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ST R ARSI S I RS, I RGN ESL, WOLS A8 2R ARk
70, HAREEA —& BPRASYIBOAH E MR, 758 358 T2 BEL A A 28 I 45 A5 700 g e e 1k L
A EZEHS S M EAESCER 9], @ A HIZ BHAB M 2 oe 28 il 12, Bk 17—
FILTFACRH A 2R A 2%, S T IR ALY 4 R — B0Roe PR STk [ 9 ] i kA I, ¢
R 10] 25 T SETF1C BH B4 By 226 051 1t 28 I 4% R 50 4 ot A, L I, 066 A2 BHEL ) o 2 T 6%
RGN 32 BIAH D E 0012 e SCHR [ 11 A5 T 358 T2 BEL 9 43 B 9 sl s ol 28 0 2% 1
T 7 [ AL [ T, e o R P 7 42 T 25 R0 3 B I o AN A2, 153 T (R BIK Bl 1 R 452 [
A TS FI R SCHR [ 12 10F58 T — 2R T2 BE B 43 B9 ki ot 28 0 244 () A5 FIR st 1] i) A4 )
BRETHURKRDANHNTL <a <2F0 < a < 1B, B R R 2 1) 785 208 SCRik
C13]HF5E T HETAZ LAY 43 BB At i ot 2 00 4% () RS e 1k 0 ) 25 1

DL B SCHERAF ST B I 4%, R 2 on RS i 1 ASUIE RIS pR RSB A2 S 88Ul , AR
Z RSB A 2 P45 R R S A 22 I 4 ELTE I 2 U 2 T N, (E A ORI BRI AR
b, SE A SRR A Y R AR, A Mg RRE TR 2 B T ok
PRE SN2 45 ) ) 2 S B4y S 2 — AR T B A TAE, ASCHIE T3 TAZB M 5
B A (E P 22 0 28 AU (R RS 1, 2 T RS R R AR | R — R 4 R R PR R 5
SFE, HETT T SCHERL 13 ] Y ZE AR

1 fl 2 AR
S R B TALIEL A 43 B 0 9 5 (5 28 B 4

D%@F—wm>+2%@u»ﬂ4w>+

2bi(5(1)g (e =7)) +Ji, =12, n, (1)

P, 5, (0) 5 W20 A ZEHORE AR, ¢, > 0 F% FUIGE BBHL, ay(5(1)) Fi
by(5(1)) A3 BIF AT R AUE M 2 KO B U HHE AU B, £, ¢,:C — C Fmtl
ZOTHIR R, T FOR BN ), e C FRINBI AN .
(1) BORTHR ZEH
2(s) = d(s) = (&,(5) ,dy(s) b, ()", sel[-7,0],
Hef, o,(s) 1E[ - 7, 0] P 5 Lk,
ASCL T S R
(H1) 4 Re(z) Rl Im(z) 4891355 N 7 095530 FIHE 3, B4 8008 B5L£(5,(1)) Fi
g(z(t—1)) Al PARIR A
£(z) =fH(Re(z)) +if (Im(z)), P
g(z5(t = 7)) =g (Re(z,(1 - 7)) +ig/(Im(z(t = 7))), B
Hrp
SR 1) 88, gl(+): R—R.
TEMAE (H) B4 PR, KPR (1) 40 SRR PIA R4y, Fm T
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Dx,(1) == cx,(1) + ;af;(x_,-(t))ﬁﬁ(x,-(t)) - ;a!j(yj(t))ﬂ(yj(t)) +
Zbg(xj(t))gf(xj(t -7)) -~ Zb;(y/(t))g}(yj(l -7)) +J§,
J= ) J= ) <2)
Dy (1) == ¢y, (1) + ZTGS(%,-(t))ij(y,-(t)) + ;afj(yj(t))f,R(%,—(t)) +
Y ()&= 7)) + X B () g (e = 7)) + I
FRARIC AR R, AT
a;, | x(t) | < T, a;, | y(e) | < T,
ag(xj(t»:{vR a;(yj(t))Z{vI
i o (e) 1> T, a;, Ly, () 1> T,
I;ﬁj‘., | x(1) | < T, 5;, Ly, (1) | < T,
b;(x_,-(t))={vR bfy(yj(l))=:vl
by, Lo (e) 1> T, by, Ly, (e) 1> T,
ST =il A, ol 1) = alok . B 1) =B B, B 7)) = BB B S IR T,

