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PABPABOTKA PETYJIAPU30BAHHOI'O PEIIEHUSA
OJJTHOMEPHO OBPATHOM 3A/IAYM ITPOI[ECCA PACIPOCTPAHEHU A
HEPBHOI'O UMITVYJIBCA 11O HEPBHOMY BOJIOKHY

A.JTne. Camwioaes, I.C. Kypmananuesa

AHHomauyus. 3y4eH npolecc pacnpocTpaHeHUs HEPBHOrO MMMyrbca No HEPBHOMY BOJSIOKHY B OOHOMEPHOM criyvae,
KOTOpbI onucbiBaeTcst napabornmMyeckum ypaBHEHWEM, U C UCMONb3oBaHWeM npeobpasoBaHusi Jlannaca npusegeHo
K runepbonuyeckomy ypaBHeHuto. PaccmatpuBaetcs o6obuieHHas obpaTHaa 3agada ¢ genbra-gyHkumen [dupaka
n Teta-dyHkumen Xesucanga, T. €. BOCCTAHOBIEHMIO HEU3BECTHbIX KOIPPULMEHTOB ypaBHeHus. C npumeHeHvnem
MeToAa XapaKTepuUCTMKM U MeToda BblAeneHns ocobeHHocTeln obpaTHas runepbonunyeckas 3agada NpPUBOAMUTCA
K obpaTHOW 3agade ¢ AaHHbIMU Ha XapakTepucTukax. A K nocriegHen 3agade NpUMEHEH KOHEYHO-Pa3HOCTHBIN MeToz
1 NpoBeAeHa perynspusauns pelueHns obpatHoun 3agaun. [onyvyeHo perynsipyM3oBaHHOE peLleHVWe HeU3BEeCTHOro
KO3(hPULMEHTA, U OHO SBMSETCS Perynsipu3oBaHHbIM peLleHnem obpatHor 3agayqun napabonuyeckoro Tuna. MNonyyeHa
OLleHKa CX0AMMOCTM 1 Moka3aHa CXOAMMOCTb Perynspu3oBaHHOIO peLleHnst 00paTHOW 3a4aym K TOHHOMY PeLLEHMIO.

Knroyesble criosa: ofHoMepHas obpaTHas 3ajaqa; HepBHbI UMMYIbC; HEPBHOE BOSIOKHO; NMPOLIECC PacnpoCTPaHEHWsT;
KOHEYHO-Pa3HOCTHOE perynsipu3oBaHHOE peLueHune; npeobpasosaHue Jlannaca; Metoq 0cO6EeHHOCTM XapakTepucTuk;
CXOOMMOCTb PELLEHUS.

HEPB UMIIYJIbCYHYH HEPB TAJITYACHI BOIOHYA TAPAJIYY
NPOUECCHUHUH BUP 6JTYOMAYY TECKEPU MACEJIECUHUH
KOHI'O CAJIBIHTAH YBITAPBIJIBIIIBIH UIITEIT YbIT'YY

A.Joc. Camoroaes, I.C. Kypuwananueea

AnHomayus. Makanaga HepB VMMMyNbCyHyH HepB Tanyacbl GotoH4a Tapanyy npoueccu 6up envemayy xarganga
nsunaeHvn, an napabonanbik TeHOeMe MeHeH CcypeTTeneT xaHa Jlannac TpaHchopMauusAChiH KOMAOHYY MeEHeH
rmnepbonansik TeHaemere kenTuvpuneT. Oupak penbta (yHKUMSCHI xaHa XeBucang TeTa (PyHKUMACHl MeHeH
XannbinaHraH Teckepyu macene kapanar, 6. a. TeHaemeHuH Genrncus KoaddPUUMEHTTEPUH KanbibbiHa KenTupyy.
MyHe3aemMe bikMacblH XaHa e3reyenykTepay TaHAOO bIKMAcblH KOMAOHYY MeEHeH, Teckepu runepbonansik Macene
MyHe3demenepaery maanbiMaTTap MeHeH Teckepu macenere KentupuneT. An 3MU akblpkbl Macenere 4YekTyy
avibipMaybIfbIK bIKMachl KOMAOHYMYM, TECKEPU MACENEHWH YblrapbinblLLbl XeHre canbiHabl. benrncua koapuLumneHTTUH
XOHre canblHraH YeuynMun anblHAbl XaHa an napabonukanbik TUNTErn TeCKepn MacerneHWH XOeHre carnblHraH Yeurmm
6onyn caHanat. XakblHAawTbipyyra 6aa Gepunau xaHa Tak Yblrapbifblllka TECKEPU MACENEHWH XOeHre carblHraH
YbIrapbifbILLbIHbIH XaKbIHABITbl KOPCOTYNAY.

TyliyHOyy ce3dep: BUp enyemayy Teckepy Tanwbipma; HepB UMMYIbCY; HEPB Tan4yack!; Xavibllyy NPOLEeccU; akblpKbl-ap
TYPAYY X6Hre canbiHraH Yeunm; Jlannac TpaHcopMaLmsiChl; MyHO34eMenepayH e3re4enyry bIKMachl; YblrapbiibIUThIH
KaKbIHAbITbI.
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DEVELOPMENT OF A REGULARIZED SOLUTION
TO A ONE-DIMENSIONAL INVERSE PROBLEM
THE PROCESS OF PROPAGATION OF A NERVE IMPULSE ALONG A NERVE FIBER

A.Dzh. Satybaev, G.S. Kurmanalieva

Abstract. This article studies the process of propagation of a nerve impulse along a nerve fiber in a one-dimensional
case. The process is described by a parabolic equation and using the Laplace transform is reduced to a hyperbolic
equation. We consider a generalized inverse problem with the Dirac delta function and the Heaviside theta function, i.e.
recovery of unknown coefficients of the equation. Using the characteristic method and the singularity extraction method,
the inverse hyperbolic problem is reduced to the inverse problem with data on characteristics. A finite difference method
is applied to the last problem and the solution of the inverse problem is regularized. A regularized solution of the
unknown coefficient is obtained and it is a regularized solution of the inverse problem of parabolic type. A convergence
estimate is obtained and the convergence of the regularized solution of the inverse problem to the exact solution is
shown.

