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Abstract

This paper is concerned with the problem of global asymptotic stability for a class of neural net-
works with time-varying delays. The Lyapunov stability theory provides a powerful tool for ana-
lyzing the robust performance of neural networks with time-varying delays. Based on this theory,
first, by introducing some delay-product-type terms and relaxation matrices, a new augmented
LKF is constructed, which contains more information on time-varying delay and system states, so
that the correlation between all kinds of information is closer, the admissible delay upper bounds
is increased, and the conservatism of the stability criteria of the system is reduced. Second, the
quadratic integral term appearing after the derivative of LKF is scaled appropriately to reduce the
conservatism of the stability criterion. A new integral inequality is used to estimate the quadratic
integral term in the derivative of LKF, and a new criterion of global asymptotic stability of neural
networks with time-varying delays is established. Finally, numerical examples are employed to il-
lustrate the effectiveness of the proposed method.
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PR MZE H AT 2N T AR PRESUR, 55 M EG AR, Rl 5L
(1] [2]. PhE ML I SE bR I TEAR R AR B HL T3 R AT R BN A RREE[3]. JRTM, TE(CKHUAR) HE I 2% 1)
SEPLF, T BOR AR BT O IE BRI H 42 TG 2 IR R IR S A PR, N R) AR AR TE AR A AT IRE S, X AT R
S ARGINNERE, EESEASKNRL. Kk, 6 ma Mg s R fae s vrER ER A E
TR IR, EBRMEMNERRE T —EE — MR ARRE, HHCSHE TR
REIFE LR, S 0[4]-[9].

AR E U R AR E PEER IR A 70 T I AR I i o 22 IR 2 R e R AR AL TR I TR BT iR, 5
RO RaE AR SR B s B R T AN T T . — 2 M3 5@ 1) LKF (Lyapunov-Krasovskii Functional, LKF);
H—ARR AR R LKE S8 i kB . BIH RN IE, 2 BEREA G T LKF [
i, JEHIRE TIRZ ARZEAM LKF: 878 LKF[10], #EE4 XA LKF[11], Z#H48 LKF [12], B
JEIRFARY LKF [13]155 . @il 9] NEIRFRSF T, AT DURE — /B i3 2 LKF, 122 ks 15 2 1 aEiR
RERBUPREE R, XA BN TIRE AR M 45 AR BB, A R A R U7 TH
55 AR AR A SE 5B 3 AGE R . W A ASEA . 5T Wirtinger (WB)IANEE
BT E HAEMEEMB) AR JE T4 B & K (AFB) Y A 2% A Bessel-Legendre (BL) A%5 %% .

BT B #t, ASCHEAR T — AR ) AR M R E R R . 1, s g N2
FEIRFR I, A T —ASEII ) 8 LKF, ZR S T E 2R E B RSRESE R Kk,
AT = AH IR AEAKM T LKE SECh I R T, F 577 B AR B i 4 8 10X 28 At o 1k R 090
e, B HUE B T %5 AR R .
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2. MEAIR
7 18 LA B AT I A IR PRI S N [ e 2 0 22 (OF- i i A% 3 1) i ) -
X(t) = —Ax(t) +Wog (Wx(t)) +W,g (Wx(t—d (1))) @)
o, x(t)=col{x,(t), %, (t),--,x, ()} RMZ TR R, g()=col{g,(),9,(-), 9, ()} FnML T
R g(0)=0. A=diag{a,a,, &} &— X AMFERa >0, W, W, RIW, 552 A b
ANIE IR AR R AR
e, BATHA UL R
B Lo ISR O () J2 PR FL A
0<d(t)<h u, <d(t)< py @)

Heh,i=12, u, oy, ES25H
B 2: BRI E GBI RS o, (1) F FIF Bl 2 -

I (nn) rgn( )<Ii*,Vn¢m,(i:1,2,---,N) (3)
I sgi ) <l (i=1,2,,N) 4)

e, DAL RS
ASCE DI R 2 28 (L)) A2 Rt R e k. ik, FRATE Je /v — L8 BT
SIE 1[14]: x A [a, B] - R" f—AEL AR EL W T —DMEEHEMEReR™, LURAZERK

s , 1 3
J'axT(s)Rx(s)dszﬂ X/ Rx, + aszsz

J'fx(s)ds .

