CHAPTER 4

Exponential stabilization of neutral-type
neural networks with interval and

distributed time-varying delays

In this chapter, we consider the problem of exponential stabilization of
neutral-type neural networks with interval and distributed time-varying delays.
There are various activation functions which are considered in the system and the
restriction on differentiability of interval time-varying delays is removed, which
means that a fast interval time-varying delay is allowed. Based on the con-
struction of improved Lyapunov-Krasovskii functionals combined with Liebniz-
Newton’s formula and the integral terms, new delay-dependent sufficient condi-
tions for the exponential stabilization of system are established of LMIs without
introducing any free-weighting matrices. The new stability condition is much
less conservative and more general than some existing results, see [23,32,43-45].

Numerical examples illustrate the effectiveness of the results.

4.1 Exponential stabilization for Nominal Interval Time-
varying Delay Systems

Consider the following neural networks with mixed time-varying delays and con-

trol input:
Bt) = —(A+ AA®)z(t) + (Wo + AWY) f(x(t)) + (Wi + AW, )g(x(t — h(t)))
+(Wa 4+ AW) / h(x(s))ds + Boz(t — n(t)) + Bu(t)
t—k(t)
z(t) = o(t),t € [—d,0],d=max{hs, k,n}, (4.1)

where z(t) € R" is the state of the neural networks, u(.) € Ly([0,t], R™) is the

control; n is the number of neurals, and
f@®) = [fi(z1(t)), fa(@a(D), s fulan(®)],
[91(21(2)), g2(2 (1)), .- ,gn(xn(t))]T7
h(a(t) = [hn(@1(t)), ha(z2(t)), ...l (@ (1)),
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are the activation functions, A = diag (dy, da, ..., d,),a; > 0 represents the self-
feedback term and Wy, Wi, W5 denote the connection weights, the discretely de-
layed connection weights and the distributively delayed connection weight, re-
spectively. In this thesis we consider various activation functions and assume
that the activation functions f(.),g(.),h(.) are Lipschitzian with the Lipschitz

constants a;, b;,¢; > 0 :

|fl(€1) - fl(€2>| < a’i|€1 - £2‘7 L= 1727 "'7n7v§17€2 € Ra
19i(€1) — 9i(&2)| < bil&1 — &, i1=1,2,...,nY6,6% €R, (4.2)
|h1(£1) 7 hl(£2)| S Ci|£1 = €2|7 1= 1’27 "'anavglagé eR.

The time-varying delay functions h(t), k(t), n(t) satisfy the condition

0 < hy <h(t) < hy, (4.3)
0<k(t) <k, (4.4)
0<n(t) <nnt) <o <1. (4.5)

It is worth noting that the state time delay is assumed to be a continuous function
belonging to a given interval, which means that the lower and upper bounds for
the time-varying delay are available, and the lower bound not restricted to being
zero. The initial functions ¢(t) € C*([—d,0], R"), with the norm

16 11= supser_aq VIl 608) 12 + | 60) I

The uncertainties satisfy the following condition:

AA(l) = E,Fo(t)Hay AWo(t) = EoFo(t)Ho,
AW, (t) = EvFi(t)Hy, AWs(t) = ExFy(t) Ho, (4.6)

where E;, H;, 1 = a,0,1,2 are given constant matrices with appropriate dimen-
sions, F;(t), i = a,0,1,2 are unknown, real matrices with Lebesgue measurable

elements satisfying

FErO)F(t)<I, i=a,0,1,2 Vt>0. (4.7)

Definition 4.1.1 The zero solution of system (4.8) is exponentially stabilizable if
there ezists a feedback control u(t) = Kxz(t), K € R"™" such that the resulting

closed-loop system
t

#(t) = —[A— BK]|x(t) + Wof(z(t)) + Wig(z(t — h(t))) + Wy /tk(t) h(z(s))ds

+Boi(t —n(t))
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15 exponentially stable.

The nominal system (4.1) is given by

z(t) = —Ax(t)+Wof(x(t)) + Wig(z(t — h(t))) + Ws /tk(t) h(z(s))ds
+Boi(t —n(t)) + Bu(t)
x(t) = o)t e[—d,0]. (4.8)

First, we present a delay-dependent exponential stabilizability conditions for the

nominal system (4.8). Let us set for simplicity. we denote
)\1 - )\min(Pil)a
A = Amaz(P7Y) 4 2R nae (PTQP™Y) + 2h3 A e (P T RPTY)
0 Amaz (P Q1P ™Y) 4 2\ mae (HD3 ' H) + (hy — h1)*Aae (PT'UPTY).