>0, al, al, ay, ay, by, b, b, bl S5 ICBHRE EA KA
WK, B (2) B DAEZ RGN, B IEANRE R 2 M ke LR IRA R

R(2) Wi, ASCRIF T Filippov it AOMES"0) . 32 A (R i S J BRI AR (2) B i f S FE K

P B R A

D, (1) €

~ex () + X colal(x (1)) £ (x(0)) -
anco[afj(y,-u))]ﬁ(yj(w) + Z"Ico£b§<xj<t>>]gf<x_,-<t —7)) -

Y colbi(y(0) gy (=) + 5, 1> 0,i=12n,
(3)

Du%'(t) €

~ ey + X colal(x () (1) +

Y colal(3,(0) 1 (x,(0) + X col Bx(1)) Jgl (3, = 7)) +

3 colBj00) 1l = 7)) + 0, 15 0,i= 12,00,
BEVL, Wi, je {1,2,,n}, fE1E

a?(x](t)) € co[ag(xj(t))], 5;(%(0) € CO[G;(%U)H,

bi(x,(1)) & colbi(x,(1)) ], bi(y,(1)) & col bi(y,(1))],
15
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D, (1) == ¢, (1) + 255(9@-(0)]‘]-“(%,-(0) - 2@(%0))}2[(%(0) +

Y B0 =) = 3B gl =)+

t>0,i=1,2,--,n, (
s n 4)
Dy, (1) == ¢y (1) + Zﬁff(xj(t))f,l(y,»(t)) + Zﬁﬁj(y,(t))ﬁ‘(xj(l)) +

3 B0l =) + X0l xti =) + 1.

t>0,1=1,2,---,n,

Horr, colu, v] FORMISEBUIE u, v BECEUERE w, v AN TS, H

a;, l (1) | < T,
colal(x(t))] =qcotay, a;}, L (t) =T,
62, l ()l > T,
a;, |y ()| < T,
colaj(y,(1))] =4co ag, ag}, Ly, () 1 =T,
a;, ly,(e) | > T,
5;‘., lx(8) | < T,
Co[bg(xj(t))] = co{I;E, I;S} , L (t) 1 =T,
5;, lx () | > T,
b, ly ()1 < T,
col i(y,(1)) ] =qeo{by, by}, 1y()1=T,
b, Ly () 1> T,.

EX A [a,b] AR FAARKE, a e R, , f(1) € C'[a,b], N f(t) # Caputo
o BT EOE SUH
fof(t):F(nl_a)f;(t—T)”a1f<")(7')d7', t e [a,b],

H, Mae NI, n=a; Ya ¢ NI, n=[a] + L
TEN 27 SRl 1 3 T2 BEL A 4345 9 i e 22 R 4%

D (1) == e (1) + X a,(5(0)f(x(0) +

ibij(xj(t))gj(xj(t—T)) +1, i=1,2,--n. (5)
Fx () = (a7 (1) x5 ()0 (0) T W BALE
0= ca () + X eola,(x(0) (" (1) + 3 colb,(x(0) gz (1) +1,,

