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Abstract

This paper investigates new sets of generalized H, exponential stability criteria for
switched multilayer dynamic neural networks. These sets of sufficient stability criteria
in forms of linear matrix inequality (LMI) and matrix norm are presented, under which
switched multilayer dynamic neural networks reduce the effect of external input to a
predefined level. The proposed sets of criteria also guarantee exponential stability for
switched multilayer dynamic neural networks without external input.

1 Introduction

Switched systems are a class of hybrid systems consisting of a family of continuous (or
discrete) time subsystems and a logical rule that orchestrates the switching between these
subsystems. Switched systems have been extensively researched, and several efforts have
been focused on the analysis of switched systems [1, 2]. Recently, switched recurrent neu-
ral networks were introduced to represent some complex nonlinear systems efficiently
by integrating the theory of switched systems with recurrent neural networks [3-6].
Switched dynamic neural networks have found applications in the field of artificial intelli-
gence and high speed signal processing [7, 8]. In [3—6], some stability criteria for switched
dynamic neural networks were studied.

There always exist noise disturbances and model uncertainties in real physical systems.
Recently, this has led to an interest in a generalized H, approach [9-19]. The generalized
‘H, approach has been known as a significant concept to examine the stability of various
nonlinear dynamical systems. Here, we have the following natural question: Can we obtain
a generalized H, stability criterion for switched dynamic neural networks. This paper
provides an answer to this question. To the best of the authors’ knowledge, the generalized
‘H, analysis of switched dynamic neural networks has not yet been studied in the literature.

In this paper, we propose new sets of generalized #, exponential stability criteria for
switched multilayer dynamic neural networks. The sets of conditions proposed in this pa-
per are a new contribution to the stability evaluation of switched neural networks. The
proposed sets of sufficient stability criteria in forms of linear matrix inequality (LMI) and
matrix norm guarantee that switched multilayer dynamic neural networks reduce the ef-
fect of external input to a predefined level. This paper is organized as follows. In Section 2,
new sets of generalized H, exponential stability criteria are derived. Finally, conclusions
are presented in Section 3.
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2 New sets of generalized ., exponential stability criteria
Consider the following model of switched multilayer neural networks [3]:

%(2) = Ag(t) + Wagp (Vax (1)) +J(2), 6]
z(t) = Hyx(2), (2)
where x(t) = [x1(t) --- x,(t)]T € R" is the state vector, z(t) € R’ is a linear combi-
nation of the states, A = diag{-ay,...,—a,} € R™" (ax > 0, k = 1,...,n) is the self-

feedback matrix, W € R"*” and V € R"*" are the connection weight matrices, ¢(x(t)) =
[p1(x(t)) --- Pu(x(£))]T : R" — R" is the nonlinear function vector satisfying the global
Lipschitz condition with Lipschitz constant Ls > 0, J(£) € R” is an external input vector,
and H € RP*" is a known constant matrix. « is a switching signal which takes its values
in the finite set Z = {1,2, ..., N}. The matrices (A,, Wy, V,, H,) are allowed to take values,
at an arbitrary time, in the finite set {(4;, W1, V1, H1), ..., (An, Wn, Vi, Hy)}. Throughout
this paper, we assume that the switching rule « is not known a priori and its instantaneous
value is available in real time. Define the indicator function &(¢) = (&(2), &(2), ..., En ()7,

where

£ = 1, when the switched system is described by the ith mode (4;, W}, V;, H;),

0, otherwise,

with i =1,...,N. By using this indicator function, the model of the switched multilayer
neural networks (1)-(2) can be written as

N
(1) =Y E(O)[Ax(e) + Wigp(Vix(0)) +J(2)], 3)

i=1

N
a(t) =y &(Hx(D), (4)

i=1

where Zfil &(¢) =1 is satisfied under any switching rules. Let y > 0 be a predefined level
of disturbance attenuation. In this paper, for a given « > 0, we derive sets of criteria such
that the switched multilayer neural network (3)-(4) with J(¢) = 0 is exponentially stable
(Ilx(&)|l < Y exp(—«t), where YT > 0) and

sup{exp(/ct)zT(t)z(t)} <y? / exp(ct)J T (t)] (t) dt, (5)
t>0 0
under zero-initial conditions for all nonzero J(¢) € Ly[0, 00), where L,[0, 00) is the space
of square integrable vector functions over [0, 00).

