BirajgukaBka3ckuii MaTeMaTHICCKUH Ky DHAJT

2011, Tom 13, Boemyck 3, C. 22-35
VK 517.928

ACUMIITOTUKA TTEPUOANYECKOI'O PEIIEHN A
JNOOEPEHIIMAJIBHOT'O YPABHEHNM A C BOJIBIIINMUI
BBICOKOYACTOTHBIMUIN CJIATAEMBIMU

Nmimees M. P.

ZLHH CHUCTEM HeJIMHEHHBIX OOBIKHOBEHHBIX ,qn(bcbepeHuHaﬂmex ypaBHeHI/Iﬁ IIPOU3BOJIBHOI'O IIOPsAJKa, CO-
JepKallnuX BBICOKOIaCTOTHBIE CjlaraceMble, IIPOITOPIUOHAJJIbHBIE OIIPEAECJIEHHBIM ITIOJIO2KUTEJIbHBIM CTEIICHAM
JaCTOThI, IIOCTPOEHA 1 000CHOBaHa, MOJIHAST ACUMIITOTUKA IIEepUoONIECKOIr'o perreHusl.

KuroyeBbie ciioBa: 00bIKHOBEHHBIE M depeHInaabHble ypaBHeHUsI, OOJIbIINEe BHICOKOYACTOTHBIE CJIa-
raeMble, MeTOJ YCPEIHEHUSI, AaCUMITTOTUKA.

B pa6ore B. B. Jlepenmmrama |1] mocrpoena n o6ocHOBaHa MOJIHAST ACUMIITOTHKA [IEPUOJIU-
YECKOI'0 PelleHus JJIsi HEKOTOPOro KJjacca cucreM JudepeHnnalbHbX YpaBHeHi BUIa

IE(n) = fo(fE,wt) + Wn/Qfl(x7Wt)a w> 1,

B OKPECTHOCTH HEBBIPOXKJIEHHOI'O CTAIIMOHAPHOI'O PENIEHAA COOTBETCTBYIOINX YCPETHEHHBIX
cucreMm ypapuenuii. B manmoit pabore aHaJOrMYHBIE PE3Y/IBTATHI ITOJIYYIEHBI JJIsi HEKOTOPOIO
KJjtacca cucreM JuddepeHIuaabHbIX ypaBHenuii 6ostee obmero Buga (1) (em. mmke). B gacr-
HOCTH, HeJInHejiHble ciaraeMble B (1) MOryT cozepKaTh MJIa/(IIIue [IPOU3BOJHBIE COOTBETCTBY-
IOIUAX HOPSIJIKOB.

1. ObocHOBaHME METOZIa yCPEAHEHUS

[Iycts n, m — HaTypaJbHBIE YUCIA, W — OOJIbINON mapamerp, G — objacte B R™, [ > 0.
PaccmorpuMm nuddepennnaibaoe ypaBHeHe BHIA

[(n+1)/2]
= N LR (m i, ... ,x([(”+1)/2]_j),wt)
j=1
/2 .
+ Z w’ faj (m,:t, . ,x(["/Z]fj),wt).
j=0

3nech BekTOp-PyHKIII fo;-1(20, 215 - - + 5 Z[(n41)/21—j> T) B f2j(20, 215 - - - s Zjnj2]—j> T), KOTODBIE
saganbl Ha MHOKecTBax GIMHD/2=i+l « Ry GI/2A-i+1 « R coorBercrrenHo, HeIIPEPbIBHDI
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u npuanMaioT 3uadenus B R™. Ilpeamosoxkum, 9To yKa3aHHbIE BEKTOP-(DYHKIINA 001 1a10T
HEIPEPBHIBHBIMU ITPOU3BOIHBIMU

dfo " faj-1 ,
—_— =1,... 2,n — 1)/2
0z’ 0z . ..82:;’ ' ol DD,
0" fo; .
az?“lihiaz,rq, r=1,...,max(2,n — [n/2] + j),

i1 iq
KOTOpbIE YIOBJETBOPAIOT paBHOMepHoMy ycjoBuio Jlummumna. [lycts, kpome Toro, onn [-te-
PUOJIUYHBI 110 T, IPUYEM CPEJiHee BCeX BEKTOP-MDYHKIMIA 110 9TOH IepeMeHHOil, KpoMe, ObITh
Moxer, fo, paBao Hyo. Hapsizy ¢ BoamyIieHHbIM ypaBHeHneM (1) paccMOTpUM ypaBHEHUE

(y,qg,...,y ") =0, (2)

KOTOpoe OyJjieM HA3bIBaTh Ycpednenbim. 371eCh

O fn
(20, - 2n/2) = <f0(7507 ce 22 T) a—JZcO(zw)son(zO,T)

+ agzlz (20, 21, 7)% (20,7)
- ﬁ(m,...,z[(n+1)/2]_1,7)%(z0,7)>
pi 1 — HevteTHOM;
W(20, . Hyey) = <f0(zo,..,,z[n/2] . a;;/[m/m (20,7).7)
5 o mhntan ) + 2, 20,m) G2 )
+...+%(zo,...,z[n/2]1,7)%(2@, )>

opu 1 — Y€THOM. CumBosioM SOTL(ZO’ ’T) 0003HAYECHO l—HepI/IO,ZLI/I‘{eCKOG IO 7 C HYyJIEBBIM CPE/THUM

3
peleHne ypaBHEeHUs 88;@" (20,7) = fn(z0,7). Ilpesmonokum, 4TO CyIIECTBYET CTAIMOHAPHOE

[n/2
pelenne yCpeIHeHHoro ypasuenus yo € G takoe, 9To %T(yo, 7) € G st moboro T € R,

a g—i(yo, 0,...,0) — HEBBIPOXKJICHHAS] MATPUIIA.

CupageyiiBa CJjieIyomast

Teopema 1. CyiecTByroT TaKue 10JI0XKATE/IbHBIE TUCAA W H T, ITO IIPH W > W) YPAaB-
nenne (1) mmeer lw™'-nepuoanyeckoe pemenne x,, eqUHCTBeHHOE B mape ||z — Yollermy < 7o
n 11pn 3roM limy o0 |6 — Yollcrw) = 0, nae k= [(n —1)/2].