Assumption 4.1.2 All the eigenvalues of matriz By are inside the unit circle.

Theorem 4.1.3 Given o > 0. The system (4.8) is exponentially stabilizable if
there exist symmetric positive definite matrices P,Q, R, U, Q1, diagonal matrices
D;,1=0,1,2 such that the following LMIs hold:

M = M=[o00 -r01]

xe~2hagr [0 0 0 —1 0 I]<0, (4.9)
My = M=[oo0T1 00 -1]

xe2h2 [0 0 1 0 0 —I]<o0, (4.10)

—0.1BBT —0.1(e7 %M + e=20m2)R 2kPH 2PF
My = % —2kDy 0 | <0, (4.11)
* * —2D0

—0.le" %2 2PQ@

<0, (4.12)
* —2D1

|

My, Mg My My Mis 0
x My 0 0 My O
* x Mz 0 0 Msg
* * x My 0 My
* * * x Mz 0

* * * * x Mg
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where

My = [-A+al]lP+ P[-A+all" —09BB" +2Q + WyDyWy + W, DWW
+ke* Wy D, W —0.9e MR — 0.9 22 ),

My, = ByP, Mysz=e MR My, =e22R M;=—-PA" —05BB7,

My = —(1—208)e2Q,, Mys = PBL, M3z = —e72*M1Q — e R — e720h2()

Msg = e—2ahs U, My = _efQQhQQ _ e 2ahap _ —20hs U, Mg = o 20h2 U,

Mss = hR+h3R 4+ (hy — h)?U + Q1 — 2P + WoDoW{ + Wy DyWT
+ke*** W, D, Wi,

Mg = —1.9e720h2yy

The memoryless feedback control is
u(t) = —0.5BT P~ 'x(t), t >0, (4.13)

and the solution z(¢, ¢) of the system satisfies

A
| (t, ¢ )H<\/720‘tH¢H vt > 0.

Let Y = P! and y(t) = Yx(t).
Proof. Using the feedback control (4.13) we consider the following Lyapunov-

Krasovskii functional
Vit,z) = Vi, (4.14)

where
Vi = 25 (t)Ya(),
¢
Vo = / 20T (5)Y QY x(s) ds
t—h1

/ 20T (1Y RY (1) dr ds,
Vs = (hz—hl)/ / i (P)YYUY i (7) dr ds,
t+s

37



t
Vi = / 20T ()Y Q1Y i (s) ds,

t=n(t)
0t
Vs = 2/ / 2 TORT (2(1)) Dy h(x(7))dr ds.
—k Jt+s

It easy to check that

M z() PSSVt z) < Ao || o |2, Wt >0. (4.15)

Taking the derivative of V' (z;) along the solution of system (4.8) we have

Vi

IN

IN

IN - IA

IN

227 ()Y #(t),

29" () [—Az(t) + Wof(z(t)) + Wig(z(t — h(t))) + Wa /ttk(t) h(z(s))ds
+Boi(t —n(t)) — 0.5BBT P~ x(t)]

2y" ()= APy(t) + Wof (x(t)) + Wig(a(t — (1)) + Wo /t;(t) h(z(s))ds
+ByPy(t —n(t)) — 0.5BBy(t)]

y' (O)[-AP — PAT]y(t) + 2y" ()Wo f(x(t)) + 24" () Wig(a(t — R(t)))

+2y" () W5 /t 9 h(x(s))ds + 2y" (t) BoPij(t — n(t)) — y" (£) BB y(t)
+20¢yT(t)Py(t) — 2aV4,

y" ()Qu(t) — e MyT (t — h)Qy(t — hy) — 2aV4,

Y (6)Qy(t) — e > ™2y" (t — hy)Qy(t — ho) — 2aV3,

t
BT () Ry(E) — hye 2 / J7 () Ri(s)ds — 20V,
t—h1

t
h3y" () Ry(t) — hae > / g7 (s)Ry(s)ds — 2aVs,
t—ho

t—h1
(hy — h)* 9" ()U5(t) — (hg — hy)e 2 /t P g (s)Uy(s)ds — 2V,
JrOQY(t) — (1= 8)e > g7 (t —n(t)Qy(t — n(t)) — 2aV4,

