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THE CONVERGENCE OF NEURODYNAMICS PROCESSES
IN THE HOPFIELD MODEL

PaccmarpuBaroTcss MareMaTHdecKwe MOJCNTH TUHAMHKA HEWPOHHOH CeTH, NpeACTaBICHHBIC
cucTeMaMy OOBIKHOBEHHBIX Hu(depeHInanIbHBIX ypaBHEHHH, a Takke TU(QQPepeHINANFHEIX YpaBHEHUH ¢
3amna3AblBaHuEM C BBIACIEHHOW aCUMITOTHYECKH YCTOMYMBOW JIMHEHHOW 4acThbio nuaroHanbHoro Bupa. C
WCIIONIb30BaHUEM TMPSIMOTO MeTona JIamyHOBa TONy4YeHBl JAOCTAaTOYHBIE YCJIOBUS ACHUMITOTHYECKON
ycroitunBocTd. Pe3ynbraTel chOopMyTHPOBAHEI B BUC MATPUYHBIX alreOpanvecKuX HEPaBEHCTB.

KiroueBble ciioBa: HelipoceTs, yCTOHUUBOCTB, MeTO I JIsAMyHOBa, 3ama3/(bIBaHNE apTyMEHTa.

Mathematical models of the dynamics of a neural network, which are represented by systems of
ordinary differential equations, as well as differential equations with time-delay argument and the
distinguished asymptotically stable linear part are considered. With the using of the direct Lyapunov method,
sufficient conditions for asymptotic stability are obtained and exponential estimates of the solutions decay are
constructed. The results are formulated in the form of matrix algebraic inequalities.

Key words: neuronet, stability, Lyapunov’s method, time-delay argument.

BBenenue

[Tpu pa3zpaboTke KOMMBIOTEPOB BO3ZHHUKIM HJIEM WX aHAJIOTOB ¢ pabOTOIl rOJIOBHOTO
Mo3ra 4enoBeka. Kak oTMeueHo B [1], «MCKyCCTBEHHBIN MHTEIIIEKT MOKHO OIIPEIENINTD, KaK
CBOMCTBO IM(POBON BBIUMUCIUTENBHOW MAIIMHBI WJIM COTHM HEHpOINOJOOHBIX 3JIEMEHTOB
pearupoBaTh Ha MH(OPMAIMIO, MTOCTYMAIOIIYI0 Ha €€ BXOJHbIE YCTPOMCTBA, MOYTH TaK XKe,
KaK pearrpyeTr B TeX XK€ MH(OPMALMOHHBIX YCIOBHUAX KOHKPETHBIA uenoBek». B 1943 r.
Yoppen Mak-Kamiok u Yonrep [lutrc [2] cnenanu npeamnonoxeHnue 0 TOM, YTO HEPBHBIE
KJIETKH MOXXHO paccMaTpHuBaTh, KaK JIOTMYECKHE 3JIEMEHTBI, a CUCTEMY KIETOK C HX
COEIMHEHHEM, KaK HEKOTOpoe JIOorndyeckoe BblpaxeHue. I, Takum oOpazom, u3
COBOKYITHOCTH TaKHUX AJIEMEHTOB MOXKHO CO3/1aTh amnmapar, MOJAEIMPYIOIIUN JOCTaTOYHO
CJIO’KHBIE TPOLIECCHI. JTUM K€ YYEHBIM NPUHAIJICKUT OINPENEICHUE «HEWPOHHBIE CETH)
[2,3]. B pabote paccMmaTpuBaroTcsi HepoHHBIE ceTn Xomnunaa ¢ o0paTHOW CBs3bIO [4-7].
Wx nauHaMuKa OMHMCHIBAETCS CHUCTEMON OOBIKHOBEHHBIX UG (depeHINaTbHBIX YpaBHEHUH.
ITpoBOaUTCS NCCIIEAOBAaHUE YCTOMUMBOCTH MOJI0KEHUSI PABHOBECHSI.