K, WD, (1,2,00), TE
a;(x; (1)) € colay(x(t)) ], gij(xi*<t>) € colby(x(1)) ],



T BELIA) 73 K sk i Ao 2 0 295 1) 42 Jey AT A R 1 337

fiifs
~eal (0 + 3 0, ()G () + X b (0)a(x (1) +1, =0,
NFR x (1) IE*%FU(S)E"J Flhppovﬁzl]ﬁ XiﬁﬁqZ@I'E
(H2) (RBLBOIERES", £, &, g BRI, [ £T) =f/( £T)=g'( £T,) =g/( =T)
=0, HIIE B0 L Lipschitz 505, RIfF7E Lipschitz 4L FY, Fi, G, G, > 0, XAEE M x, y
e RAlj=1,2, - nifi/d
|f].R(x) —fJ.R(y)I$FJB| x—vl, |f].1(x) —fj'(y) | $FJI.| x—vl,
Lgi(x) —g' (M) I1<Glx-yl,lg(x)—g(y)I<SGIlx-yl.
(H3) s k& R BN Lipschitz ﬁ%ﬂziﬁ?&ﬂn? Stk

min {c.} > maX{FR ’ a®* +FI aI--* +CR2bR* +GIZb } > 0,

Isjsn Isj=sn J i=1 Y i=1 Y
min {c} > maX{Flza : +F“2a” +(;1sz* +cﬁzbg;} >0,
Isjsn Isjsn 1
R R R+
min | ¢, — F, }>maX{G. b }>0
|<L\n{ 2 1<isn ¢ 2 7 ’
n
min {c,. —FiIZa!:* } > maX{Glelf* } > 0,
I1<is<n ) i=1 J 1<isn
Hrp
ag* = max { | &gl , | él];l b, a;.* = max { | &;-| , | cvzz-l b,
bf;* = max { | bf;l , | b;l b, bfj* = max { | bﬁjl , | b;l }.
3 -+
2 FE G R

R RS LR BRI DU 5 B,
SIFE12 W h(r) e C'([0, +o ), R) B—IELA AL, SHEEW « e (0, 1),
A LA ARGER A AL 1T
D1 h(t) | < sgn(h(t))Dh(t).
SIER 2 RN A B A BN I AN
{D“u(t) <-au(t) +bu(t-7), t >0,
u(t) =¢@(t), te[-7,0]
I A I 1 3 B LM U R 52
{D“v(t)z—(w(t) +bv(t—-7), t >0,
v(t) =@ (t) te[-7,0],
Hrf u(e), v(t) e RIEZ[O, + o) FWAEREZRE, He(t) 20,1 [-7,0]. % a >
0,0 >0, Mu(t) <ov(t),te [0, +o).
SIEE 3™ XA I BN RGE(6) , WNHNZ R G RFAE
s“+a-be =0
WAHLER, H —a+b <0, MARF(6)EMIE Lyapunov 4 Jmiliic F2 & 1.
5138 4 FEMRIZ(H2) O &F T, sk
SICET) =0, f/(£T) =0, g/ (7)) =0, g(£7,)=0, je {1,2,,n},

(6)
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JEE)

I colaj(a;(6)) 1 (x(1)) = colaj(y;()) T (y)(0)) I < ai " FI' 1 x,(2) =y (0) 1,

I co[ 05(x,(1)) ] (x,(1)) = col bi(y, (1)) T (y,(0)) 1 S b5 G 1 (1) =y, () 1,

I colay(x;(1)) T (a, (1)) = colay(y; (1)) 1 (y(0)) | < @ Fj 1 x,(1) = y,(0) 1,

I co[ by(x;,(0)) 1(x,(1)) = col by, (1)) 1 (x,(1)) 1< by G 1 (1) =y, (2) 1.
B, WAL R 05(x,(0) € colaj(x(0)) ], 05(y(0)) € colag(y(1))], 0i(x(1)) €
colay(x(1)) ], 0,(y,(1)) € colay(y (1)) ],7;j(x(1)) € colbj(x ()], vj(y,(0)) €
co[by(y, (1)) 1, vi(x(1)) € colby(a()) ], vi(y,(1)) € colby(y, (1)) ], F