2kh™ (x(t)) Dy h(x(t)) — 2e72°F /t_k RT (2(s)) Dy ' h(x(s))ds — 2aVk.
(4.16)
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Using (4.2) and since matrices D; !

have

&

kR (x(t) Dy " h(x(t))
FH(@() Dy f(x(t)
g" (x(t = h(t) D1 g(x(t — k(1))

From (4.2) and the Lemma 2.5.5,

2y ()Wo f (x(t))

INIA A TN

2y" (t)Wig(x(t — h(t)))

IN

IN

2y ()W /

t—k(t)

IN

IN

.1 =0, 1,2 are positive diagonal matrices, we

2T ()FDy ' Fa(t) = y* (t)PFDy ' FPy(t),
27 (t — h(t))GD; Gt — h(t)),
= y'(t = h(t))PGDy ' GPy(t — h(t)),

INIA TN

we have the following estimations:

THOW, t

o y(t)+ 1 (x(t) Dy f(x(t)

U
DOWO y(t

1y

)

eT(t)FDy ' Fa(t) (4.18)
)

y ( o
yT ()W +
yT ()W, +yT(t)PFDy ' FPy(t),
y (

)
)
)
)

Tt

%

t

()) Dy tg(a(t —
D1W1 y(t)
h(t))GD'Ga(t — h(t))
y ()W Dy W y(t)
+y" (t — h(t)) PGD;'GPy(t — h(t)),

ke *yT () Wa Do Wy y (t)

( /t tk(t) h(x(s)ds))TDgl

X ( /t tk(t) h(x(s))ds)

ke*FyT ()W D Wy (1)
20 /t_k BT (2(5)) Dy h(x(s))ds.

l‘( h(t)))
y" ()W

_|_

)W,
)
)
)
+97(
)
(t—
)
(4.19)

1 _—2ak

+k e

(4.20)

Applying Lemma 2.5.6 and the Leibniz-Newton formula, we have

—hy /tjh y" (s)Ry(s)ds

IN

STRCEVIRT
—[y(t) — y(t — h)]" Rly(t) — y(t — hy)]
—y () Ry(t) + 2y" () Ry(t — )

—yT(t — hy)Ry(t — hy), (4.21)
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“ho [ ieRias < <[ [ @] R[[ )]
< —[y(t) — y(t — ha)" Rly(t) — y(t — hs)]
— (O Ry(t) + 2" (O Ry(t — h)
—y"(t — ha) Ry(t — hy). (4.22)
Note that
t—hy t—h(t)
~a=h) [ Ui ds = < —h) [T ds

(=) [ 6Ue) ds

t—h(t)
= ~a=h®) [ i Ui ds
t—h(t)
—h=h) [ i) ds
_(h(t) — ) /() §"(5)U(s) ds

(s — (1)) / (U (s) ds.

t—h(t)

Using Lemma 2.5.6 gives

—(hy — h(t)) /tt_h(t) g7 (s)Uy(s) ds — [/tt_h(t) y(s)ds}TU[/tt:(t) y(s)ds}

—ho —hgo

< —[y(t = h(t) —y(t = ha)]"Uly(t — h(t))

IA

ot~ b)) (4.23
and
th ' t=hi e t=h
~0 =) [ iy < <[ [ o] U [ it
< =yt =) —y(t = h®)]" Uly(t — h)
oyt~ h(t))] (424
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Let g = Lh(t) < 1. Then, we obtain

=it [ Ui ds = =5 [ (b= k)i ()UG(s) ds
t—h(t) t—h(t)
t—h1
< B0 = b Us) ds
< =Bly(t —ha) =yt = ()" Uly(t — h)
—y(t — h(?))], (4.25)
and

t—h(t) t—h(t)
(h(t) — h) / (&) Ui(s)ds = —(1=p) / (hy — ha)i () Ui (s) ds

—ho

t—h(t)
< =8 [ (b hOWT V) ds

< —(1 =Byt —h(t) —y(t — h)]" (4.26)
xUly(t — h(t)) — y(t — ha)].