Cerp Xomdwuima COCTOMT M3 MHOXKECTBA HEHWPOHOB, (OPMUPYIONIMX CHCTEMY C
MHOKECTBOM 00paTHBIX cBsizeld. KomnuecTBo 00OpaTHBIX CBS3€l paBHO KOJIMYECTBY HEHPOHOB.
Boeixon kaxmoro HeHMpoHa 3aMbIKAeTCsl 4yepe3 JJEMEHT E€AMHUYHOM 3a/iepKKH Ha BCE
ocTalibHble HeHpoHbI ceTu. M HellpoH 3Tol ceTH He UMeeT OOpaTHBIX CBSA3EH ¢ CaMUM COOOM.
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OcHoBHBbIE pe3ybTaTbl. CHcTeMBbI 0€3 3ana3bIBaHUsA
B Hactosimiedr pabore Oyaem paccMaTpuBaTh MoJeNu Xomduina, ONUCHIBaEMbIe
CUCTeMaMU OOBIKHOBEHHBIX AU PepeHInanbHbIX ypaBHEHUN

X, () =—ap; O+ Y oy F (x, ©), i=Ln. )
1

3neck ay >0, kK=1Ln mOCTOSHHBIE, @jj— BECOBbIE KOdQDUUMEHTHI, pyHKIuu Fy (0)=0,
HENPEPHIBHBIE U YOBJIETBOPSIIOT YCIOBHIO «IIOAJUHEHHOTO POCTa»
FJ(XJ)[kJXJ_FJ(XJ)]>O’ J=1,n (2)
HccnenoBanue yCTOMYMBOCTH HYJEBOTO IOJIOKEHUS PaBHOBecHs OyJeM NPOBOIHUTH C
UCIIO0JIb30BaHUEM BTOporo Metoza JlsmyHosa. B kauectBe dynkiuu JlsimyHoBa BeiOepeM

n n X -
V (X1, Xg o Xg) = 2 ixE +>° B [ Fi(si)ds; , by >0, B >0, i=1n. (3)
i=1 i=1 0
Beenewm crenyromre 0003HaYeHUS
hmax = ma—x{hi + ﬂi ki /2} ) hmin = mm{hl } (4)
i=Ln i=1n
(X, F (X)) = (Xg (), X (1), Fy (X3 (D)., Fy (% (D)
2, 0 .. O
S — (S}, -s2 -2 0 2a, .. O
S(h,ﬂ, r) — . 121 - ( 12 . 12 ) 12) ’ Sll _ 22 ’
= (812 = S{2 = S12) =S5, +55 : S
0 0 .. 2a,,
alﬂl/Z O 0 hla)ll hla)12 hla)ln
0 a 2 h h .. h
Sllz(ﬂ) _ 2B/ 1 Slzz(h) _ 2021 Ny 202 ’
0 0 v apfn/2 hhou hyo, ... hyo,,
kir /2 0 0 n 0 .. O
0 kor,/2 .. 0 Or, .. 0
Sih(r) = 212/ L SH(n= "~ ? , (5)
0 0 . kory/2 0 0 ..,
Prong (Brangy + Br@31)/2 ... (Brony + Brong)/2
1 | (Brop + Bawz1)/2 B, o (Broogy + Br@nz)/2
SZZ(ﬁ) - )
(B, + ﬂna)nl)/2 (Brwan + :annz)/z Bn@nn

HMmeroT MecTo cliefyromne yCIoBUs aCUMITOTUYECKOH YCTOMUMBOCTH.

Teopema 1. ITyctb cymecTByIOT mocrtosHEble h, >0, £, >0, r>0i=1Ln, npu
KoTopbix Matpuna S(h,f,r) Oyner mNoNoXUTEeNbHO omnpeaenaeHHoil. Torma HyseBoe
MOJIOKEHHE paBHOBecHs cucTeMBI (1) sBisieTcs 111006aibHO ACUMITOTHYECKH YCTOMYHUBBIM.