105 (0)f (x(1)) = 05 (D)) (D)) T < a " FI L (1) =y(0) 1,

Ly (x(0) g (g (0)) = v (3 (0)) g (r (D) T< b GF 1 () =y, (0) 1,

L0, (x,(0))f; (x,(0)) = 0,(x, (D))} (5 (1)) 1 < a” Fi 1o (1) = y,(0) 1

L yi(x(0)) g (x,(0)) = vi(y(0)) g (3 (D)) 1< b G x(0) =y, (o) 1,

5

a;j{.* = max { | &;l, | é;l b, a!j* = max { | &!jl , | EZ!jl b,

bi" =max {1 6 1, 1 B% 1}, by =max {1 b1, 18,1},
TEIE 1 ﬁFﬁEk(Hn fRBE(H3) AL ZRAF T BRL (1) FEAEME— P 27
iERR % cx, =p,, ¢y, = o, JEWE ° ) DR > R T .

o)) (o))
zwm ) Sl
AeYE) 2
) ) $EE)

P ()= (Pi(p), DY), -, Pi(w))",
P(w)=(P(w), Pyw), -, D (w))".

B I " 1 ' R R 4 S

HE L, MMEBEWADIARN S u = (uy,u,,,u,)", v= (0,0, 0)" , A
| @ (u) - D*(v) || = 2 | @f(u) - PX(v) | =

2205(’2)%[;1- 7224 C) )]
2 2l }} SRIEEREOI

n n n a) 1
(Za}:(’u]] Fﬁlu—vl — z [1] uj—vjl-]+
i=1 \j=1 ¢ ¢ ot ¢ ¢

y
iy

+

o \5

Ny}

‘\e

O

=1
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n n /'L 1 n w. 1
. (Ebg[lj-stluj—vjl-+2b;(’}-0}|uj—vjl-js
i=1 \j=1 Cj Cj j=1 Cj cj

-~ 1

R#* 2R I# 1 R+ ~R I 1 —
2{ (a; " F' +a;F +b;"G' +b,"G) | u —v| |=
j=
1
¢

,(Ff at* +F'2a” +c“2b“* +G‘Zb“)| uj—uj|js

i=1 i=1 i=1

max (FAY ol + F Y al + 630 6 Y0 )

Isj<sn i= i= i= i=
] = l 1 z lw, —ov, 1.
min {C} k=1
Isj=sn
i (H3) Al 4

| @ (u) ~@"(v) | < Ju-v]|.
[FIREH, X F R mest, A AR
| @' (u) -D'(v) | < [lu-v]
XEWRE S " 1 @' J& R I R4 Wi, A sh e BUAL, fA7EME— AN haiipw ™,
o, HHERp =P (), 0 =P (0”), I

. n /VL* M* n (l)-* (D~*

Mi = Zalf; S f}_R EREI Zafj _J f;_l I +
j=1 i ¢ i=1 G G
)l 3 u(2)d()
j=1 Cj C/ j=1 Cj Cj

w, = (l; ) J(]_I L+ a;j _J f}R ]+
= cj c]- i=1 cj cj
j=1 ‘j Cj

WAATE @l (v ) = aj (%) e m[a (x(t))] a(y ) =al(y]) e colai(y, ()], bi(x) =
bi(x") € col bi(x (1)) ], bi(y" ) = bi(y,) € colbi(y,(1)) ], fHif

0= e’ (0 + R G (0) = B0 (1) +
B e (1) = X0 g (1) +

0 ==y (1) + 2 a0 (0) + 2 )i (1) +

Zﬁ?(x,-*)g}(yﬁ(t)) + ZTEL(y,-ng(xﬁ(t)) +Ji.
Rilz™ =x" +iy" EBIARI(1) 0P . uFEE.
EE 2 AR (HL) ~ B (H3) ar, WAL (1) i1 s 22 R 2 oe 1.
IERR AR E(D)=x,(t) —x7 (1), n.(1) =y, (1) —y (1), ¥ RGE(3) Het il T
L EIEX .
D¢(t) e = (e, (t) —ex (1)) +