< JlokazaTesibCTBO TEOPEMbI IIPOBEJIEM B 3 Tala.

1. Ilposenem B ypasaennu (1) sameny tuna Kpsuiosa — Boromo6osa

—(n+1)/2 —n/2 _
= +w V20 (@, wt) + w20, (21, wt) = 21 + Q0. (3)
Bnech n Huzxke depes ¢;(2o, 21, ..., 2%, T) MBI 0003HAYAEM [-IIEPHOAMIECKOE 110 T C HYJIEBBIM
an
CPeIHEM pelleHne ypaBHeHns - (20,21,...,%,7) = fj(20,21,...,2,7). Byzem momsso-

BaTbCd COOTHOIIECHHUEM
n

aati (21 (), 21(8), ..., 2\ (t), wt)

n az on— 7 ) ,
= Cnaﬂa — (1 (1), d1(2), ..., 2 (8),7)

~
Il
o
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s Becex f; B ciryuae medeTHoro n u s BeeX fj, Kpome fo, B CIydae YeTHOTO 7 HPUMEHUM
dopMyIIBI

. a w T 8r w . T
fi <x1+¢w,x1+%,...,x§)+ 878; ,wt) :fj(xl,xl,...,ajg),wt)

1
of; . dpu ) | 29" ¢uw
+/820 <x1+6<pw,a:1+6 yoe, Ty 0 o

T ) wt) dOp,,

0
1
8fj . a@w (r) ar@w a@w
+/821 (:c1+c9g0w,:v1+c9 BT yee, Ty 0 5 ,wt | db 5
0

1

0 fj . 0p., (r) 0"y 0"y,
+...+/8zr <:c1+9<,0w,x1+0 BT yee, Ty 0 5 ,wt | db CTCa

Anajiornuabie (pOPMYJIBI UCIIOIB3YEM JIJIsI CJIArAeMbIX B IIPABBIX YACTSIX MOCIETHIX TPEICTaB-
JieHnit, koropele umeror nops ok O(1) npu w — oco. st fo B ciydae 4eTHOTO n BOCIIOJIB3Y-
eMcel IIpeJIcTaBIeHuEM

. Opy P, . —n/20P0n
fo <x1+¢w,x1+%,...,x§p)+ 6;5’ ,wt>:f0(x1,x1,...,1:§p)+w /2 8;2 ,wt)

1
P P
+ % 1+ Qcpw’i-l + 98& o x(p)+ +w*"/2m + gw*(”Jrl)/Q%’wt d¢9s0w
0z 1 otp

ot otp
0
h afi 0 or or 0
djo : Puw (p) —n/29 ¥n —(n+1)/29 ¥Pn-1 Puw
+/821 ($1+990w,901+98t g T+ Fw 5 + Ow o ,wt | df BT
0
i afi 0 or
0 . Pw (p) —n/29"¥n
—|—...+/azr (x1+9¢w,x1+9—6t,...,x1 +w 6t1’+
P OP oy,
—(n+1)/29"Pn-1 —(n+1)/29"¥Pn-1
+0w 5t ,wt) dfw TR
rje p = [n/2]. B pesynbrare nosydanm
xgn) = (a1, 1, ... ,acgp),wt) +y1 (21, 21,4 - ,:B(lk),wt)
01 (1,81, 2wt w) + WP g (1, wt)d + W22 g (a1, wt)in
+ w2 a2 wt) 4 g, wt)a )] (4)
i=4

2n
+ Z W22 {hu(%l,i’lv---756(1[2/2]_1),0%) +g1¢(961,m)$(1[2/2])}7
i=n+1
rJe B CciIydae HEeYEeTHOI'O N

0 n 6fn—2
V(20,5 2ny2) = Jo(205 -+ 22, T) + a—%(zoﬁ)@n(zoﬁ) o (20,21, 7)
68071 afl 6[(n+1)/2]71(pn
+ o7 (z0,7)+ ...+ 762[0&1)/2]71 (z0,. .- ’Z[(”H)/Q]—l’T)—aT[(n+1)/2]—1 (20,7),
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a B CJIydae 9€THOI'O N

oAy, of,
Y(z0,-- - 2pny2) = Jo| 20,5 2nj2) + 5y (20,7), 7 | + 8—20(2077_)9071(2077_)
afan 89071 6f2 8[n/2]71§0n
o (Z073177)W(207T)+---+W(Zm---7Z[n/2]—177—)W(2077)7
8ng0n 8n(,pn—l
20,7) = ————(20,7), 20,T) = ————(20, 7).
g12(20,7) 62087”—1( 0,7), 913(20,7) 8z067”—1( 0,7)
3nech kommonenTsl BekTop-pyHKIM h1i(20,21, - ., 2]j/2]—1,T) ABIAOTCS HOJMHOMAMH TIO
KOMIIOHEHTAM 21, - - - , 2[/2]—1, KOI(DDUIHEHTHI KOTOPBIX, TaKzKe KaK M KOMIIOHEHTbI MaTPHUI
91i(20, 7) u BekTOp-pyHKIMU 1 (20, 21, - . . , Zp, T, W), HEHPEPHIBHBI, yJAOBIETBOPSIOT PABHOMED-

Homy yejoButo Jlummuia 1o z; u [-nepuoauynst no 7. Kpome Toro, cripaBejiuBbl paBEHCTBA
(91:) = (h1;) = 0. U xommoHeHTHI BeKTOP-byHKIMIT h1; HE CO/EpKAT IPOU3BEICHUN KaKIX-
JIIOO0 KOMIIOHEHT BEKTOPOB Zj, , Zj, IPH j1 4 jo > n. Ciaraemoe 31 nUMeeT MOPsI0K w12 npu
w — 00, a BUJ, BeKTOp-byHKIWMI V1 (20, 21, - . . , Zp, T) HOCHIE 3TOrO OdeBueH. Ilepenumiem sTo
YpaBHEHHE B BUJI€ CUCTEMBI

T1 = Y1,

yinil) = sz)(xl) :tla s 7x§p))