Hoxazamenvcmeo. Kak cnemyer u3 3aBucumoctd (3), QyHKuus V(Xq,Xp,...,Xp)
SBIISICTCA  TOJIOKUTENBHO OINpENeNIeHHOW W s Hee CHpaBeJIUBBI  CIEIYIOIIHe
JIBYCTOPOHHUE OIICHKH
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n _ n
mmZ:X2 SV (X1, X ey X)) < hpy Z
i=1 )

[TomHas mpownsBoaHast BeIOpaHHO# GyHKIMK JIsmyHOBa (3) B cruty cucteMsl (1) umeeT Bu

iV(Xla Xg e X)) = 22 hi X; (t){— ajx; (t) + za)ij Fi(x; (t))} +
dt i-1 j=1

+ iﬂi Fi(x, (t)){— a; X (t) + i ;i Fj (X; (t))] :
i=1 j=1
Ilepenumiem ee B BUIE

SV X ) =22 M (01— 3 Ak (OF (4 (0) +
i=1 i=1

n n
+ 2 2 [2hayx; (OF; (xj (1) + By Fi (x; (D) F; (x; )]
i=1 j=1
Hcnonp3ys o6o3HaueHus (5), moiaydyaeMm, 4To MOJIHAs IPOU3BOHAS (pyHKUMH JIsnyHOBa B
CHJIy cHCTeMbl OyaeT HMeThb BMJ KBajapaTuyHod Qopmel. Mcnone3yem yciaoBue
«IMOJITMHEHHOTO pocTay (2). 3anuiem

V(00 X040 =23 X 0~ 3 ik (OF 04 (0) +
i=1 i=1

+ 2 2 [2hayx; (OF; (x; (0) + By Fi (xi () F; (% (0)] - Zr Fi (i (O) ki x; (1) = F; (O ()] +

i=1 j=1
+ Z i B (i () [kix; () — F O ()]
=
Orcrona nony4yaem

d
EV(Xl-Xz,---,Xn)S
s ~SL(p) - SHM) - S5, (r»( X(t)]
< —(x(t), F(x(t 11 12 12 .
COFCON st 5y -stm-sie)T —(Sh()-sa(r) }F(x(t))

U, ecmm wmarpuma S(h,5,4) OymeT TMONOXKHUTETFHO ONpEACNEeHHOW, TO TOJIHAs
npousBogHas ¢yHkuM JlanmyHoBa B cuny cucteMbl (1) OymeT OTpHUIATENBHO
onpezaeneHHo. CrenoBarenbHO, HyleBoe pemieHue cuctemsl (1) Oynmer r1i106anbHO
ACUMIITOTUYECKU YCTOWYUBO.

CucreMbl ¢ 3ana3ibiIBaHHEeM

Jlanee Oynem paccMaTpuBaTh HEHPOHHBIE CETH, TUHAMHUKA KOTOPBIX OIKCHIBACTCS
CHCTEMaMU C 3ama3JIbIBaHUEM.

n J—
Xi(t):—aixi (t)+ZO)IJF] (Xj(t—Tj)), TJ' >0, | =1,n. (6)
j=1
Cranspubie pyHkiuu Fj(X;) Takke ymOBIETBOPSIOT YCIOBHIO «IIOJJUHEWHOIO POCTa»
(2). Ilpu uccnenoBanuu OyaeM UCIIONB30BATh NPAMON MeTon JIsmyHOBa ¢ PyHKIIMOHAIOM
JIsamynoBa-KpacoBckoro Buaa
n o X

n t
VX (t),.... Xn ()] = th (t)+Zﬂ. j Fi(spdsi + 7 [R20G(ENdE,  (7)

i=1 t—Ti
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0O06o03HaUNM
2" (t) = (x(t), F(x(@), F(x(t—7)))" =
= (X (012 Xy (€), Fy (g (£)), Py (X (0), Fp (g (€ = 7))o Fy (X (= 7))
sl siz2 gls
Salh, By rl=| (S35 sp2 82, 8)
(G M G M
2a,hy 0 0
0 2a,h, ... 0
Sih, 8,71 = Aol ,
0 0 ... 2aph,
(a1 —kn)/2 0 0
0 -k 2 .. 0
S22[h, 4,1]= (@282 —karp)/ |
0 0 v (@nBn —kur)/2
_hla)ll _hla)lz —hna)ln _71 O 0
5%3[h]= _hza)z]_ _hza)zz _hna)zn ’ Sr%z[y]: O _}/2 0 ’
-hyoy —-hyo, .. —hyo,, 0 0 ... =7
~Bron1 /2 =Py /2 . = Progy )2 7w 0 .. 0
— oy /2 = Powrry /2 ... — oo, /2 0O y, .. O
= Bron/2 = Pn®n2/2 ... = Br®nn/2 0 0 .. 7,