Therefore, from (4.23)-(4.26), we obtain

—(h2 — ) /t 7 ly'T(S)Uy'(S) ds < —[y(t = n(t) = y(t — h)]"Uly(t — h(t))

_ y(t = ho)] — [yt = hy) — y(t — BT
Uly(t — hn) — y(t — h(2))] (4.27)

—Bly(t — h1) = y(t = h(®))]" Uly(t — )
—y(t = h(t)] = (1 = B)[y(t — h(?))
—y(t = ha)]"Uly(t — h(t)) — y(t — ho)].

By using the following identity relation
t
—Py(t) — APy(t) + Wo f(z(t)) + Wig(x(t — h(t))) + Wo/ ) h(z(s))ds
t—k(t
+ By Py(t —n(t)) — 0.5BBTy(t) = 0,
we have

—24 (1) Py(t) — 247 (£) APy(t) + 257 (1) W (x(8)) + 27 () Wig(a(t — h(t))
247 ()W / o ) ds 25 BP0 n(0)
—y"(t)BBTy(t) = 0. (4.28)
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By using Lemma 2.5.5, we have

29" (O Wo f(z(t))

29" ()Whg(z(t —

2yT(t)W2/t W h(x(s))ds

Then, from (4.16) -

gr ()W, DoWo y(t) + f1(x(t) Dy f (1))
" () WoDeWy 4(t)
+ T(t)PFD 1FPy() (4.29)
]
(

IN A

h(t)))

IN

H()WAD W ()

+

)
g (x(t— ()))D1 Lg(a(t — h(t)))
gr (WD W (1)
+yT(t — h(t ))PGD—lapy(t—h(t)), (4.30)

IN

IN

ke T (H)Wo D W5 (t)

e 20k /tk R (z(s)) Dy th(x(s))ds.  (4.31)

(4.31), we obtain

V(t,z,) + 2oV (t, x,) <y (t)[-AP — PA" 4 2aP — BBT +2Q + 2kPHD;'HP

+ WoDoW{ + Wi DWW + ke*** WoDy W

—e MR — e MR+ PFDFPy(t)

+ 2y (1) BoPy(t — n(t)) +y" (t = ha)[—e > Q — e MR
— e "2 Uly(t — hy) +y" (t — ho)[—e**"2Q — e ™R

— e 2h2 7]y (t — hy) + T () [RER 4 h2R + (hy — h1)*U + Q4
+ WiDIWTE 4 k> Wy Dy Wy (t) — (1 — §)e2n

x gt (t = n(t)Quy(t —n(t)) +y' (t — h(t))[2PGDT'GP

— 2¢ 2"y (t — h(t)) + 272"y (t) Ry(t — ha)

+ 2e 220 T (1 — B(£))Uy(t — hy) — 2P 4+ WoDW{
+2e7 22yt — h(t))Uy(t — hy) — 257 (1) APy(t)
+297 () By Py(t — n(t)) — 9" (t) BB y(t) + 2¢7 "2y (1)

X Ry(t — hy) — e 228y (t — hy) — y(t — h(£))]"Uly(t — hy)
—y(t —h(t))] — e (1= B)[y(t — h(t)) — y(t — ha)]"
x Uly(t — h(t)) — y(t — hy)]

42



=" ()8 () — e Bly(t — ha) —y(t — h(t))]"U
X [y(t = ha) —y(t = h(t)] — e (1 = B)[y(t — (1))
—y(t = h)["Uly(t — h(t)) — y(t — ha)]
=" (1)[(1 = B)Mi + BMJE(t) +y' (1) May(t)

+y"(t = h(t)) Myy(t — h(t)) (4.32)
where
Ms; = —0.1BBT —0.1(e " e 2"2)R 4 2kPHD;'HP + 2PF D' FP,
M, = —0.le U 4 2PGD;'GP,
and

C(t) = [y(®), gt — (), y(t — ha), y(t — ha), (1), y(t — h(1))].
Since 0 < 8 < 1, (1 — )My + M, is a convex combination of M; and M.
Therefore, (1—5)M;+BM; < 0is equivalent to M; < 0 and My < 0. Applying
Lemma 2.5.1, the inequalities M35 < 0 and M, < 0 are equivalent to M3 < 0 and
M, < 0, respectively. Thus, From (4.10) - (4.12) and (4.32), we get

V(t, ) < —2aV(t,x;), Vt>0. (4.33)
Integrating both sides of (4.33) from 0 to ¢, we obtain
V(t,x,) < V(p)e ™, Vt>0.
Furthermore, taking condition (4.15) into account, we have

Ml a(t, @) IP< Viwr) < V(g)e ™ < dpe™™ || 9|7,

\
| (t, ¢ )H<\/72”‘t|!<bﬂ t>0.