1 _ N
+ﬁ1(9€1,y1,---7y§p )7Wt7w)+wn/2 Lgra(@1, wt)yr + W™ g1z (a1, wt)yn

+ Z W/2=i/2 [hli(xl, Yl ,ygiﬂ]_?),wt) + g1i (1, wt)yg[iﬂ]_l)]
i=4

2n
+ Z W22 [hu(ﬂﬂl,yl,---73/5[1/2]72),6075)+91i($1,Wt)y§[Z/2]71)]-
i=n-+1

k—1
Wt)—i_/yl(xlayla"'vyi )aWt)

B cucreme (5) npoussesieM 3aMeHy IepeMeHHBIX

(/2 g1, 22, wt) + w0 _o (21, T2, W)

+w D 2e5 (0, @y, wi) + w2 (21, 2o, wi),

r1=x1, Y1=2T2+tw

(6)

rie &o(x1, xo, T) ABJISIETCS [-IEPUOJNIECKUM 110 T C HYJIEBBIM CPEJIHUM DEIlleHUEeM yDaBHEHUsI

O Leo(xy, 00,7 O Les(x,00,7
% = gi12(x1,7)x9, & &3(x1, 22, 7) — % = q13(x1,7)x2. B pesynbrare

9TOii 3aMeHbl B cucteMe (5) GyJeT YHHUTOXKEHO CIaraeMoe, MPOIOPIHOHATBLHOE HAWBBICIIEH
crerenn w, T. e. w271, Hausbicieii crernenpo w B IpeobPa30BAHHON CUCTEME CTAHET w272,
Craraemoe ¢ TaKoii CTEIIEHBIO YHUUITOXKAETCSI Ha CJIEJYIOIIEM Iare myTeM aHaJOMHIHBIX I1pe-
obpasosanuii. [Toropsist mpeobpasoBanust orMCcaHHOro Bhiie Tuia k+1 pas, or ypasuenus (1)
IpUJieM K CUCTeMe YPaBHEHUI BHUJIA

Tj = xjp1 + w_(”+1)/290n,2j,1(:c1, ey Ty, wt)
+w_”/2<pn_2j(x1, ce g, wt) + w_(”+1)/2§2j+1(x1, ce Ty, wt)
+w_”/2§2j(m1, o Zjp,wt), J=1,...k;
xg:lk) = (xq,... ,x,iﬁk),wt) + B(xq,. .. ,xl(i;lk),wt,w) (7)
+xo(x1, ..o, Trr1,wt) + Bo(x1, - oy Trr1, wt)Trr1 + x(21, -+ o Tpa1, Tht1, Wt w)
n—k—1
+ Z Ai(zq,. .. ,xk+1,wt,w)azg}rl + w_”/2C(a:1, . ,J:k+1,wt)a:](;:1k)

1=2
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Buech &i(x1,. .., xi) = &io(x1, ... miz1) + & (21, ..., i—1)Ti, o = 0, IpU HEYETHOM N e~
MEHTHI X, By ABJIAIOTCS HYJEBBIME, a Y UMeeT BU

X1 Tht 1, 2841, Ty w) = X1(T1s -+ Tpot 1, T, W) + A1 (@1, Tpop1, T, W) 2841
OTMeTI/H\I, qTo XO(.%'l,...,$k+1,T), X(mla“'7xk+172k+177_7w)7 Xl(xlv"'v'rk+177—7w) — BCK-
TOp—(byHKHI/H/I nopd/ika m, a BO('Tl) s 71:l€+157—)a Ai(xla s ,$k+1,7’,¢()), C(ajl) s 7$l€+157—) -

KBaJIpaTHbIE MATPUIBI-(PYHKIUN TOPsiiKa M. KoMIIOHEeHTbI MaTpull A;, a TakKe BEKTOP-
byHKIMIT X0, X, X1, & SBIAIOTCS NOJUHOMAMH OTHOCUTEILHO KOMIIOHEHT Tg U X, Zk+1,S = 2,
COOTBETCTBEHHO, TIPUYeM KO3(PDUIUEHTHI STUX MOJIMHOMOB, KaK KOMIIOHeHThI Marpult By, C
u BekTOp-yHKIHi §, ©;, HEIPEPBIBHBI, YJIOBJIETBOPSIOT paBHOMEPHOMY ycJjioBuio Jlurimmia
1o x; u l-nepuonudHsl 10 7. Kpome Toro, ykazannbie KO3MDPUITUEHTHI I KOMIIOHEHTDI 316~
MEHTOB (3, X, X1, A; ABIAATOTCS GECKOHEYHO MAJBIMU TP W — 00 PABHOMEPHO OTHOCUTETHLHO
CBOUX IEPEMEHHBIX, & 3JeMeHTHI &;, ©;, X0, Bo, C UMeIOT HyJIeBbIE CPEJIHUE TI0 T.

2. Paspemus mocre/iHee ypaBHeHne cucreMbl (7) OTHOCHTEJBLHO CTapIeil MpOU3BOIHOIN,
[IEPEInIeM ee B BUJE cucTeMbl auddepeHnuaibHblX YPaBHEHUN IEPBOro MOPs KA

d
— = (e wt) + alz,0t,w), ®)
rie

z=(21,...,20)"

flz,7) = (:cz, ey D1, [F —w_”/ZC(xl,...,xk+1,7')]_1 (1/)(3:1, ey Xpy1, T)

)

T
+X0($1) ... 7$l€+157—) + BO(xla cee 7xk‘+1)7—)$k‘+2>> )

a BIpazkeHne «(z,T,w) Mmocjie Toro 09eBuIHO. HamoMHuM, 9TO MbI pACCMATPUBAEM 331449y O
lw™ -nepuonmaeckux pemenusx cucteMsl (1), a OTOMY 1 TaKyIo ¥Ke 3a/1ay JIJIst CHCTeMBI (8).
Hapsity ¢ BoamyIrieHHO# cucreMoii (8), paccMOTPUM YCPEJHEHHYIO CHCTEMY

dw
— = F(w 9
W _ pw), )
rie
= T Fw) = 1 r
w=(wi,...,wy)", (w) = (we, ..., wp—1, ¥(wi,...,wp41))
Ouesn;Ho, cuctema (9) mmeer crarmonapoe permenne w' = (yo, 0, . .. ,0), TpwIeM 310 perre-
HHE He BBIPOZKJICHO, TaK KaK MaTpUIla g—i(wo) ¢ nepgoii najymaronansio (E, ..., E), 6iokamu
g—i(yo, 0,...,0) B HIXKHEl CTPOKE M OCTAJILHBIME HYJIEBBIMU OJI0KAMHU, OYEBUJIHO, oOpaTuMa.