NmMeroT MecTo clienyromme yCJIOBUS aCUMITOTUYECKOW YCTOMYMBOCTH.
Teopema 2. Ecnu cymiectBytor napametrpst h; >0, 5; >0, r, >0, »; >0, i=1n, npu
KOTOpbIX Marpuna S,[h,3,r,y] NOJOXKUTENbHO OMNpenesieHHasi, TO HYJIEBOE MOJIOKEHHE

PaBHOBECHE CUCTEMBI C 3ara3/ibiBaHueM (6) r1006aTbHO ACUMIITOTHYECKH YCTOMYHBO.
Hoxazamenvcmeso. [1ns pyHkimonana (7) cnpaBeUIMBbI IBYCTOPOHHNE HEPABEHCTBA

n _ n

hovin 2 X7 O VDX (0, %0 (O] < g Y X (1) -
i=1 i=1

[Tonnas mpousBoaHas pyHKIHMOHaNA (7) B CHIIy cUCTEMBI (6) NMeeT BUA

%V[Xl(t)v“wxn (01 = 22 hyx; (t)[-a;x; (t) + Zwij Fi(x;t—z;)1+
i=1 j=1

F3BF G O)a )+ S oy F; (% -7 )+ 3 A IFE 0 (1)~ F2(x (t— )],
1 i1

i=1
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HepGHI/ILHeM IMMOJIYYCHHOC BBIPAXKCHUC B BUIC

CVIX (0,0 O = =3 220X (0~ Y20 (OF (64 (0) + 23 hix O oy F (¢, €~ )]+
i-1 =1

i=1 i=1

n n n n
+ 2 AR =m0 Fy (G =7+ X rR2 6 0) = LR (xt-7,).
i-1 -1 =1 =1

U, Bocmosp30BaBIIMCE 0003HaueHUsIMH (8), mpeobpazyeM IpaByr0 4acTh IMOJy4E€HHOI'O
BBIPQ)KEHUS B BUJIE KBAAPATUYHON (POPMBI C OTIPEAETICHHOM 100aBKOM

%V[Xl(t),---, X (0]==2" (©)Sy[h, 8,7, 1]2(t) - i i F (O ) ki xi (1) = Fi (% (0)],
=1

rae r; >0, i=1n Npou3BOJbHBIC MOJOXKUTEIbHBIC TOCTOSIHHBIC. YUYUTHIBas ycioBue (2),
OKOHYATEJIHO MOJIYy4aeM OLEHKY

%V[xl(t),...,xn <27 ©Sa[h. 5.7, r]2(t).

N eciim matpuua S,[h,5,7,r] NOJOKUTETBHO ONPEAEIECHHAS, TO HYJIEBOE PEIIEHUE CUCTEM

NI00ATEHO ACUMITTOTHYECKU YCTOMYHBO.

AnbrepHatuBoii MeTony (pyHkimonanoB JlsmynoBa-Kpacosckoro [8] anst ypaBHeHuit
C 3ama3/bIBaHUEM SIBIISICTCS METOJ] KOHEYHOMEpHBIX (yHKimi JIsmyHoBa ¢ ycinosuem b.C.
Pasymuxuna [9]. OH umeer CBOM MpPEUMYIIECTBA M HEIOCTATKHM M JOIMOJHIET METOJ
¢dynakmonanoB. B sTtom Merone ecth nBa noaxosa. [lepBblil MO3BOJISET MOMYYaTh YCIOBUS
YCTOMYMBOCTH, PAaBHOMEPHBIE IO 3alla3/IbIBaHUI0. BTOpOW MO3BOJISET MOIY4aTh YCIOBHS
YCTOMYMBOCTH, YYMTHIBAIOIIUE BEIMUYUHY 3ama3iblBaHus. Eciam MeTon (QyHKIMOHAIOB
JlsnynoBa-KpacoBckoro  paccmMaTpuBaeT  OTpPE3KM  TPAaeKTOpUM, KaKk TOYKH B
(YHKIIMOHAJILHOM TIPOCTPAHCTBE, W IMO3BOJISIET HEMOCPEICTBEHHO TOJy4aTh OICHKHU
CXOOUMOCTH PEIICHUH, TO JUIsl MOJIYyYEHHUS OLIEHOK CXOJWMOCTH PpELIEHUH METOA0M
¢byakiui  JlsamyHoBa  HAJO  HMCHONB30BaTh  HEABTOHOMHYIO  (yHKuMio JlsmyHoBa,
«C)KMMAEMOCTb IMOBEPXHOCTH YPOBHS» KOTOPOM MO3BOJISIET NOIyYaTh OLEHKY CXOJAUMOCTH.

