTðsÞR1 _xðsÞds�
xðt � snÞ
xðt � s1Þ

� �T �R1 R1

R1 �R1

� �
xðt � snÞ
xðt � s1Þ

� �

ð31Þ

�d
Zt�s2

t�sN

_xTðsÞR3 _xðsÞds�
xðt� s2Þ
xðt� sNÞ

� �T �R3 R3

R3 �R3

� �
xðt� s2Þ
xðt� sNÞ

� �

ð32Þ

Combing (20), (31), (32), and applying Newton-Leibniz

formula and adding the free weighting matrices S and Z, it

can be obtained

_Vðt;xtÞ�xTðtÞGiðAi
0;Q1;Q2;Q3ÞxðtÞþ gTðtÞPigðtÞ

� d
Zt�s1

t�s2

_xTðsÞR2 _xðsÞds

þ
xðt� snÞ
xðt� s1Þ

� �T �R1 R1

R2 �R1

� �
xðt� snÞ
xðt� s1Þ

� �

þ
xðt� s2Þ
xðt� sNÞ

� �T �R3 R3

R3 �R3

� �
xðt� s2Þ
xðt� sNÞ

� �

þ 2dgTðtÞS xðt� s1Þ� xðt� sðtÞÞ�
Zt�s1

t�sðtÞ

_xðsÞds

2
64

3
75

þ 2dgTðtÞZ xðt� sðtÞÞ� xðt� s2Þ�
Zt�sðtÞ

t�s2

_xðsÞds

2
64

3
75

ð33Þ

Then, according to a similar method in Case 1, we have

_VðxðtÞÞ�xTðtÞGiðAi
0;Q1;Q2;Q3ÞxðtÞþ gTðtÞ½PiþHi

2

þðsðtÞ� s1ÞdSR�1
2 ST þðs2� sðtÞÞdZR�1

2 ZT �gðtÞ
ð34Þ

when m = 2, n = 1, using Schur complement, (8) is

equivalent to

Pi þHi
2 þ d2SR�1

2 ST\0 ð35Þ

Similarly, when m = 2 and n = 2, (8) is equivalent to

Pi þHi
2 þ d2ZR�1

2 ZT\0 ð36Þ

From (35) and (36), by using Lemma 2.2, it yields

Pi þHi
2 þ ðsðtÞ � s1ÞdSR�1

2 ST þ ðs2 � sðtÞÞdZR�1
2 ZT\0

ð37Þ

Therefore, we finally obtain from (34) and (37) that

_VðxðtÞÞ\xTðtÞGiðAi
0;Q1;Q2;Q3ÞxðtÞ; 8i ¼ 1; 2; . . .;N;

t 2 S2

ð38Þ

Case 3: when t 2 S3, i.e. sðtÞ 2 ðs2; sN �.
From the above (21) and (31), we can get

_Vðt; xtÞ� xTðtÞGiðAi
0;Q1;Q2;Q3ÞxðtÞ þ gTðtÞPigðtÞ

� d
Zt�s2

t�sN

_xTðsÞR3 _xðsÞds

þ
xðt � snÞ
xðt � s1Þ

� �T �R1 R1

R1 �R1

� �
xðt � snÞ
xðt � s1Þ

� �

þ
xðt � s1Þ
xðt � s2Þ

� �T �R2 R2

R2 �R2

� �
xðt � s1Þ
xðt � s2Þ

� �

þ 2dgTðtÞX xðt � s2Þ � xðt � sðtÞÞ �
Zt�s2

t�sðtÞ

_xðsÞds

2
64

3
75

þ 2dgTðtÞY xðt � sðtÞÞ � xðt � sNÞ �
Zt�sðtÞ

t�sN

_xðsÞds

2
64

3
75

ð39Þ

Similar to the analysis methods in case 1 and case 2, it

can be obtained:

_VðxðtÞÞ\xTðtÞGiðAi
0;Q1;Q2;Q3ÞxðtÞ; 8i ¼ 1; 2; . . .;N;

t 2 S3

ð40Þ

From the above discussions, for all t [ 0, (8) with

m = 1, 2, 3, n = 1 and 2, we can get the following

equality:
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_VðxðtÞÞ\xTðtÞGiðAi
0;Q1;Q2;Q3ÞxðtÞ; 8i ¼ 1; 2; . . .;N;

t [ 0 ð41Þ

By the condition (i) and Proposition 2.1, the system of

matrices Gi(A0
i , Q1, Q2, Q3) is strictly complete. Then we

have

[N
i¼1

�Xi ¼ Rnnf0g; �Xi

\
�Xj ¼ /; i 6¼ j ð42Þ

Hence, for any xðtÞ 2 Rn, there exists i 2 f1; 2; . . .; Ng
such that xðtÞ 2 �Xi. By choosing switching rule as

r(x) = i whenever rðxÞ 2 �Xi, from (41), it can derive

_VðxðtÞÞ\xTðtÞGiðAi
0;Q1;Q2;Q3ÞxðtÞ\0; t [ 0 ð43Þ

According to Definition 2.1, the switched interval

network (5) is global robust asymptotic stable. The proof

is completed. h

Next, we will consider the situation when the time-

varying delay s(t) becomes the fast delay, by structuring

the different Lyapunov–Krasovskii functional, it is easy to

obtain the following corollary:

Corollary 3.1 Under the assumption ðH1Þ and ðH3Þ, if

there exist matrices P [ 0, Qj [ 0, Rj [
0 (j = 1, 2, 3, 4), and diagonal matrices ck ¼ diagfck;1;

ck;2; . . .; ck;ng[ 0ðk ¼ 1; 2; 3Þ, and matrices Nl; Ml; Zl;

Sl ðl ¼ 1; 2; . . .; 9Þ with appropriate dimensions such that

for all m and n, the following LMIs hold:

(i) 9 ni	 0; i ¼ 1; 2; . . .; N;
PN

i¼1 ni [ 0 :PN
i¼1 niGiðAi

0;Q1;Q2;Q3Þ\0.

(ii)

Pi þHi
m �

!i
mn �Ri

m

� �
\0; m ¼ 1; 2; 3; n ¼ 1; 2 ð44Þ

where

where

Pi
11 ¼ ðAi

0Þ
T
0 iþ Q4 � R4 � c2L1 � L1c2 þ ðFi

AÞ
T
Fi

A

Pi
66 ¼ �c3L1 � L1c3

Pi
71 ¼ L2c2 þ ðBi

10Þ
T
P� c1Ai

0 � ðBi
10Þ

T
0 iþ ðFi

AÞ
T
Fi

1

Pi
77 ¼ c1Bi

10 þ ðBi
10Þ

Tc1 � c2 � cT
2 þ ðBi

10Þ
T
10iþ ðFi

1Þ
T
Fi

1

Pi
81 ¼ ðBi

20Þ
T
P� ðBi

20Þ
T
0 iþ ðFi

AÞ
T
Fi

2

Pi
87 ¼ ðBi

20Þ
Tc1 þ ðBi

20Þ
T
10iþ ðFi

1Þ
T
Fi

2

Pi
88 ¼ �c3 � cT

3 þ ðBi
20Þ

T
20iþ ðFi

2Þ
T
Fi

2

Pi
97 ¼ ðEiÞTc1 þ ðEiÞT/TðBi

10Þ
T

Pi
98 ¼ ðEiÞT/TðBi

20Þ
T

Pi
99 ¼ ðEiÞT/Ei � I

Pi ¼

Pi
11 � � � � � � � �

R4 �Q1 � R4 � � � � � � �
0 0 �Q2 � � � � � �
0 0 0 �Q3 � � � � �
0 0 0 0 �Q4 � � � �
0 0 0 0 0 Pi

66 � � �
Pi

71 0 0 0 0 0 Pi
77 � �

Pi
81 0 0 0 0 c3L2 Pi

87 Pi
88 �

ðEiÞT P� ðEiÞT/Ai
0 0 0 0 0 0 Pi

97 Pi
98 Pi

99

2
6666666666664

3
7777777777775

\0;