A set of generalized #, exponential stability criterion of the switched multilayer neural
network (3)-(4) is derived in the following theorem.

Theorem 1 For given y > 0 and k > 0, the switched multilayer neural network (3)-(4) is
generalized Hy exponentially stable if

Vki=2]|P|2 = k|| P2
Ly Vil

Wil < . (6)
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Vil #0, 7)

ki
1Pl < ) ki>0,P=PT >0, (8)
2+k

”HL” vV )‘min(P)) (9)

fori=1,...,N, where Anin(-) is the minimum eigenvalue of the matrix and P satisfies the
Lyapunov inequality ATP + PA; < —k;L.

Proof We consider the Lyapunov function V (¢) = exp(«t)x” (£)Px(t). The time derivative
of the function along the trajectory of (3) satisfies

N
V(e) < > &) explet)| T (0) [k ~ k Pla(t) + 267 ()PWig (Vix(0)) + 26T ()] (1)} (10)
i=1

Applying Young’s inequality [20], we have 2x”(£)PWip(Vix(t)) < xT (£)PPx(t) + ¢T x
(Vix()) W Wi, ¢ (Vix(t)) < |1PII*1x(2)]? +L§,|| Wi II2 1 Vil 1x(2) 12 and 2x7 ()P (¢) < 27 (£)P x
PTx(t) +JT ()] (t) < | P)*|x(®)]|> + ] (£)||?. Substituting these inequalities into (10), we have

N

V() < 3 &) explet) |~ [k - @ + )P = L2IWAP ViR [« + 7))

i=1

N
= =S E@ explet)[k - 2+ )IPI - LIWiIP Vi [0

i=1

N
+ Y & expler) |7 (1)

i=1

If the following condition is satisfied,
ki = 2+ )[1PII* = LG | Wil Vill* > 0, 12)

fori=1,...,N, we have

N

V(e) < Y &t expler) |J(1)]°
i=1
= exp(ict) |7(8)]”. (13)
The following inequalities
ki = (2 +€)|IP|? ki
Will* < —— o IP|* < ——, (14)
2|V 24k

fori=1,...,N, imply the condition (12). Thus, we obtain (6) and (7). Under the zero-initial
condition, we have V(¢)|;o = 0 and V'(¢) > 0. Define

() = V(¢) —/ exp(Ko)]T(a)](o)dG. (15)
0
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Then, for any nonzero J(t), we obtain

®0) = VO - VOleo - | exp(eo)] (@) (o) do
= /0 t[V(o) —exp(ka)]” (0)](0)] do.
From (13), we have ®(£) < 0. It means
V(t) < /0 texp(KG)]T(o)](a)da.

The condition (9) implies

N
exp(Kt)zT(t)z(t) = Z‘Ei(t) exp(fct)xT(t)HiTHix(t)
i=1

I

-

I
—

=

&) exp(ict) || H; 1> || »(2)

L

N
<y? > &) exp(k ) hmin(P) | 2(0) |

i=1

N
<y” ) &) explet)x” (£)Px(r)

i=1

= y?V(t)

t
<v* [ expleo)@Vo)do
0
<y? / exp(ka)] (o) (o) do. (16)
0
Taking the supremum over ¢ > 0 leads to (5). This completes the proof. O

Corollary1 When J(t) = 0, the conditions (6)-(9) ensure that the switched multilayer neu-
ral network (3)-(4) is exponentially stable.

Proof When J(t) = 0, from (13), V(t) < 0 for all x() # 0. Thus, for any t > 0, it implies that
exp(ict)Hx(t)||2)\mm(P) < exp(kt)xT (£)Px(t) = V(t) < V(0) = xT (0)Px(0). 17)
Finally, we have

o] <[ S e -5

(@) P ‘Et)' 18)

This completes the proof. d
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In the next theorem, we find a new set of LMI criteria for the generalized #, exponential
stability of the switched multilayer neural network (3)-(4). This set of LMI criteria can be

facilitated readily via standard numerical algorithms [21, 22].

Theorem 2 For given level y > 0 and k > 0, the switched multilayer neural network (3)-(4)
is generalized H, exponentially stable if there exist a positive symmetric matrix P and a

positive scalar € such that

[ATP+PA; +kP+€el2VIV; PW; P
wip -l 0 |<0,
i P 0 -I
[P HT
>0,
H; y2I
fori=1,...,N.