PaccMoTpuM nepBblit TOAX0/] MPUMEHUTENBHO K CUCTEME C 3amna3zbiBaHueM (6).

[ycrs  pononnutensHo Gynkuuu  Fj(X;), j=1n YIOBNETBOPSAIOT YCIOBHAM

Jlunmmna ¢ MoCTOSTHHBIMM Lj; , JUTst KaXKA0ro ypaBHeHUs | =1,n cuctemsl (6).

j o

Teopema 3. IIycts cymectBytoT nocrosinuele hy; >0, h,, >0,..., h,,, Ipu KOTOPBIX
BBITIOJIHAOTCS YCIIOBUS
2891 >l + R, 2a,, >, +R,..., 2a,,>1, +R,
n n n L.
=Y Ljs R=>hjL;, L= hl 9)
-1 i= =i

Torma HyneBoe TONOXKEHHWE paBHOBECHS CHUCTEMBI C 3ama3ibiBaHueM (6) Oyzaer
YCTOMYUBBIM 110 JITyHOBY.

Joxazamenvcmeo. Jlnd wWccnenoBaHUS  YCTOWYMBOCTH  HYJIEBOTO  ITOJIOKEHHUS
paBHOBecHsI Oy/1eM UCOIb30BaTh GYHKIMIO JIAmyHOBa ciaenyromero Buaa

n
V (Xq, Xg ey X ) = DN X2
=]

[Ipu BeIUMCIEHNUN TIOJTHOW TIPOU3BOAHON (pyHKIMM JIsmyHOBa B cuiy cuctemsl (6) Oyaem
ucnons3oBath yciosue b.C. Pazymuxuna. [{ns gynkiun JIsmyHoBa OHO MMEET BUJT
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Zn:hiixizi (8) =V (X1.(8), X2 (8)-, X (8)) <V (Xy (1), X5 (1), X (1)) = Zn:hiixiz 1), s<t.
i1

i=1

Ix; (s)] < /hii hu X2 (), s<t, i=1n. (10)

[Tonnas nmpousBoaHas GpyHkimu JIssmyHOBa B CHILy CUCTEMBI (6) UMEeT BUJ

%V (% (1), X2 (1), X, () = i 2h;i X; (t){— ai X; (1) + Zn: Fij (xj (t -5 ))} :
i1 =1

Ortcroa ciaeayer, 4To

Ucnionb3ys yenosus JInmmmna, moixyqaem
%v (% (£), Xp (1), X, (1)) < —2i§n£ a; hi X2 (t) + 2% hi: X; (t)jzn:lLij [ (t—7yp)]
OTaenpHO pacCMOTPUM BTOPYIO CYMMY
Sz = Z%hiixi (t)jilLij Xt =)=

= 2hy 1| %q (O Lya[Xq (& = 737)| + Lyo|Xo (t = 730)| + o4 Ly X (t = 7901+
+ 2Ny |Xg (O)[Loa X (t = 791)| + Log|Xa (t = 722)| + ..+ Lop [Xp (t =720 )T + ...
+ 2 [Xn (O Lng | (6 = 700 )| + Lz | X2 (6 = 7n2)| + o Lo [Xn (t =70 )1 -
Wcnone3ys ycnosue (10) m HepaBenctBo 2AB< (A +B?), OLEGHHM BTOPYIO CyMMY