Hi
1 ¼

0 � � � � � � � �
dNT

1 dNT
2 þ dNT

2 � � � � � � �
�dMT

1 dNT
3 � dMT

2 Hi
133

� � � � � �
0 dNT

4 R2 � dMT
4 �R2 � R3 � � � � �

0 dNT
5 �dMT

5 R3 �R3 � � � �
dMT

1 � dNT
1 Hi

162
Hi

163
�dNT

4 þ dMT
4 Hi

165
Hi

166
� � �

0 dNT
7 �dMT

7 0 0 �T
7 þ dMT

7 0 � �
0 dNT

8 �dMT
8 0 0 �T

8 þ dMT
8 0 0 �

0 dNT
9 �dMT

9 0 0 �T
9 þ dMT

9 0 0 0

2
6666666666664

3
7777777777775

\0;
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Hi
133
¼ �R2 � dMT

3 � dM3

Hi
162
¼ dNT

6 � dNT
2þT

2

Hi
163
¼ �dNT

3 þ dMT
3�T

6

Hi
165
¼ �dNT

5 þ dMT
5

Hi
233
¼ �R1 þ dZ3 þ dZT

3

Hi
244
¼ �R3 � dST

4 � dS4

Hi
263
¼ dZT

6 � dZT
3þT

3

Hi
264
¼ �dZT

4 þ dST
4�T

6

Hi
265
¼ �dZ5 þ dS5

Hi
266
¼ �dZ6 � dZT

6 þ6 þdST
6

Hi
344
¼ �R2 þ dXT

4 þ dX4

Hi
363
¼ �dXT

3 þ dYT
3

Hi
364
¼ dXT

6 � dXT
4þT

4

Hi
365
¼ �dXT

5 þ dYT
5�T

6

Hi
366
¼ �dX6 � dXT

6 þT
6 þdY6

/ ¼ d2R1 þ d2R2 þ d2R3 þ s2
nR4

!i
11 ¼ dN !i

12 ¼ !i
21 ¼ dS !i

22 ¼ !i
31 ¼ dX !i

32 ¼ dY

then, switched interval network (5) is global robust

asymptotic stable, the switching rule is chosen as

r(x(t)) = i whenever xðtÞ 2 �Xi.

Proof By choosing the following Lyapunov–Krasovskii

functional:

Vðt; xtÞ ¼ V1ðt; xtÞ þ V2ðt; xtÞ þ V3ðt; xtÞ þ V4ðt; xtÞ
þ V5ðt; xtÞ

where

Hi
2 ¼

0 � � � � � � � �
0 �R1 � � � � � � �

dZT
1 R1 þ dZT

2 Hi
233

� � � � � �
�dST

1 �dST
2 dZT

4�T
3 Hi

244
� � � � �

0 0 dZT
5 R3 � dST

5 �R3 � � � �
�dZT

1 þ dST
1 �dZT

2þT
2 Hi

263
Hi

264
Hi

265
Hi

266
� � �

0 0 dZT
7 �dST

7 0 �T
7 þ dST

7 0 � �
0 0 dZT

8 �dST
8 0 �T

8 þ dST
8 0 0 �

0 0 dZT
9 �dST

9 0 �T
9 þ dST

9 0 0 0

2
6666666666664

3
7777777777775

\0;

Hi
3 ¼

0 � � � � � � � �
0 �R1 � � � � � � �
0 R1 �R1 � R2 � � � � � �

dXT
1 dXT

2 dXT
3 þ R2 Hi

344
� � � � �

�dYT
1 �dYT

2 �dYT
3

T
5 � dYT

4 �dYT
5 � dY5 � � � �

�dXT
1 þ dYT

1 �dXT
2þT

2 Hi
363

Hi
364

Hi
365

Hi
366

� � �
0 0 0 dXT

7 �dXT
7 �T

7 þ dYT
7 0 � �

0 0 0 dXT
8 �dYT

8 �T
8 þ dYT

8 0 0 �
0 0 0 dXT

9 �dYT
9 �T

9 þ dYT
9 0 0 0

2
6666666666664

3
7777777777775

\0;
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V1ðt; xtÞ ¼ xTðtÞPxðtÞ þ 2
Xn

i¼1

c1;i

ZxiðtÞ

0

fiðsÞds

V2ðt; xtÞ ¼
Z t

t�sn

xTðsÞQ1xðsÞdsþ
Z t

t�s1

xTðsÞQ2xðsÞds

þ
Z t

t�s2

xTðsÞQ3xðsÞdsþ
Z t

t�sN

xTðsÞQ4xðsÞds

V3ðt; xtÞ ¼ d
Zt�sn

t�s1

Z t

s

_xTðhÞR1 _xðhÞdhds

þ d
Zt�s1

t�s2

Z t

s

_xTðhÞR2 _xðhÞdhds

þ d
Zt�s2

t�sN

Z t

s

_xTðhÞR3 _xðhÞdhds

V4ðt; xtÞ ¼ sn

Z t

t�sn

Z t

s

_xTðhÞR4 _xðhÞdhds

the derivation process of Corollary 3.1 is similar to The-

orem 3.1.

Remark 3 In (Zhang et al. 2009), author investigate the

global asymptotic stability of a class of recurrent neural

networks with interval time-varying delays via delay-

decomposing approach, the variation interval of the time

delay is divided into two subintervals with equal length by

introducing its central point, several new stability criteria

are derived in terms of LMIs. However, in this paper, we

divide the interval time delay into three subintervals, as we

all know, when the number of the divided subintervals

increases, the corresponding criteria can be improved in

results, hence, the proposed criteria expand and improve

the results in the existing literatures. Moreover, when

N = 1 and without regard to robustness in (5), the model in

our paper is degenerated as the nonlinear functional dif-

ferential equation (1) in (Zhang et al. 2009), so model

studied in (Zhang et al. 2009; Shen and Cao 2011; Liu and

Cao 2011; Phat and Trinh 2010) can be seen a special case

of the model (5).