5188 2 [5]: x AKX [a, f] > R" A —AMIELLF e E, W THH ke N, EEHEHEReR™, (LR
BEeRY, MERMMEN, eR™ (i=1,2), WA LU AR AL

/%" (s)Ri(s)ds < &7 {(ﬂ_a)[NIRlN; +%N2R1N2Tj+8ym(NlEl PN,E, )}

it % =x(B)=x(a). % =x(B)+x(a)-

-

Her: Eé=x(B)-x(a), E,&=x(B8)+ ——j

3. XEMEMR
AT BT TN AR A B RS E VR . H 4G, BINT —ANETHY LKF, % LKF B8 THEZ K
e, ERPE S ULEZHERSE S HK, NMAISIEE 2 R LKE S8 kB0 T, i
P2 T AR PR AT P AR RRE PEHEI o
NTRBRE R, EXUTRS:
1

hy (t)=h—d(t),v(t)= szfd(t) X(s)ds,v, (t) = hdl(t) [ 9% (s)ds
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£(t)=col{x(t), x(t-d (t)), x(t=h), g (Wx(t)), g (Wx(t-d (t))),
g (Wx(t=h)).V, (£).V, (1), x(t=d (1)), x(t-h)}
5, SIANTAEER LKF, 1R
Vi (%) =Var (% 1)+ V5 (%.1) (6)

®)

He:

t t-d

Vi (%) =d (O, X ()MX(s)ds+, (1)1 X7 (s)Mx(s)ds

v, 060 = -2 u (0- 26 ug,

Hodrs ¢ (1) =col{x(t), x(t=d (1)).V, ()} » & (1) =col{x(t=d (t)),x(t=h).V, (1)} . M;» M, U FIU,
FA & 2 440 1E 58 R
R RA MR

AM, 2M, —6M,
U=l * 4M, -6M,|,i=12
ok 12M,

DR 51 2 1 AT DAAS 3 R 5% R =X

t T . 1 T 1 T

It—d(t)x (S)Mlx(s)dszmé (t)Ulé’l(t)Zﬁf;l (HU.Li (1)
1

hy (1)

jt::(t)XT (s)M,x(s)ds >

(U4 (0256 (DU (1)

M| LKF (6)/2& IE5E 1.

PATR 5 BREE HY 17 IS AR I i ek 22 0 245 (1) R R P04

EH L XN THERRE N g, AR 1A 2 ok, S E LR &, RE) £ RETiTi
SEM . WRAFE IEEHFE P,Q,Q, e R*™: R,M;,M, e R™"; {LRHFE N, N, € R*™" RIIE & %} M1 40 4
Ay =diag{Ay, Ay, Ay} 20, A =diag{8yy, 855,58, 20, H, =diag{ . 1, o} €R™

(i=12,j=12,3), W2 LA FRIEHMEAER.

R—d(t)M,>0,R+d(t)M, >0 @
o(0,d(t))  hN, hN, ]
* —hR, (d(1)) 0 <0 ®)
* * ~3hR, (d (1))
o(hd(t))  hN, N, ]
* —hR, (d(1)) 0 <0 )
* * —3hR1(d'(t))_

Hrp:
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D(d(t),d(t)) =D+ D, + D+ D, + Dy + Dy + D,
®, =Sym{ITPIT,}, ®, =Sym{e] (H,—H,)We, +&/WT (K,H, - K,H,)We,|
@, =TI Q T, ~T17Q,IM; —(1—d (t))IT; (Q —Q,)TT,» @, =he/Re,
@ =d (t)(elMye, —(1-d (1)) eI Myg, )+ hy (£)((21-d (1)) o] M8 — M ey
_y(ngulns—nluzn )- Sym{ln U,IT +iH7U2H }
@, =sym(N,E, +N,E,)+sym(N,E; + N,E,)
®, = gSym{(em ~KWe)" A (KWee, —e,.,)f
-3 sym{[ (6510 ) KW, (&, —e,) ] 8 KW (0 -8.0) (015 2.}
+Sym{[(e, —e;) =KW, (&, =) ] 8, [ KW, (e, —e,) (e, —e,) ]
I, =col{e,,e,,&} , TI, :col{es,(l—d(t))eg,em} , M, =col{e,e,e}
I, =col{e, 5,6}, Iy =col{e;e5e,}, Ilg=col{e,e, e}, I, =col{e,e; e}
I, =col{d (t)e,,d (t)(1-d (1)) e, & —(1—d (1) Je, ~d (t)e, |
I, =col{hy (1)(1-d (t))es,hy (), (1-d (1))e, & +d () ey