CJIeLYIOIIMM 00pa3oM
2 2 2
52<hﬂ{Lﬂ{x 0+ MO £SO +.. +hnn(t)} L12|:X12(t)+ hy 1 (t)+h22X2(t)+---+hnan(t)]+

hyg h22
hy (X2 (t)+ hooX3 (t)+ ... + hy X2 (t 2 2 2
. Ll{xf(t)+ 1 () +hoy ﬁ() an%n ( )” +h22{L21[x§(t)+ LI (t)+hzzr>:z(t)+...+hnn(t)1+
nn 11

2 2 2
+ LZZI:Xg (t)+ h]_le (t)+ hzlei (t)+ .t hnan (t)] +
22

2 2 2
L LG |:X§(t)+ hllxl (t)+ h22X2 (t)+ + hnan (t):|}+

hnn

h {Lm{xﬁ L (t)+ hypx3 (t)+...+hnn(t)1+ Ln{xﬁ () Mo (t)+hpax3 (t)+ ... + hpn X7 (t)}m

hiy ha2

. Ln{xﬁ(t)Jr hyax (t)+ hyox3 (t)+ ... + hnnxg(t)}} .

hnn

[Hanee nomydaem

L L L L L L
52sml{(Lll+L12+...+Lln)xl()+hll{ 11, Lo, 1“}x12(t) hzz{—l+£+...+ﬂ}x§(t)+...
hyq hzz Pn hy
+hn{|_11+ L1z +.. +L1”}xﬁ(t)}+ hzz{(L21+ Lpp + ...+ Lop X3 (t) + hll{i+ﬁ+...+i}xf(t)+
by hyo Pnn
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L
" hzz{ﬂJrﬁer 2N }x% (t)+.. .. +hn{—L21 o2 Lo }xﬁ (t)f+..
hll h22 hnn h]_l h22 hnn

+ hnn{(Lnl +Lnp +o 4 Lpyn X2 (1) + hll{ﬂ+ﬂ+... +m}x12 (t)+
by ha Phn

Ly, L L L L L
+h22{i1+ n2 +_,,+ﬂ}x§(t)+ ...... +hn{nl + 2t nnJszl(t) :
hll h22 hnn hll h22 hnn

Hcnonb3ys o6o3naueHus (9), nmonydaem
S, < hy {Iix2 (1) + hyy Ly X2 (8) + hoply X3 (8) +... +h, Ly X2 ()} +
+hop{l, X2 (£) + hy Ly xZ (1) + hypLyx3 (£) +... + oy Lox2 ()} +...
et bl X2 (€) + g Ly X2 () + Mool X3 (8) +... +h, Ly X2 (1)}
W nu1st momHOM MpOU3BOIHOM OYAET BBIMOTHATHCS
%v (X (£), Xo (1), X,y (£)) < —2(83 11y 1 X2 (£) + BnphpoX3 (£) + ...+ Apghn X2 (1) +

+hyg [l + (hysly +hopLy 4+t g L G (0 + hoo [l + (hygLy + ool +. iy Ly IS () +.
oot hon [ + (b Ly +hoply .t hpn Ly X2 (D) -
U ycnoBuem oTpUIaTENFHON ONPEICIIEHHOCTH TTOHOM MPOU3BOAHON QyHKIMH JIsmyHOBa,
a, CIENOBaTelbHO, M YCIOBHEM AaCHUMITOTUYECKOW YCTOMYMBOCTH, C Y4YE€TOM paHee
NPUHATHIX 0003HAUEHUH, SBISIETCS] BBITOJHEHUE CHCTEMbl HEPABEHCTB
2a;,h; —hyqlly +R1>0,  2a,,h,, —hy,[l, +R]>0,..., 2a,,h,, —h,all, + RI>0.
MO’KHO TIOJTYYHTh MEHEE «OKECTKUE» YCIIOBHS YCTOWIMBOCTH. BBenieM crieyromime 0003HaYeHUs

L1= Lll + le +...+—L1n 2 = L21 + L22 LG
o Vhe, i Jh on
L L L 1n
Ly=—F/% + 2 4 .+ C={g;} i,j=1n, (11)

4/ hll \/h22 \/hnn
C11=2h1(a11 — Livhi1),  Cio ==yt (Liy/hyg + Loyhos) .,
Cin =—yM1hnn (Liy/Pi1 + Loyhon),
Co2 =2hy5(ap; —Lyyhga),  Coz=—yhpoh33(Lay/hoy + Lgy/N33),. .,
Con = —/hoohnn (Lay/hoy + Loy/hyp) ..,
Ch1na = 2hnfl,nfl (anfl,nfl - Lnflwl hnfl,nfl) )
Cn1n =7y hn—l,n—lhn,n (Ln—l\/hn—l,n—l + Ln \[hn,n )’ Chn = 2hnn(an,n - I-n \ hn,n ) .