340 £ A R OHL W TR AN

> Ceolal(x(0) 1 (x(0) = eolal(x () 1" (1)) -
3 (ol al(r (1) 150 = eolaf(y; () 7 (1)) +

3 (eol (1)) 1 (e (1 = 7)) = eol B (1)) 13 (1)) -

Y (eol by, (1)) 1gi(y,(t = 7)) = col bi(y (1)) 1g(y; (1)), (7a)

j=1

D'n (1) €= (ey (1) ey (1)) +

Y (eolaj(x()) 1£1(5()) = colaf(x" (1)) If (5 (1)) +

j=1

2 (Co[a;(yj(t) ) ]ij(%,-(t)) - Co[afj(yj*(z) ) ]f,-R(%j*(t) Y) +

Y (eolbi(x,(1)) Jgi(y,(t = 7)) = col bi(x" (1)) 1 (% (1)) +

21 (col by(y,(1)) g/ (x(t = 7)) = colby(y (1)) lg' (%" (1)) . (7b)

HIHD, XT3 (4) O FIER, 74

a; (€(1)) e colaj(x (1)) 1/ (x;(1)) = colag(x" (1)) 1f (x” (1)),

a; (m(1)) € colay(y,(1)) 11 (x,(1)) = colay(y (1)) 1f(y" (1)),

bi*(£(1)) € colbi(x (1)) gl (a,(t = 7)) = col b(x (1)) 1gi(x" (1)),

b (m, (1)) e colbl(y,(1)) Jgj(y,(t = 7)) —col by (1)) Igl(y, (1)),

a; (1)) e cola;(x(1)) 1f/(y,(1)) = cola;(x (1)) 1fi(y (1)),

a; (£,(1)) e colay(y, (1)) 1 (x,(1)) = colay(y; (1)) If (x" (1)),

b (m,(1)) e col bi(x(1)) 1gh(y,(t = 7)) = col b (" (1)) 1l (5 (1)),

b (£(1)) e col by(y, (1)) Tgl(x;(t = 7)) = col bi(y, (1)) 1gf (% (1)),

DE(D) == ek (D) + XA (E(0) - S (n(0) +

YR G- - B (-1,

T n (8)
D (1) == em (1) + X ag(n(0) + X @ (&(1) +

S (=) + D).
MIEF B PR u(t) = || €() || = i LE) T, v()=In) ] = Zn, I m,(e) | JHTIBERT, 5]
4 F050(8) , AT

Du() =D 1) | = X071 () 1=
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ZD“

SR EG =) - X (- | =

—@u>+2*%§m>—zwwmm>+

Z [-cre 1+ iF;‘aj}* L £(0) |+ iF;a}; | (e) 1+
i(;;‘b;:*|§(t—r)|+ Zcb” (-7 ] =
- Z [ci—FfZaﬁ*]If(t)|+ZZ[F' () 1] +

i=1 j=

ZZ[G“ LE(e—T1)1] + ZZ[GJ.b}i*Ini(t—T)I] <

i=1 j= i=1 j=1

- 2 [ci—Ef*zn,a;j*]w(m + 22 [GME 1 g(i-7) 1] <

i=1 j=

—mm{c —FHZa }Zlf(t)l +max{GHZ,bR }2|§i(t—7)|=

I I<sisn

Sisn

- K, 1 €C) | +I< [ECt-7) | =
- Ku(t) + Ku(t-71),

J
-+

1<i<

S VRN XT?fﬁéﬁiﬁﬁﬁ
Dv(t) <-Kyw(t) +Kp(t-7),

K, = mln{c —FRZG },K2=maX{szb,§*}-

Hrp
K, =m1n{c —Flza },K4=maX{G!2b;§*}.