Therefore, nominal system (4.8) is exponentially stabilizable. The proof is completed.[

which imply that

4.2 Exponential stabilization for Interval Time-varying

Delay Systems

Based on Theorem 4.1.2, we derive stabilizability conditions of uncertain linear

control systems with interval time-varying delay (4.1) in terms of LMIs.
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Theorem 4.2.1 Given o > 0. The system (4.1) is exponentially stabilizable if
there exist symmetric positive definite matrices P, Q, R, U, )1, diagonal matrices
D;;1=0,1,2 and ¢; > 0,1 = 1,2, ...,6 such that the following LMIs hold:

W1:W—[000—101r

Xe_QO‘hQU[O 00 —I 0 1} <0, (4.34)
T
Wy = W=[007100 1|
xxe_QO‘hQU[O 07100 —I} <0, (4.35)
A 4kPH 2PF PHY PHY PFHI PFH!]
« —4kDy, 0 0 0 0 0
* * —2D, 0 0 0 0
Wi = | % * * -l 0 0 0 <0, (4.36)
* * * * —eql 0 0
% * * * * —eol 0
| * * * * * * —e5l |
—0.1e~2¢h2y7  2PG PGH!T PGHT
* —2D 0 0
Wy = k <0, (4.37)
* * —e3l 0
* * * —egl

Wi Wi Wiz Wiy Wiz 0
x* Wy 0 0 Wy 0
* x Wi 0 0 Wss
* * x* Wy 0 Wy
* * * x  Ws 0

* * * * x  Wee
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Wiz
Was
Wig
Wss

W66

—0.1BB" —0.1(e” %M 4 e72h2) R,

[~A+allP+ P[-A+al]" —09BB" +2Q + WoDW{I + W, DWW/
+ k2 Wy DaW —0.9e MR —0.9¢7 %" R + ¢, E'E, + ;BT E,
+e6 BN Ey + ke*** ET H] DyHy Es,

BoP, Wi =e MR Wy=e¢2R W;5=-PA" —05BB",
—(1—6)e™21Q,, Was = PBY , Waz = —e 20MQ — g7 20M R _ gm20h2]
e 2eh2 Wy = —eT20h2Q — e p 2R VYo = 202y
MR+ h3R + (ha — h1)*U + Q1 — 2P + Wy DWWy + Wi DWW
+ke2*WyDyWE + e4EYE, + esEL Ey + 6 BT Ey + ke***ET HI Dy Hy By,
—1.9e20h217,

Proof. Choose Lyapunov-Krasovskii functional as in (4.14) by changing Vs into

the following form

Ve=4 f?k f;s 2B (x(7)) Dy th(2(1))dT ds,
we may proof the Theorem by using a similar argument as in the proof of Theorem
4.1.3. By replacing A, Wy, Wy and Wy with A+ E,F,(t)H,, Wo+ EoFy(t)Ho, W1+
EyFi(t)Hy and Wy + EyFy(t) Ho, respectively. We have the following

V(t, x) + 22V (t, ;) <y (t)[(~A + E,F,(t)H,)P + P(—A + E,F,(t)H,)"
)

+2Q = 2R]y(t) + 2y" (t)(Wo + EoFo(t) Ho) f (x(t))
+2y" ()(Wi + EvFa () Hy)g (ot — (1)) + 29" (£) (W

| ByFy(t) H) / | H(8)ds + 297 () BuPit = n(0)

— e 2 Myt (t — h)Qy(t — hy) — e > y" (t — ha)Qy(t — ha)

+ 11T (O Ry(t) + hay" () Ry(t) + (ha — )*§" (U y(t)
+ 2y () Ry(t — hy) — y" (¢t — ha) Ry ((t — 1)

—yT(t — ho)Ry(t — hy) — 47 (t) BB y(t) — BBT + 2aP
— [yt = h(t) = y(t = h)]" Uly(t — h(t) — y(t — ho)]