HMeroT MecTo ciaeayromne yCiIoBUs yCTOMYUBOCTH.
Teopema 4. Ilycte cymectByloT nocrosiHHbie hy; >0, hy, >0,..., h,, >0, npu

KOTOphIX Marpuia C = {Cij} MOJIOXKUTEIBHO ONpeseiaeHHas. Torna HylneBoe IOJIOKEHUE

paBHOBeCHUsI CUCTEMBI (6) SBIISIETCSI ACUMITOTUYECKH YCTONYUBBIM.

Jloxkazamenvcmeo. JIns wccnenoBaHus YCTOMYMBOCTH BHOBBH OyJIeM HCIOJB30BaTh
¢byaknuio JlsmyHoBa BUIa CyMMBI KBagpaTW4HbIX ¢GopM. [Ipu BBIYMCIEHUU TOTHOM
npon3BoHON (yHKIMH JISTTyHOBAa B CHIIYy CHCTEMBI OYyJ€M HCIIOJIh30BaTh YCIOBUS THUIIA
b.C. Pasymuxuna B momydeHHoM Bbitie Bujae (10). Kak Obiio mokaszaHo paHee, MoJHas
npou3BoaHas GyHKIMK JISTTyHOBA IMEET BUT
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SV (0. 500,00 %0 (0) = ézhnxi (t){— i (D + J_Z:Fi,- )t -7 ))} .
Ucnonp3ys ycinosus Jluniuiia, nojrydaem
%V(xl(t), Xo (£),.0r X, (1)) < —ZiZniallh“xizi(t) + 2izn£h“Xi (tjzn:lLij X (t—7ij)| =51 +S,.
PaCCMOTpI/IM BTOpPOEC cliaracMoe 82 . C ucnoabp30BaHuEM BBCICHHBIX B YCJIOBUH TCOPEMBIL 4
0003HaYCHUI 3aIIHUIIICM

Sy < 2hy 1% (€) Ly {1 X0 ()] + gz [Xo ()] + - Jg [ X () +
+ 2hp5%, (6) Lofy/hy 1 X0 ()] + /Nga [Xo ()] + vt [ [ X ()3 +
+ 2000 O L fy/hoe [ % O+ oo [%o O] + o+ B X0 O -

[TeperpynnupoBaB KBaApaTUUHBIE YWICHBI, TOJTY4YUM
S < 2hy 3Ly hy X4 (€) + 2(husLy fhaa +haplp g )x ()% (O] +
+ 2(hy 1Ly \hag + hagla /Ry X ©)%a ()] + -+ + 2(h1Ls /Ay + hnLan y/hos )[Xe )]0 ()] +
+ 2hoLp \fhpa X3 (1) + 2(NpsLp A hag + Ngals yhgg )Xo (©)]Xg (©)] + ..
+ 2(NpoL s /Non + hunLnvhoo )|Xa ©) X, ()] +
+2n 101 bna et Xe 1 () + 2000101 LngMon + Mo bnMoosn-2 )Xns (O] %a ©)] +
+2hy oLy /Pn XA (1) -
[TpeoOpaszyeM NmoayuyeHHOE BBIpaKEHUE CIEAYIOLUM 00pa3oM
S, < 2hy5Ly iy XE (©) + 24/ gy (Lyfhyy + Ly hoy )X (0] %o (1)) +
+ 2,fhy1hag (Lyfhyg + Laafhag )% @ %a (O] + .. + 24/hyihnn (Lyy/hey + Ly fhng )[xa (0] %n )] +
+2hy,L, \/@Xg ®+ 2\/@('—2 \/@ + L3\/@)|X2 O3 )] +-..
+24/Nohnn (Lo hos + Luna/Non )%z @©) X ()] + -
+2hy_3nabno4/Mhoina X2 (t) + 2N 1n1hnn (Lncay/bon + Loy Mocneg )Xa_a (0] 0 ()] +
+2hy oLy /Pn XA (1) -