Proof Consider the Lyapunov function V(¢) = exp(kt)x” (£)Px(t). Applying Young’s in-
equality [20], we have e[LéxT(t) VI.T Vix(t)— T (Vix(£))p(Vix(t))] > 0. By using this inequal-

ity, the time derivative of V(¢) along the trajectory of (3) is

N
V() = Y &) explet){x"(O)[A] P + PA; + kP]x(t)
i=1

+2x" ()PWigp(Vix(0)) + 22" (£)PT (1)}

N
< Z &(t) exp(et){x" (t)[A] P + PA; + k P]x(t)
i=1

+2xT ()PW;p (Vix(2)) + 2" (£)PJ ()

+e[Lax @)V Vix(@) - T (Vix(®)) o (Vir(0)) ]}

N #6) | [ATP+PA;+kP+el2VIV, PW; P
= Y &) explet) | p(Vix(t)) WP I 0
=1 J(t) P 0 -I
x(t) N
< | p(Vin(e) | + Y &) explet)] T () (8).
J(®) =1

If the LMI (19) is satisfied, we have
N

V() < Y &(B) expet)] T ()]()

i=1

=expt)/T ()] (2).

Under the zero-initial condition, one has V'(¢)|;-9 = 0 and V(£) > 0. Define

¢m=vm—/emwmﬂwvam
0

(23)
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Then, for any nonzero J(t), we obtain
O) = V(E) - V(O)lro - / explco )/ (o) (o) do
0
- [ V(o) - expteo )" @)7(0)] do.
0

From (22), we have ®(¢) < 0. It means

V() < [texp(xo)]T(U)](o)do.
0

The LMI (20) implies
N

exp(Kt)zT(t)z(t) = Zéi(t) exp(Kt)xT(t)HiTHix(t)
i=1

N
< ¥? ) E@) expler)x” ()Px(?)
i=1

= y2V(t)

<y? /0 ' explko )T (@) (o) do
<y fo " expleo ) (@) (o) do.

Taking the supremum over ¢ > 0 leads to (5). This completes the proof.

(24)

O

Corollary 2 When J(t) = 0, a set of LMI conditions (19)-(20) ensure that the switched mul-

tilayer neural network (3)-(4) is exponentially stable.

Proof When J(¢) = 0, from (22), we have
V() <0, Vx(t)#0.

Thus, for any ¢ > 0, it implies that

exp(xt)|}x(t)||2AmiH(P) < exp(/ct)xT(t)Px(t) = V(¢) < V(0) = x7(0)Px(0).

Finally, we have

xT(0)Px(0) K
||x(t) “ < T(P) eXp <——t).

This completes the proof.

Example 1 Consider the switched neural network (3)-(4), where

=@ _ | tanh(x:(2)) _ (@
0= LNJ o) |:tanh(x2(t)):| s |:/2(t)} ’

(25)

(26)

(27)
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0.5

i) (t)
—— m(t)

_15 1 1 1 1 1

0 2 4 6 8 10 12
time(sec)

-2.5 0 -3.1 0
Al = ’ A2 = ’
0 -31 0 -2.32
-1 4
Wl = 0 ’
0 -01
01 -0.7 -01 0.3
Vi= ) Vs, = )
-0.5 0 0 -0.5
H1=[1 0], H2=[o 1], N=2, k=0l
Applying Theorem 2 with y = 0.52, we obtain

37405 0.0474
"~ 10.0474 3.7059

:| ) € =6.2769.

The switching signal « € {1,2} is given by

1, 2k<t<2k+1l,keZ
o=
2, otherwise,

where Z is the whole set of nonnegative integers. Figure 1 shows state trajectories when
x(0) = [-1.5 0.5]7 and J;(¢) (i = 1,2) is a white noise.

3 Conclusion
In this paper, we have proposed new sets of generalized #, exponential stability cri-
teria for switched multilayer dynamic neural networks. These sets of sufficient stability
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criteria are represented by matrix norm and LMI. The proposed sets of criteria ensured
that switched multilayer dynamic neural networks attenuate the effect of external input
on the state vector. These sets of criteria also guaranteed exponential stability for switched

multilayer dynamic neural networks when there is no external input.
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