— [yt = ) = y(t = W) Uly(t — hn) — y(t — h(t))]

— Bly(t — h1) —y(t = R Uly(t — h1) — y(t — (1))
— [yt = ha) = y(t = h@)]"Uly(t — h1) —y(t = h(?))]
= Bly(t — ha) = y(t = h(E)]"Uly(t — hr) — y(t — (1))

D‘
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— (1= B)ly(t — h(t)) — y(t — ha)|"Uly(t — h(t)) — y(t — ho)]

+ " (OQuy(t) — (1= d)e™*y " (t — n(t))Quy(t — n(t))

+ 4ky" (t)PHDy ' H Py(t) — 4e~ 2" / hT (z(s)) Dy h(x(s))ds
t—k

= 2" (1) Py(t) — 2" (1)(A + B Fu(t) Ho) Py (1)

+ 29" () (Wo + EoFo(t) Ho) f (x(1)) + 2" (t) Ry (t — ha)

+ 297 (1) (W1 + ExFy () Hy)g(a(t — h(t)))

s

+ 297 () (W + EyFy(t ))ds + 29" (t)BoPy(t — n(t))

=€ (B)[(1 = HIMy + fMa]¢ (t) ( ) M3y(t)
+y" (¢ = h(t)) May(t — h(t)) (4.38)

Applying Lemma 2.5.11 and (4.6), we have the following estimations

v (O(=A+ EFo()H)a)P + P(—=A" + H, F, (t) B, )]y(t) (4.39)
<y’ ()[-PA" — APly(t) + ery’ () Eq Eay(t) + e1'y" () PH, HoPy(t),
2y ()[Wo + EoFo(t) Hol f (2(t)) (4.40)

=2y" ()Wof ((t)) +2y" (1) EoFo(t) Ho f (x(£)) < y" () WoDoWy y(1)
+yT(t)PFDy ' FPy(t) + eay” (1) EL Egy(t) + €5 'y" (t) PFH] HyF Py(t),
2y" (t)(Wy + EyFy(t) Hy)g(x(t — h(t)))
=2y" ()Wig(z(t — h(t))) + 2y () By P () Hig(z(t — h(1)))
<y" (OWiDIW{ y(t) +y" (t — h(t)) PGDy'GPy(t — h(t)) + esy” (1) Ef Ery(t)
+e3'y" (t — h(t))PGH] HiG Py (t — h(t)), (4.41)

2y () (Wy 4 By Fy(t)Hy) /t » h(z(s))ds

=2y” (t)W, ttk( . h(z(s))ds + 2y™ (t) By Fy(t) Hy o h(z(s))ds

t
<k kT (6 WoDaWiy () + e 2 / W (a(s)) Dy h(z(s))ds
t—k
+ ket yT (t) By HyDy Hy Eyy(t)

k—lem20k t h(z(s))ds|" HI Hy "Dy ' Hy Y Hy t h(x(s))ds
R RO JRCOE
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< ke T (W, D W] y(t) + e 2 /tkm(s))p;h(x(s))ds (4.42)

t
+ keQakyT(t)EgHzDQHgEgy(t) + 6720[}6 / hT(x(8)>D;1h(x(8))dS’
t—k

—29" (t)(A + E.F,(t)H,) Py(t)
< 29" (t)APy(t) — 29" (t) B, F.(t) H, Py(t)
< =27 (t)APy(t) + eay” () E; Eoy(t) + e; 'y (1) PHy Hy Py(t), (4.43)

25" (1) (Wo + EoFo(t) Ho) f(2(t)) = 24" (t)[Wo + EoFo(t)Hol f (x(t))
< g (t)WoDoWy y(t)
+y" () PEDG ' FPy(t) + esy" () By Eoy(t)
+e YT () PFHL HyF Py(t), (4.44)

29" () (Wh + ExFy () Hn)g(a(t — h(t)) < g" (OWiDiW g(t)esy” (8) EY Eng(t)
+y" (t = h(t)) PGDT'GPy(t — h(t))
+estyt (t — h(t))PGHT
x HGPy"(t — h(t)), (4.45)

297 (1) (Wa + ExFy(t) Hy) < ke® T (6)Wa Dy W (t)

+2€2ak/ hT (2(s)) Dy h(x(s))ds
t—k
+ke* T (O EX HI Do Hy By (t). (4.46)

0

Remark 4.2.2 In [23,32,51], exponential stability of neutral-type neural networks
with time-varying delays were investigated. However, the distributed delays have
not been considered so stability conditions in [23, 43-45] are not applicable to
our work. Moreover activation function considered in our work are more general
than [23, 32, 51]. Therefore, our stability conditions are less conservative than

some other existing results.