E =e-e,, E,=¢+e,-2¢,, E;=¢,—-6,, E,=¢,+6,-2¢;, e =—-Ae +Wye, +We,

& =[O0 Tn Opsgio e |1 =1.2,+++,10

i-1)n °n “nx(10-i)n
K, =diag{l;, 1,17}, K, =diag {7,117}

n

UERH
Fyi& N Lyapunov-Krasovskii i B :

V(1)- 2vi (t) (10)

F

V,(t) = (t) P (1)
v, (t)= 22 [ by (g (5)=1s) + (15— 0, (5)) Jas
Va(0)= [y 72 (5)Quna (s)ds-+ [ (5)Quns (s) s
vi(t)=]" [, %" (s)Rx(s)dsdo
Vs ()= uoj (>wﬂ9m+w—umﬁﬂWWﬂMx@ms

v -2 U0
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o, nl(t):col{x(t),x(t—d(t)),x(t—h)},nz(s):col{x(s),g(Wx(s)),x(s)}o
HET ()RS (t), U MU, BREAREG)H T Lo
I THI VS AR A IR o 228 ) 5 (1) O U200 LKF (10)3R-F, 7T 45

Vi (t) = 2] (t) P (1) = 267 ()T PTLE (1) (11)

V, (t) =297 (Wx(t))(H, = H, )Wxk(t)+2x" ()W T (K,H, — K H, )Wk (t) = &7 (1) D,£(t) (12)

Vs (t) =1, (1) Qur, (1) =1, (t=h)Qy1p, (t_h)_(l_d (t)>772T (t_d (t))(Q1 -Q,)n, (t -d (t))
= &7 ()| M QI ~ T Q, T, — (1-d (1)) 117 (Q - Q)11 [&(t)

Vi, (t) =h&" () Rk(t) - [ %" (s)Rx(s)ds = ¢&" (t)d>4<§(t)— [ X" (s)Rx(s)ds (14)

Vo(0)=d()] () X(s)ds—d (1) [, X" ()M x(s)ds
+d (t))xT(t h)M,x(t—h)

(13)

(X" (t) )—(h-d
-(1- d(t)x t) )(d(t)M, —(h—d (t))M, ) x(t—d (1))
d(t 2d (t t) . 15
20w 0-20er g 0+ e wu.g, o
2h .
20 wus
=T OO+, K (SIMX(s)ds—d ()] KT (s)Mx(s)ds
Hoof, E()FEARG)HE N, HEMFSHETR 1 L
AR A K (14)F(A5) I kAR T, A LA R
_.[tihx s)R( s)ds=—J't7dmxT(s)RX(s)ds—I:::(l)XT(s)RX(s)ds
W bk A SR A (L) 1) — AR A T IR
[y X () (R=d (t)M, ) x(s)ds =[x (s)(R+d (1) M, ) (s)ds
ZEFIM, >0 fM, >0, MIATLAEE:
R—d(t)M, >0
Z\ﬁ(Y):{R+d(t)M2>O
TR 5138 2 3% 45 365 10 OB T AT A0 T AT 45
L aoX (IR (d (D) x(s)ds
(16)
<E( { ( 1(d )N += NR1 ( ()) ;j+sym(NlE1+N2E2)}§(t)
[N (s)R, (d (1)) x(s) ds
17)