I<isn

MG E N 2458

Du(t) <-Ku(t) +Ku(t-7),
{D“v(t) <-Kpy(t) +Ky(t—17). (9)
IAEATIE R GE(9) PR S BGR RS E P, B BGRR 3 2847 58 A R Y 4518
FIEW T B R RS
{D“u(t) s-Ku(t) +Ku(t-71), t >0, (10)
u(r) =¢(), te[-71,0],

Hrra(r) 5R%(8) BAMFERWIG R (1) .
HGIEE 3 0, 45 R GE(10) BYFRFNED
s+ K, -K,e™ =0 (11)
WAHLBRE K, > K,, WARS(10) /2 Lyapunov 2 sy #Tirf e 1Y,

FIHRUEEESHER 7 > 0, FRAF R (1) A g AR B R (1) fEfE— A2l AR
s=wi=l ol (cos (m/2) +isin (w/2)), Hfw BEH.FHw > 0,s =wi=l o (cos(m/2)
+isin(m/2)); Brow < 0,s=wi=l ol (cos (w/2) —isin(7/2)) Hfs=wi=l ol (cos (mw/2)
+isin( £ (m/2))) fCAs + K, —Ke™ =0, 15§
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| ol “[cosO;T + isin(iazw)j + K, - K,(cos(wr) - isin(wr)) = 0.
L W s s A R |

| | acos% + K, = K,cos(wt) =0,

| w asin(ia;j + K,sin(w7) =0.

. o g " am) )’ )
l wl%cos——+K,| +|| owl%in| £—— -K;5 =0
2 2

| w1 42K, | @l “cos o + K2 - K2 =0, (12)
2

NIOES
Al

HTlwl® >0, cos(an/2) >0, K, >0, K, >K,, FFLITFE(12) BASZEUR, BT
> 0, FRIERE(11) A Sl BAR R SE (10) I EfR IS Lyapunov 42 Ry #T L FoUe 19, B 51 34 2
SIBE3, 1E) | =u(e) <u(r), Frlh [[£(¢) || /& Lyapunov 4= R i A3 % A4 X 52 Ui F-
Moxt My RARWHEREMNSCPE S 27 =xT iy BRI E IR,

EOESCER 13 ] BIFSE TS TAZRE Y 7 B S Ko 22 I 245 5 S R AR SCHE LR 1, R R R IR 2 A
RIS pR RO B T RRUR L, AR TR S TAZBE A 3 B S 2 A AR M Y T

3 BEEAT
NEF SN SEATRIRE 718 {18k ¢ BT

D (1) == car(1) + 2 aj(x(0))f (x(1)) = 2 aj((0))f (5 (1) +
2 055 (0)g (5t = 7)) = L by () (n(e = 7)) + L,

Dy, (1) == eiyi(1) + X ai(x(0)f) (r,(0)) + 2 ag(i(0))f (x(0) +

bej(xj(w)g}(yj(t -7)) + ;bg(yj(t))g}‘(xj(t -7)) +Ji,
Hora =098, ¢,=85,¢,=9,J,=-3+1i, J,=2+4i, BEIEREf(2(1))=g(z(1))=(1-
e™)/(1+e™) +i(1/(1 +e™)), BRI N

! | I <1
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R R
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e | %, (2) | > 1,
1 1
—, l %, (¢) 1 <1, ' I x,(e) I <1,
ay (x,(1)) = | ay(x,(1)) = |
R L x,(¢) | > 1, e I x,(2) | > 1,
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Time responses of the real parts of the state variables
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Abstract: The global stability of fractional-order complex-valued neural networks was investi-
gated. For a class of memristor-based fractional-order complex-valued neural networks with
time delays, under the concept of the Filippov solution in the sense of Caputo’s fractional deri-
vation, the existence and uniqueness of the equilibrium point were discussed. The comparison
principle and the fixed-point theorem were applied to the stability analysis through division of
the complex values into the real part and the imaginary part. Some sufficient criteria for the
global asymptotic stability of memristor-based fractional-order complex-valued neural networks

were derived. Finally, a simulation example shows the effectiveness of the obtained results.

Key words: complex-valued neural network; fractional calculus; memristor; Filippov solu-
tion; global asymptotic stability
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