JIemma 1 [1]. ITycrs p € (0,1). Torga cymecTByroT moI0KUTE/IbHBIE YHCIA T, W] TAKHE,
qro 1pn w > wi cucrema (8) B mape ||z — oncu(R) < r mmeer eumcTBenHOE lw L -MIepHOH-
qeckoe pemieHue z, 1 IPH 9TOM CIPaBeJINBO cooTHommenwHe lim, o ||z, — wP||ou ®) = 0.

Baecs CH(R) — 0ObIMHOE TEJIBIEPOBO IPOCTPAHCTBO 3a/IaHHBIX Ha ock ¢ € R BekTOP-(yHK-
Uil co 3Hadennsmu B R,

3. U3 semmer 1, ¢ ydaeTroMm BbITEKatomero u3 (3) paBeHcTsa

_ —(n+1)/2 —n/2
Ty = 2wl T W ( )/ Sonfl(zwlaWt) +w / Son(zwlaWt)a (10)
cJIeTyeT CYIIEeCcTBOBaHUE TAKOro wqg > 0, 94To Ipn w > wg ypaBHEHUE (1) uMeeT lwil—nepﬂo,u‘lxl—
YeCKOe PEeIeHUE X, JJIs KOTOPOrO BBIIOJHSIETCA YKa3aHHOE B TEOPEME IPEJIETbHOE COOTHO-
ITIIeHue.
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Ocrasoch J0Ka3aTh yTBEPXK/IEHUE O JIOKAJBHON €JMHCTBEHHOCTHU PeIleHust & ,. Jljist 3Toro
JIOCTATOYHO MOKA3aTh, YTO JJIs TPOWKYU YUCET [, T'1, w1 (PUTYPUPYIOMKX B JeMMe 1, Haiimercs
Takasl lapa 4uces ro,wy = wi, 9TO IPU w > wg KaxkKJOMy DpeIleHuIo I, ypaBHenus (1),
YJOBJIETBOPSIOIIEMY HEPABEHCTBY

I = wollcxcey = Z [ (6) = 3ol | <70 (11)

OTBEYAET PEIICHHE U, ypaBHeHus (8) takoe, 4TO

20 = wllonmy < 71- (12)

U3 coornomenust (3), nepebix k-pasencrs (7) u coornomenus (11) jierko Bujersb, 4ro

k+1
iy = Z lzwi — wf o). (13)
w—00

Paccmorpum Teneps mnociieiee ypasaerue cucreMbl (7), B KOTOpoM x; = z;. [lokaxkem, 9To0
IMOCKOJIbKY Zwi, © = 1,...,k + 1, — paBHOMepHBIE OTHOCHUTEJBHO W = W), OIPAHHYCHHDIE
lw™'-iepuoyrueckne BekTOP-MYHKINM, TO HAfJIETC He 3aBUCAINAS OT W MOCTOSIHHAS C, DU
KOTOPO# BBITIOJTHAETCST OTIEHKA

n

n—=k
3 lwillew = D 129 llom < e (14)

i=k+1 =1

IIpu sTOM BOCIOJIB3YEMCSI CJIEYIONTAM BCIIOMOTATEIBHBIM PE3Y/ILTaATOM.
[Iyctb r — HaTypaabHOe uncyio, M — IpOU3BOJIBHOE MHOXKECTBO U I KaxKjaoro o € M
3asiafo gucio l, > 0. g nuddepeHimaibHOro ypaBHeHUs

2™+ A ()2 + L+ Ao = fo(t), (15)

riae Ay (t) — kBagpaTHble MATPUILI-DYHKINH, & f,(t) — BeKTOp-(MYHKIWN, HEPEPBIBHBIE 1
l,-TIEpUO/INIEeCKHe, CIIPABEIUBO CJACIYIOIIEe YTBEPKICHNUE.

JIemma 2 [1]. IIycrs cymectByeT Takoe 4HuCIIO ¢, 94T0 IpH KaxkjoM o € M ypasrenne (15)
uMeer l,-mepuoiuaeckoe perieHne X, (t), 0 BbIIOJTHEHBI HEPABEHCTBA

[Aicllcmw) <o, follow) < cos Nzollor) < co

Torra HajteTcst TaKOe 9UCJIO C1, 9TO IPH Becex 0 € M crnpaBeyIMBO HEpaBEHCTBO

> lePlew < e
=0

Paccmorpum nocsiesinee ypasHeHue cucreMbl (7) cHavYasa IpU HEYETHOM n. B sToM ciyuae
YKa3aHHOE YpaBHEHME MOXKHO II€pelucaTb B BUJE

n—k—1

2P ST Au@al), = L), (16)

=1
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rje

Aiy(t) = —[E —w™™2C(21(t), ..., 2pg1 (£), wt)]| T Ai(zy (), . .. apgr (), wi, w),
folt) = [E —w™2C(x1(t), ..., a1 (8),wt)] " (21 (8), . . ., 2pgr (), wi)

+6(x1(t), ..., xpr1(t),wt,w) + x1(z1(), ..., Tpr1(t), wt, w)].