Remark 4.2.3 In our work, the restriction that the state delay is differentiable is
not required which allows the state delay to be fast time-varying. Meanwhile, this

restriction is required in some existing results, such as [23, 32, 43-45].
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4.3 Numerical examples

In this section, we now provide examples to show the effectiveness of the result
in Theorem 4.1.3.
Example 4.3.1 Consider the neural networks with interval time-varying delay and

control input with the following;:
#(t) = —Ax(t) + Wof(x(t) + Wig(x(t — h(t))) + Bu(t) (4.47)

where

—02 0 04 0.1 0.3 0.1 03 0
7WO = 7W1 = aF N )
1 2 ONee= . £ 0.5 0.2 0 0.5

G 0.1 0 B_ 0.3 .
0 04 0.1

It is worth noting that, the delay functions h(t) = 0.1+ 0.1| sint|. Therefore, the
methods used in [6,49] are not applicable to this system. We have h; = 0.1, hy =
0.2. Given a = 0.2 and any initial function ¢(t) = C*([-0.2,0], R?). By solving

LMIs, we obtain the following solution

b [ 0.0370 0.0010 | 3= 0.0008 0.0029 ;| 0:0153 0.0080
1 0.0010 0.2938 | ° | 0.0029 0.0250 |’ | 0.008. 0.6201
p _ | 00377 00055 | o [0035 0 o025 0
| 0.0055 08173 | " 0 02833 | " 0 05025 |

Thus, the system (4.47) is 0.2—exponentially stabilizable and the value i—f =

1.6469, so the solution of the closed-loop system satisfies

|z(t, ¢)|| < 1.6469¢ °%|¢|, VteR".

Example 4.3.2 Consider the neural networks with mixed interval time-varying

delays and control input with the following:

i(t) = —(A4+AA@W)x(t) + (Wo + AW,) f(z(t) + (Wi + AWy)g(x(t — h(1)))

(W + ATF) /t o P9 s+ Bt = (1) + Bu0) (4.48)
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0.15 0 0.5 0.12 0.2 0.1 0.1 0.2
A= 7W0 - 7W1 - 7W2 - )
0 1 0.1 —0.3 0.1 0.2 0.5 0.1
015 0 04 0 0.1 O 05 0
BO - 7F - 7G - 7H - )
0 0.15 0 0.5 0 0.2 0 0.3
0.1 01 0
B = , H=Hy=H =Hy,=FE,=FEy=F,=F,= )
0 ] 0 s 2 0 1 2 0 0.1 ]

It is worth noting that, the delay functions h(t) = 0.24-0.2| sint|, k(t) = | cost| are
non-differentiable and 7(¢) = 0.2sin?(t). Therefore, the methods used in [23, 32]
are not applicable to this system. We have hy = 0.2,hy = 0.4,k = 0.1,0 =
0.1,7 = 0.2. Given o = 0.1 and any initial function ¢(¢) = C*([-0.4, 0], R?). By
solving LMIs, we obtain e; = 0.0173,e5 = 0.0128,¢e3 = 0.0111,e4 = 0.0263, e5 =
0.0209, eg = 0.0192,

o [ 0.0061 0.0002 0- 0.0003 0.0005 by = 0.0005 0.0001
B | 0.0002 0.0228 | ~ 1 0.0001 00031 |"° | 00001 0.0024 |’
; _ | 00028 00004 | [o00052 00008 | o [00068 0
B | 0.0004 0.00382 | B | 0.0008 0.0543 | /4 0 00304 |’
[ 0.0038 0 [0.0433 0 ]
D, = Dy = .
0 0.0145 0 0.0275 |

Thus, the system (4.47) is 0.1—exponentially stabilizable and the value i—f =

2.2939, so the solution of the closed-loop system satisfies

lz(t, )| < 2.2939¢ %1|¢||, VteR".
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