OKOHUATENBHO C Y4eTOM BBEAECHHBIX 0003HAUEHUH JUIS TOJTHOM MPOU3BOAHON (QYHKIIUU

JlsmyHoBa B CUITy CUCTEMBI € 3ama3biBaHreM (4) OyAeT UMeTh MECTO HEPaBEHCTBO
%v (X (1), X () Xy (1)) < =% CEh [ X2 )]s [ X EDC X O [ X @)oo %0 )] -

U ycnoBreM yCTOMYMBOCTH SIBIISI€TCS MOJIOKUTENIbHAS ONPEeIEHHOCTh MaTpulibl C .

3akio4enue

Paccmotpensl  cuctembl  nuddepeHIUANbHBIX  YpaBHEHHM €  BbIIAEJIEHHOM
OTPULATENIBHOM MAaroHAJIbHOM YacThl0 M HEIMHEMHOCTBIO CHENUAIBHOrO BHAa. Takue
CHUCTEMBl BCTPEYAIOTCS MpPHU HCCIEIOBAaHUM JWHAMUKHM HEUPOHHBIX ceTei. [lomyueHsl
YCIIOBUSL aCUMITOTUYECKON YCTOMYMBOCTHU IOJIOKEHUS PaBHOBECUS. PacCMOTpEHBI Takke
CUCTEMBbl C 3ama3JbplBaHueM aprymeHta. lccrienoBaHusi ycTOMYHMBOCTH MPOBEIEHBI C
ucronp3oBanueM (yHkuuonanos JlsmynoBa-KpaccoBckoro. biaromapst moxxoxy (LMI),
BCE YCIIOBUSL HMEIOT BHJ KOHCTPYKTHBHO IPOBEPSEMBIX MATPUUHBIX HEPaBEHCTB.
AHaJOrMYHbIE PE3ylbTAaThl B CIy4ae 3ala3/bIBaHUs apryMEHTa TakK€ MOKHO IOJIyYUTh,
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UCTIONB3Ysl TOAXOJ KOHEYHOMEPHBIX (GyHKUMHA JlsmyHOBa C  JOMOJHHUTEIHHBIMH
YCJIIOBUAMU THUIIA P A3yYMUXHHA.
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RESUME

A.V. Shatyrko, J. Diblik, D.Ya. Khusainov, J. Bashtinec

The convergence of neurodynamics processes in the Hopfield model

In this paper, Hopfield neural networks with feedback are considered. Their
dynamics is described by a system of ordinary differential equations, and also by a system
of functionall-differential equations with a time delay argument. As a method of
investigation, the direct Lyapunov method is chosen. The aim of the study is to establish
the fact of asymptotic stability of solutions. First, we consider a network described by a
system of ordinary differential equations with a distinguished stable linear part and an
additively entering weak nonlinearity of a special form. Using the Lyapunov function in
the form of the quadratic form plus the an integral of nonlinearity, which is traditional for
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systems of this kind, we prove a sufficient condition for asymptotic stability. Further,
systems with delay argument are considered. This kind of systems is more suitable for
describing the processes that occur in Hopfield networks. It is noted that, within the
framework of the direct Lyapunov method, there are two approaches to investigating
systems with delay argument: functional in infinite-dimensional spaces; and the method of
functions using additional conditions, which allows us to carry out research in finite-
dimensional spaces. Using these two approaches, applying the Lyapunov-Krasovskii
functional containing the integral of terms with delay argument, and also the Lyapunov
function of quadratic form plus additional conditions such as Razumikhin, a number of
sufficient conditions for the asymptotic stability of the solutions of the considering systems
are formulated and proved. All conditions are obtained in the form of easily verifiable
matrix inequalities (the so-called LMI approach). This fact reinforces the applied
constructiveness of the results.
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