[Mpumensist iemmy 2 K ypasaenuio (16), nosydaem HepaBencrso (14) B ciydae HEYETHBIX M.
ITpu gerHbIX N OlleHKa (14) BBIBOAUTCS aHAJOIUYHO. J{eficTBUTEILHO, B 9TOM CJIydae BEKTOP-
dbyHKIUA Tf 41 PABHOMEPHO OIPaHUYEHA OTHOCHTEJIBHO W = W(, & IIOTOMY BO3MOXKHAsI HEJIU-
HEIHOCTh OTHOCHTEJIBHO 3TOI HPOU3BOJHOI ciaraeMbix 1, (3, Y ypaBHeHust (7) He IpersiT-
CTBYeT NPUMEHEHHIO JieMMbl 2. Tak 9To HpU YeTHBIX 7 Mbl IIO-IIPEXKHEMY €€ IPUMEHSIEM K
ypassenuio (16), B KOTOPOM f,, COMEPKUT AOMOTHATEIbHOE ciaraemoe [E—w~"/2C]xo+x],
9JIEMEHTHI 1), (3 3aBUCAT OT Zf41 U Ay 3ameHeHo Ha By. 113 coornomenwit (13), (14) u n3sect-
HOI'O MYJIBTUIIIMKATUBHOIO HEPABEHCTBA

Inllcnm < lnllow)' ™ (o), 7€ CHR),

BbITEKAaET COOTHOIIIEHUE
. 0 _
lim [z, — w”|[cew) =0,
Tog’ov
w—00

U3 KOTOPOT'O B CBOIO OYEPE/Ib CJIejlyeT HepaBeHcTBo (12). >

2. Acumnroruka IIepuoanIeCKoro penreamda

2.1. Tpomomxkum paccmorpenne cucrembl (1). omosuurensuo kK yeiaosusim §1 Gymaem
1oJIaraTh, 4TO BEKTOP-DYHKIMH f; NMEIOT HENPEPBIBHBIE MPOM3BOIHBIE 1O 20, 21, - - - ; Z[n /2]
JIIO6OTO TOPSIKA. ACHMITOTHKY TIEPUONIECKOTO PEIIEHUST Ty,, O KOTOPOM TOBOPHUTCSI B T€O-
peme 1, OyjieM UCKATb B BUJIE

n—1 [e)
ro(t) =yo+ Y w Pui+ > w s + vi(wt)], (17)
i=1

i=n

rae u; € R™) v;(7) — [-nepuoguueckue (yHKIuu co 3HadeHusiMu B R™ ¢ HyseBBIM Cpe/i-
HuM. Jljist Haxox ienust KoaddurmenToB acuMuToTHKY 1ojcTaBuM psizt (17) B (1), pasimoxkum
BekTop-byHKImu f;, j = 0, B ciydae HedeTHOro n, u f;, j > 0, B cily4ae 9eTHOTO 1, B PAJILI

Teitopa MO TMEPEMEHHDBIM Z; € TEHTPOM w? = (90,0,...,0). Pasmoxum fy B ciydae geTHO-
Teii 0 = (40,0,...,0, L%
ro n B psj Teilnopa 1o nepeMeHHbIM 2, 21, - - - , Z[n/2] € HEHTPOM Wy = Yo, 0, ..., 0, T ).

ITocse sToro npupasusieM KO3M@UINEHTHI B 00EUX YACTIX IIOJIYYEHHOIO PABEHCTBA IIPU O~
HAKOBBIX cTenensix w. Obosnaunm uepes A(fj, —¢/2) cnaraemsie npn w™ Y2 nonyvaromuecst
IIpH pas3yiozkeHnn BeKTop-pyHknmn f;. Bamernm, uro mis A(fj, —¢/2) cupasemmmso mpes-
CTaBJIeHNe

Z 1
i0,1+...+(n—1)ig,n—1+nio,n ’. a2
JF+]ZO,]++(TL72T)717‘,71,++]ZT7]+27‘:]

ai0,1+---+i'r,j+27‘fj(w97wt) (18)

X - - - -
Zo,1+...+lo" irnt...t1 42
07 e

@0, i0,n—1 io, o, (r)irn (r)irjtor
><<u1 sty (U )0 (ug - vy) 0 g N ,
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7€ Niy /2 = 0 npu 1eTHoM n. VTtak, npupasHuBas K03 puimenTsr npu w(=0/2 [TOJTY 9UM
m _\
ol = DAl — (i + 5= n)/2). (19)
j=0

[Mosnbaysick dopmynamu (18), (19), BbiBegem ypaBHeHUs Jyist KOI(DOUIMEHTOB [IPU TTOJIOXK -
TEJIbHBIX cTeneHsx w. CpejHMe OT WX HPaBBIX YacTell paBHBI HyJ0. Perast 3ajaun o Ha-

i “ oy _
XOXKJIEHUM [-TIEPUOJINIECKUX C HYJEBBIM CPEIHUM peIeHuil ypaBHEHUi BHUIA & = g(T),

rjae g(7) — u3BecTHasl [-NeprojniecKasi ¢ HYJIEBBIM CDEJIHUM BEKTOD-(DYHKIMsI, HAHIEM U,
uBua v, j=n+1,...,2n—1:

Up = SOn(?/O,T)a
Vj :U(yo,T)uj_n—|—Cj(u1,...,uj_n_1,y0,7), (20)
rie v(zp,T) = %ﬁ, Cj(ui,...,Uj—n—1,Y0,T) — U3BECTHBbIE BeKTOP-(DYHKINH C HyJIEBbIM

cpesHuM 1o 7. JleHCTBYsl aHAJIOMMYHO, IPHJIEM K ypaBHEHHUIO Jist Kod(duimenTos mpu w’.

YuurbiBast IpU 9TOM, 9TO Yo — pernenue (2), Haiigem:

Von = U(y()’ T)Un + CQn(Ul, <oy Un—1,5 Y0, T)?
rie Cop (U1, ..., Uzp—1,Yo, T) — U3BECTHAsI BEKTOP-DYHKIUS C HYJIEBBIM CpeiHuM 110 7. Tem ke
—-1/2

CIIOCODOM TIOJIYUMM ypaBHEHUE it KOd(MMUIIMEHTOB TIpH w
cpejHee OT IMPaBOil ero 4acTu paBHsiioch Hyst0. [lojcraBisis v,41 U MEPEHOCS U3BECTHBIE B
IIpaByIo 4acCTh, IOJIYYUM

[Torpebyem Temepnb, ITOOLI

ov
— 0,...,0 =
820 (?JO’ 3 P )ul a,

rjie a — m3BecTHBIH BekTop R™. Onupesnenus u3 3T0il CUCTEMbI JTUHEHHBIX aJredpamvIecKux

yPaBHEHUH ¢ HEBBIPOXKIEHHONH OCHOBHOM MaTpHIleit g—j(’) (Y0, 0, ...,0) BekTOD U1, Haiimem u3 (20)
Upt1. Temepnb onpeennm