An illustrative example

In this section, an illustrative example will be given to

check the validity and effectiveness of the proposed sta-

bility criterion obtained in Theorem 3.1.

Example Consider the the following second-order swit-

ched interval networks with interval time-varying delay

described by

_xiðtÞ ¼ �air xiðtÞ þ
P2

j¼1 b
ð1Þ
ijr

fjðxijðtÞÞ þ
P2

j¼1 b
ð2Þ
ijr

fjðxijðt � sðtÞÞÞ
air 2 ½air

; air �; b
ðkÞ
ijr
2 ½bðkÞijr

; b
ðkÞ
ijr
�; k ¼ 1; 2;

(

ð45Þ

where rðxðtÞÞ : Rn ! f1; 2g, and �l1 ¼ 0:1; �l2 ¼ 0:2; l̂1 ¼
0:3; l̂2 ¼ 0:6; sn ¼ 0:5; sN ¼ 2; l ¼ d ¼ 0:5, The

networks system parameters are defined as

A1 ¼
17:99 0

0 14:99

� 	
; A1 ¼

18:01 0

0 15:01

� 	
;

B11 ¼
�0:17 0:1

0:13 �0:14

� 	
;

B11 ¼
�0:15 0:12

0:15 �0:12

� 	
;B21 ¼

�0:47 0:13

0:11 �0:54

� 	
;

B21 ¼
�0:45 0:15

0:13 �0:52

� 	
;

A2 ¼
15:99 0

0 16:99

� 	
; A2 ¼

16:01 0

0 17:01

� 	
;

B12 ¼
�0:208 0

0 �0:208

� 	
;

B12 ¼
�0:188 0:02

0:02 �0:188

� 	
; B22 ¼

�0:12 0:14

0:05 �0:12

� 	
;

B22 ¼
�0:09 0:16

0:07 �0:09

� 	
;

Solving the LMI in condition (ii) by using appropriate

LMI solver in the Matlab, the feasible positive definite

matrices P, Q1, Q2, Q3, and diagonal matrices could be

as

P¼
1:6853 0:0095

0:0095 1:6431

� 	
; Q1 ¼

17:6516 �0:0006

�0:0006 17:6480

� 	
;

Q2 ¼
17:6708 �0:0000

�0:0000 17:6655

� 	
; Q3 ¼

17:6835 0:0000

0:0000 17:6809

� 	
;

Let n1 = 0.1,n2 = 0.9, it can be shown that

G1ðA1
0;Q1;Q2;Q3Þ ¼

�7:6637 �0:3142

�0:3142 3:7002

� 	
;

G2ðA2
0;Q1;Q2;Q3Þ ¼

�0:9226 �0:3142

�0:3142 �2:8724

� 	

Moreover, the sum

n1G1ðA1
0;Q1;Q2;Q3Þ þ n2G2ðA2

0;Q1;Q2;Q3Þ

¼ �1:5967 �0:3142

�0:3142 �2:2152

� 	
\0
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The sets X1 and X2 are given as

X1 ¼ fðx1; x2Þ 2 R2 : �7:6637x2
1 � 0:6284x1x2 þ 3:7002x2

2\0g;
X2 ¼ fðx1; x2Þ 2 R2 : 0:9226x2

1 þ 0:6284x1x2 þ 2:8724x2
2 [ 0g:

then, the switching regions (Figs. 1, 2) are defined as

�X1 ¼ fðx1; x2Þ 2 R2 : �7:6637x2
1 � 0:6284x1x2 þ 3:7002x2

2� 0g;
�X2 ¼ fðx1; x2Þ 2 R2 : �7:6637x2

1 � 0:6284x1x2 þ 3:7002x2
2	 0g:

The switching rule r(x(t)) can be given by

rðtÞ ¼ 1; if xðtÞ 2 �X1;
2; if xðtÞ 2 �X2:

�

By Theorem 3.1, this switched interval network (45) is

global robust asymptotic stable.

Conclusion

In this paper, we have proposed a new scheme of switched

interval networks with interval time-varying delay and

general activation functions. By introducing the delay

fractioning approach, the variation interval of the time

delay is divided into three subintervals, by checking the

variation of the Lyapunov functional for the case when the

value of the time delay is in every subinterval, the

switching rule which depends on the state of the network is

designed and some new delay-dependent robust stability

criteria are derived in terms of LMIs. An illustrative

example has been also provided to demonstrate the validity

of the proposed robust asymptotic stability criteria for

switched interval networks.
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