1

s§T(t){(h—d(t))(Nle‘l(d(t))NlT+§N2R‘1( ()N J+sym(N E, +N,E )} (1

FIERIFATR)M @), HREILLT AL
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5 (s05,) = 2[ g (Wx(s,))~ 9 (Wx(s,)) KW (x(s,) ~x(s,)) ]’

x A, [KZW (X(Sl)—X(Sz))—g(WX(Sl))Jr g(WX(Sz ))J
>0

Hop A =diag{Ay, A4, Ay} 20(i=12,3), A =diag{d,,5,,,6,}20(1=1,2,3) . M4, L FAZ%N
JAT:
A1)+ 2 (t=d (1) + 4 (t—h)>0
5 (tt—d(t))+6,(t—d(t),t—h)+5;(t,t—=h)=0
T,
ET(1)@,4(t)20 (18)
Horp o, R 1 hiE X
W, e AN(11)~(18) T bAFS 5.
1

V(t)<&m (t){cb(d (£),d () +d (£)(NR (d (1)) NS +3NaR (d(1) N;j

1

+(h—d(t))[N1Rzl(d(t))Nf+§N2R21(d(t))NZTH

Hrr, @(d(t),d(t))&%@l W e IRHEETRANERIE, W SR R AR FEAE (7). (8)FI(9), HBALF
fE—ANEHe>0, Hu(t)=0H, HHV()<—ep" (Dy(t)<—eu’ (t)u(t)<0. T HHE R 4(1)
ERFEARZENX(2), G)VRIA)MIEMT &4 RiLia e 1.

4, BWEHIF

Bl 1. 580~ S HH I AR R 2 N 2% R 55 (1):
{2 O} [ 1 1 } {0.88 1} [1 0}
A = ’ W0 = ’ Wl = 9 W2 =
0 2 -1 -1 1 1 01
K, =diag{0,0} , K, =diag{0.4,0.8}

Table 1. The maximum admissible delay upper bounds h obtained for various values of x for Example 1
F L1 BLBEREN p, SENSEABIFEELR

WARES ©#=08 #=09
SCHR[L4]HE 2 3.6567 2.5088
SCHR[15]E #E 1 5.4714 3.7440
CHR[OEH 1 6.3893 3.8725
SCHR[31HER 1 7.0936 4.4353

EE 1 8.0288 5.4486

ZHUEG 75 T 5008 TR I 85 Rg AT LU . 22 1 40l B0 1 SCHR[14]HER 20 SCHR[L5] 1)
BELL SCHROTAEEE 1. SCHR[BIMHMER 1 RIASCII @R 1 6T 1y = -, = 1 €{0.8,0.9} FTf5 2 (¥ K25
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PPEEIR FR he AFE 1 Faf DURBH R ME H, ASCHE R 1 5HE G, 7T RS 25 KAV IER
PR X TR B ARSCHR H 1 R A A S HAR T SCER[3] [9] [14] [15]-
B 2: 25 FEANTR ZHUI AR I i o0 22 I 2% R 0 (1)
={1.5 o} ={0.0503 0.0454} _{0.2381 0.9320} W_{0.2381 0.9320}
0 07 ° 100987 0.2075| ' |0.0388 0.5062| * |0.0388 0.5062

K, =diag{0,0} , K, =diag{0.3,0.8}
KTy =—pty = 11 €{0.4,0.45,0.5} , F3HME A SCHR[16]MEHE 1, SCHR[A71M4EIE 1 FIASSCRE BT 1

SR AZIN AR 22 P 28 RGO KB VFIEIE EFR, Wik 2 o &R UG, ASCHE R 1
A UG BRI AR VFREIR EFR .

Table 2. The maximum admissible delay upper bounds h obtained for various values of x for Example 2

F 2. Bl2 REREN 4, FEINRAFTITERLIR h

Ty u=04 1=045 1=05
SCHR[16] & HE 1 7.6697 6.7287 6.4126
SCHR[L7]4ES 1 13.8671 11.1174 10.0050

SEFL 1 17.8461 12.0810 10.0507

5. B&

ASCHETT T 2R SO AR I A 22 X 2 RO RGE PRI AL 155, ki — N Ed@ g Y LKF, 1%
LKF B8 THEZHRHERE . REER. IBEES. H, Wl R T IEZ 2 W AR A5 20k
it LKF S8 B AR, 5L T I AR I A 22 00 2% 4 R I A e PR B FI0 - e, i HfE 4
TRIA SRS 1 B R BEAT T BAIE -

SE K
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