Voan+1 = U(y()’ T)Un+1 + C2n+1(u17 <.y Uns Yo, T)v
rie Coptq(Ul, ..., Uz, Yo, T) — U3BECTHASI BEKTOP-DYHKIUS ¢ HyJIeBbIM cpejnuMm 1o 7. C 11o-

MOIIBIO METOa MAaTeMATHIEeCKON WH/YKIUH JIETKO JIOKA3aTh BO3MOKHOCTH HAXOXKJIEHUSI OIU-
CaHHBIM BBIIIE 00pa3oM JII0ObIX KoadduimenTos psiaa (17).
2.2. Ob6ozHaTIMM

s ) s+n—1 A
Tuw,s(t) = Yo + ZW_Z/QW + Z w ™ (wt).
1=1 i=n

CupaBeyinBa, CJIeIy OIS
Teopewma 2. /s smoboro s = 0,1, ... HallyTCsa TaKue MOJIOXKHTEIbHBIE TUCJIA Cg, Wy, ITO
IIpH W > W, CIIPABEIJINBA OLeHKA

wa - mw,:sHCk(]R) < Cswi(s+1)/27 (21)

e k = [(n — 1)/2]. Iloctpoerne npHO/IMMKEHHs T, s IIPH H3BECTHOM BEKTODE Yo CBOJHTCS K
HaXOXKJ[EHUIO [-ePHOJMIECKHX C HYJIEBbIM CPEJHUM DEIICHHH S YpaBHEHUH BUA jf_—}{ = q(7),
ryte q(7) — u3BecTHas l-1IepruoITdecKas ¢ HyJIeBbIM CPEJIHHM BEKTOP-(DYHKIUSI, H K DEIIeHHIO §
cucTeM JIMHEHHBIX aJrebpandecKux YpaBHEHHI ¢ eMHON HEBBIPOXKIEHHONH OCHOBHOH MaTpHIICH

g—i(yo, 0,...,0) u u3BeCTHBIMU CBOOOJHBIMH 4JICHAMH.
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< Beemem obozHaueHne
s+n s+2n

Yors () = g0+ 3w+ 3w 2wt
=1 i=n

W3 npoBeicHHBIX B 3TOM Haparpade pacCykKIeHuil cjieyeT paBeHCTBO

[(n+1)/2]
= S w2 (s gD, )
j=1
22
[n/2] (22)

+ Z w]fQJ (yw,57 Z]w,& LR 7y¢(u[g/2]7j)7 Wt) + 75(t7 w)?

rjie BeKTOp-PYHKIWMs Y,(t,w) pABHOMEPHO OTHOCUTEILHO ¢ € R yI0BIETBOPSIET COOTHOIICHHIO
Cs| = O(w=C+1/2), Tlonarast z = x, — Y W BeMITAs U3 ypasuenns (1) ypasmenue (22),
IIOJIy9lM PABEHCTBO

[(n+1)/2] [(n+1)/2]—j of
SO [wm—lw 3 / o (02 4 02,y
j=1 i=0 0 “
[n/2] [n/2]—j
A . , 2
—i—Hz([(”H)/Z]_]),wt) d@zm} + Z [wj Z /%J;Qj (Yur,s + 02, Yo s (23)
j=0 i=0 v

+6z,... ,yf}gﬂ]—j) + 02([”/2]_j),wt) d@zl} —vs(t,w).

[TpeoGpasyem npaByto dacthb ypasHenusi (23). st 1poCTOTHI U3JI03KEHNsI TIPOJEMOHCTPUPYEM
npeobpa3oBaHue OJIHOIO U3 CJIaraeMblX B IpaBoil dactu (23).

1 1
w"/? / O (ot 0, wt)dBz = / On (i 4 02, wt) db=
0z ’ 0z

1 1
82
+wn/2/d9/ I (W0 + 0z + 01(yu,s — yo), wt) dO1 (yu,s — Yo)z
0 0

J; (y07°-)t)vn +Tn( )
<0

rie

1
2
d@/ 0" I (yo + 010z, wt) df 2>
2
0

[y

(yws y0)7Wt) d91

[e=]

+ +2
X Zw u; + Z w Y (wt) | 2
i=1

i=n-+1

1
Gy
/de / a6, / T (g + 0502 + 01 (s — 0))) dB2(0= + 01 (s — 90)) 02
0
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B pesysibraTe mnosiydum ypaBHEHUE

n) — 9(v0,0,...,0,wt)

= (2-1)/ " 0fs; @)
25—-1)/2 9J2j-1 ;
; [ Z Dz (%0,0,...,0,wt)z ]

P

1=0
[( 1)/2] [(n=1)/2]=j
Ofa; (i)
+ > [ > G w0 0wz (24)
j=1 =0
(G=1)/2) |
Z (n— ] Z h]z ULy .- ,’LLJ',QZ', wt)z(z)

+w"/2N(z, Z,... ,z(["/Z]),wt,w) + M(z,2,... ,z(["/Z]),wt,w) — 7s(t,w),

r/ie B CJiydae HEIEeTHOT'O T

_9fo
g(zo, ce ,Z[n/g],’r) = 8—20(20, cee ,z[n/g],T)z
— 0 f2j-1 _'
(2j-1/2__“ZJ25-1 , ([(n+1)/2]-3)
+... tw (20, -+ 2[(na1)/2]—j» T)Z
O2{(n+1)/21~ (/A
O faj-1 ([n+1)/21~3)
+ (204 -+ 5 2{(ng1) /21— s TV D)z
Oz(((n+1)/2-5) 070 (e
[n/2]
n n 82 9 %
+.. . w™? f(yo, T)z +6f (0, 7) Z+Z fo (205 .-y 2o T )()
QBT g [(n41)/21-5) () 50
+ J 204+ -5 Z(n _a, )l tD2=0) (1) )
Z Z; O2{(n+1)/2 0% (A
B CJIydae 9eTHOTO N
0
g(Z(), R 7Z[n/2]77—) = 8—2(20, 5 2[ny2) + ’Ugn/Z])(T),T)Z
. (205 » 2ny2) + 002 (), 7)) +---+wjm(20,---,Z[n/z]fj’f)z([ /3=9)
a f2_7 (In/2]-7) n/2 fn an
+a 2([n)2] j)aZO( : 7Z[n/2]—j’7—)vn z+. (yO) ) 92 2 (yO) T)vn(T)Z
[n/2]
0 i
+ Z fO ZOa s 72[71/2]4—’!151[”/2])(7')’ T)Z( )
[n/2] [n/2]—j 02 fr;
J n/2]—j i
+ Z Z W(ZO,... ,Z[n/Q]_j,T)Ug / ] ])(’T)Z( )
=1 =1
31ech KOMIIOHEHTBI BeKTOP-byHKImH hji(uq, ..., Uj_9;,T) SBIAIOTCS IOJMHOMAMH OTHO-
CUTE/IbHO KOMIOHEHT Uf,...,Uj—2; C HEIPEPLIBHBIMU, [-TIIePHOIUYECKUME C  HyJIEBbIM
cpeHUM  KoadduimeHTaM, a KOMIOHEeHTbl BekTop-byHkmuit N (2o, ... s Zn /2],'r,w) u
M (20, .-, 2[p/2], T,W) SBJIAIOTCS TOJMHOMAME He BBIMIE BTOPOfl CTENEHN OTHOCHTETHHO KOM-

IIOHEHT IIEPEMEHHBIX 20, . . ., Z[p/2] C HEIPEPBIBHBIMHU, [-TIepUOIUIECKUMU 10 T U PABHOMEPHO
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OIPAaHUYEHHBIMU OTHOCUTENBHO |2;| < 1 u w > 1 xoaddunumenramu. Ormerum uro N coep-
JKUT JIMIIb CJlaraeMble BTOpPOil crermenu. B ypaBHenuu (24) HAWBBICIIEH CTENEHBIO w SIBJIsI-
ercst w2, st YHUYTOYKEHUS JIMHEHHBIX CJIAraeMbIX C TAKUM KOI(MDMUITUEHTOM IIPOBEIEM B

9TOM ypaBHEHHU 3aMCHY IIE€PEMEHHbIX
n—1

z =z 4w 2y (wh)z + Z w™ D20, () = 21 4 w TR (Wt W), (25)
j=1

re Marpuna-byHKims x1(7) ABIsETC [-IEPUOMIECKUM € HYJIEBBIM CPEJIHUM DellleHueM
Ofn Ofn—j

yDPaBHEHHUsI Xgn) = a}ZCO (yo, ), a Ci(1) — ng) = gZOJ (40,0,...,0,7) + hjo(ur, ..., uj—2i,T).

820 2 (4, 7). B mrore npugem K ypaBHEHHIO

Takum obpasom, x1(7) =

(n) _ 0¥ 4 .
. t —_— - t
Ty 8 (yOaO 7Oaw ):Cl + 621 (yO’Oa 7Oaw )xl
9 ([n/2])
,0,...,0,wt)x
82’[”/2] (yO ) 1
[n/2] [(n+1)/2]*1 Oty ,
+ Z [ 2j-1)/ Z %(yo,o,...,o,wt):cgl)}
i=1 i
[(n-1)/2] o [n/2]=j 0 A
+ Z {oﬂ Z ('924] (40,0, ... ,O,wt)xgz)}
j=1 i=1 ¢
n— J 1)/2] (26)
—i—Zw(” N/ Z hji(ui,. .. uj—9;,wt)zy @)
j=1
+Zw(n_i)/QCu(wt)l‘g[i/Z]) + Z du(wt,w)x(l[iﬂ])
i=2 i=n+1
+w”/2N1(z, Zoa., A2 gy ,a:(l[n/Z]),wt,w)
+Mi(z,2,... A ,zg[n/Z]),wt,w)
+w_1/2P1(z, Z,. .. ,z([”/2]), T1,T1,... ,:c(l[n/Q]),wt,w) —s(t,w).

Bnecs marpuipl-byskmun c1;(7) u di;(7,w) HENPEPHIBHEI U [-IE€PHOIMYHBI 110 T, IIpHU-
geM (c1;) = 0, a dj; — OecKoHEYHO MaJjble IIPH W — OO PABHOMEDHO OTHOCHTEIHHO
7 € R. Kommonentsr Bektop-byukuuit N1(20, - - -, 22n/2]41: T, @), M1(20,- -, 22 /2141, T W)
u Pi(20,...,2n/2]+1, T,W) ABIAIOTCA TOJMHOMAMHI HE BBIIIE BTOPO CTENEHH OTHOCHTETHHO
KOMTIOHEHT TIEDEMEHHbIX Z[, /], - - - » Z2[n/2]+1 C HOPEPBIBHBIMH, [-TIEPHOITIECKIMHE TIO T I DaB-
HOMEPHO OIPAaHUYEHHBIMI OTHOCHTENILHO |z;| < 1,7 =0,...,[n/2] 1 w > 1 koadpdurmenramm.
Ormerum uto N COZEPXKUT JIUIIH cyaraeMble BTopoil crenenu. [lepenminem ypasaerue (26)
B BUJIE CHCTEMBbI

1 =y1,
(n-1) _ 9% M
1 = (40,0, ...,0,wt)zy + 071 (40,0, ...,0,wt)y;
0 n
ot =2 (40,0, .0, wtyy A

0z /9]



AcumMnroTHka MEPHOIHIECKOTO PEITCHUST 33

2j—1)/2 j— i—
+ J; [w ; “m (40,0, ...,0,wt)y; ]
[((n—1)/2] [n/2]—j B fy; (i-1)
. y i
+ jzl [w Zzl 8—21-(‘%’0’ . 0,wt)yy ]
n—3 ' [(1-1)/2] 1
+ Z w("*J)/Q + Z hji(uh ceey Uj—24, wt)ygz_ )
j=1 i=1
n ' ] 2n )
1 Zw(nﬂ)/zch,(wt)yg[zm—l) + Z dli(wt,w)yg[zﬂ]_l)
=2 i=n-+1

—|—w"/2N1(z,,é,...,z(["/Z]),xl,yl,...,ygnﬂ]_l),wt,w)
+Mi(z,2,... 22D g Yly- - ,yg[n/Z]_l),wt,w)
+w71/2P1(z, Z,... ,z(["/Z]),svl, Y, ... ,ygnﬂ]*l),wt,w) — 7s(t,w).

B sT0ii cucreme HamBBICIHIEH CTENEHBIO W B JMHEHHBIX CJIaraeMbIX sBJISIETCS w”/Q_l. ,HJIH
n30aBJICHUS OT COOTBETCTBYIOIIUX OOJIBIIINAX CJIArAEMBIX BHOBD IpoBeaeM 3aMEHy IMMEePEMEHHbIX

Tl = X1,

n—3
Yy = x2 + wa(”ﬂ)ﬂ(gj (wt) g + w2 (wt)ze = 39 + W Ko (W, W)Ta,
=0

rie Marpuia-byHKImsa (o;(T) ABIAETCA [-IEPUOMYECKIM C HyJIEBBIM CPEJHHUM pelleHneM

ypaBHEHUSI
1) Ofnj2
Cé? ) — gizi(yo,o, e ,0,7’) + hjl(ul, N ,’LLJ'JFQZ',T),
ano(r) — nén_l) = c12(7T), ho1 = 0. IloBTopsisi onucanHble Bhlile npeobpazoBanust k + 1 pas,

or cucrembl (23) mepeiijieM K cucreMe ypaBHEHUi

Tj=xj41+ w*"/Q/ﬁjH(wt,w):UjH, ji=1,...,k,
:C,(J_Ek) = g—i(yo, 0,...,0,wt)xy + ...+ 823)/2] (40,0,...,0,wt),
x&tf]_[(n_l)/%) + Ao(wt)Ep41 + nikdk+17i(wt,0(.))xl(jil (27)
i=1
+w”/2Nj+1(z, Z,... ,z([”/2]),:v1, T1,y. .. 71:12[242]—[(11—1)/2])’wt’w)
+Miti(2,2,. .. 22D g ,x,(ﬁ[if]f[(nfl)/m,wt,w)
—i—w*l/QPjH(z, S0, 202 g ,x,g[ﬂﬂ*[(nfl)/m,wt,w) —s(t,w).

Brech MaTpUIb-DYHKIME K (T,w), Ao(T) HEIPEPHIBHBI U [-IIEPHOANIHBL C HYJIEBBIM CPEHIM
00 T, Kj, TaK¥Ke PAaBHOMEPHO OTPaHMYEHHBI OTHOCHTEIbHO w > 1, a A9 IPU HEYETHBIX N
myjesas. DIeMeHTH diy1 i, Nigt1, Myy1 1 Pipqq ananmormansl ssgementaM di;, Ni, My n Py
cooTBeTcTBeHHO. Bekrop-dyHKnust z canraercs ussectHoit. Cucremy (27) nepenuiiem B BH-
Jie CUCTE€MbI OOBIKHOBEHHBIX MU DEPEHITNAIbHBIX YPABHEHUN TIEPBOIO MOPSIKA, PA3PEIIUB ee
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OTHOCUTEJILHO CTapllleil IIPOU3BOHONI
= Gu+ f(u,t,w), (28)

e v = (x1,...,7,)7, G = [E — dk+17n,i(wt,w)]*1%(w0) (cM.  BbIIIE), a BbIpaykenue f
nocse aroro ouesnano. Ilyern Ty > 0 Taxoe wmcno, urto eM10 £ 1, e \; — cobeTBeHmbIe
qncia G. MbI BOCHOJIB30BAMCE TeM, 9TO A; # 0 mpu jrocTtarodHo 60sbmux w. Ilomoxum
t, = [Tol'w]lw™!. Cormacuo [2, c. 34], Beaxoe t,-mepuopmaeckoe permenne ypasHenus (28)
V/IOBJIETBODSIET yPABHEHUIO

u(t) =[E — et“G]_l /e(t“’+t_T)Gf(u(T),T,w) dr

t ’ (20)

—i—/et T)Gf (u(t), 7,w) dr = [R(u,w)](t).
0

Hnst € (0,1) onpenenum semuauny 7, = 2||[R(0,w)||cw(o,1,)- Moxmno nokazatsh, uTo mpn
J0CTaToHO GosbmEX w onepatop R(u,w) B mape Vi, : |lullcu(om) < 7w ABIAETCS CoKATHEM.
D101 DaKT SABJSETCS CJIEICTBHEM COOTHOIICHMH

[ R(uz,w) — R(u1,w)|lcrom) < —HU2 —uillenom), iUz € Vi, w1,

IR(0,w) | emo,1) = Ow™ D7), w — o0,

Ha JIOKa3aTe/JIbCTBE KOTOPbLIX MBI HE OCTaHaBJIMBAEMCs. I/I3 IIPUHITAITIA CZKaTbhIX OT06pa)KeHI/II7I
cieayer cymecTBOBaHUE €IWMHCTBEHHOI'O B ITape VUJ tw—HepI/IOﬂI/IquKOFO pemennsa, a SHaA4YUT,
KaK JIErKO y6euThest, 1 lw ™ -Iepuoimaeckoro pentenns u,,(t). [Iputdem 3To pernenue moTan-
HEHO OIICHKE

o]l ry < esrw™ I, (30)

Benomunm, 910 2 = %, — Y 5. W3 (25) u ycraHoBieHHOIT B TeopeMe 1 JIOKAIBHOI €[MHCTBEH-
HOCTH DeIleHusi T, ypaBHeHusl (1) BbITEKAaeT COOTHOIIEHUE

—n/2

Ty — Yws = Ul + W K1 (wt, w) Uy .

U3 mocsiesiHero cooTHOIEHNUs, epBbiX k ypaBaenuii cucrembl (27) u onenku (30) ciemyer

%0 — Yo SHC’“(R Cs2W ~(e+0/2,
Y4auTbIBas, 9TO
s+n s+2n
Y1) = Tung(8) = T2 3 10 20 (/2 37 (o n=i 2y, ().
i=s+1 i=s+n

JleJlaeM BBIBOJL, YTO IIOC/Ie/IHdAsl OIleHKa CIIpaBe/IuBa U IIPU 3aMeHe Y, s Ha Ty 5. D>

ABTOD BBIparkaeT 6J1arolapHOCTh CBOEMY HayIHOMY pyKopouTe o Bajeputo Bopucosuay
JleBeHiramy 3a IMOCTAHOBKY 3aJia91 U BHUMaHUE K pabore.
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