Keywords: one-dimensional inverse problem; nerve impulse; nerve fiber; propagation process; finite-difference
regularized solution; Laplace transform; method of characteristic features; convergence of the solution.

BBenenue. B padore U.T. CenesoBa u JI.B. Mopo3sosa [1] mpeacrasineHo 06001ieHe 3a1a4ud 0 pac-
MIPOCTPAHEHHH HEPBHOTO BO30YXICHHS B paMKax MoOAETH XOMKKIHHA—Xakcau. [lomydeHo TouHoe aHATUTH-
YeCcKoe pelIeHre 3a7a4 Ha OCHOBE MHTErpabHOro rpeodpa3zoBanus Jlamnaca u Teopemsl Ddpoca B ciryuae,
KOTJIa BXOTHOM (HaYallbHBIN) HMITYJIbC BO30YKICHUS OTKIIOHSETCS OT CTYIEHYAaTON (QyHKIIUN XeBucaiia.

[IpoBenen cpaBHUTENBHBIIN aHAU3 PACUETOB C PE3YIbTaTaMHU, TIOyYCHHBIMHU PaHee VIS CIIydas BO30yxK-
Jaroniedd GpyHknuu XeBpucana.

[ToapoOHO npoaHaIM3UPOBAHO BIMSAHUE OTKIOHEHHS IPU NPUOIIKEHHH K PELISHUIO, COOTBETCTBYIOLIE-
My yHKIME XeBucaiina.

B crarse B.C. HoBocenoBa [2] npennokeHo (pU3NUECKOE 10Ka3aTeIbCTBO NPUMEHUMOCTH YpaBHEHUS
Kopresera-ne ®@puca 1uis OMECcaHus paclipoCTpaHEHUsI HEPBHOTO MMITYIIbCa B HEMHUEITHHU3NPOBAHHOM HEPB-
HOM BoJIokHE. [locTpoeHo MoiennpoBaHe HEPBHOTO UMITYJIbCA C TIOMOLIBIO TPEX KyCOUYHO-THHEHHBIX MOJIe-
JIel: yIpOIIEHHON MO/IeNH, UMUTAMOHHOM Moaenu durtn Xpro-Harymo u mogenn XomKkiuHa—XaKciu.

B pa6ore B.C. HoBocenoBa [3] pa3paboTana Maremarnieckas MOAEIb BO30YKICHHUS KIETOK MHOKap/a
C YUETOM CTPYKTYpPBI OETYIIEro UMITY/IbCca ¥ KHHETHUSCKUX YPaBHEHNI MBIIICTHOTO COKpareHus. [Ipemmara-
eMasi MOJIeJIb KaueCTBEHHO MPAaBUJIbHO OTBEYAET OCHOBHBIM HI0AHCAM (DU3MOJIOTHYECKOM 3aja4H 110 yrpaBiie-
HHIO aBTOBOIIHOBBIM MPOIIECCOM CEPICTHOTO BO3OYKIACHUS.

B pa6ore FO.H. 3aiiko [4] paccMOTpeHO pacpoCTpaHEeHHE CUTHAIOB B HEPBHOM BOJIOKHE C yYETOM OMH-
YEeCKHUX MOTEePh M TEIUIOBBIX MPOIeCCOB. B manHOIl paboTe nccienoBaHsl perIeHus MOTydYeHHBIX YPaBHEHUN
TUIa OeryIeil BOJIHBI, TOTYyYeH HHTErPall ¥ TOYHOE PEIICHUE TAaHHOW CHCTEMBI YPAaBHEHUH, a TAKXKE YUCIICH-
HO MICCIIETIOBAHbI 9TH PEIICHHSL.

Pacnipenenenne MeMOpaHHOTO MOTEHIIMAA [0 HEPBHOMY BOJIOKHY ONHUCHIBAETCS TelerpaHbIM ypaBHE-
HHEeM. BrIiBoanM 3TO ypaBHEHHE.

[lycTb HepBHOE BOJIOKHO UMEET JUIMHY [ ¥ paauyc ». Tak Kak BOJIOKHO UMEET LMIMHIAPUIECKUH BU]I, TO
TpaJnieHT NOTeHIaa OyieT:

o9 194 %]

adg¢ = ; ,
gad¢ (ap p Oop 0z

rjie ¢ — NoTeHIUan MeMOPaHbl; Z — [MIMHAPUYECKas KOOPAMHATA; £ — PAacCTOAHUE; ¢ — yroil. Mcmomb3ys

3aKOH KI/IpXFO(l)a U DUJITUHAPHUICCKOC HpI/IGHI/I)KeHI/IC, MoJy4nuM:
=S,jus Solry +S j=0,S,, =2zrl , S, =271,

e J, Ji,» Jo, — TOKH, IEPEXOAAIIME YEPE3 YUACTKU B HAYAJIE M B KOHIIE BOJIOKHA.
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Hcnonw3ys psan Teitnopa, momyunm 1-npubnmxenue:

0 2
/ﬁ__% /a¢

0z 0z%°

HO)]CTaB_]'IHH B l'IpI/I6JII/I)KeHI/Ie, MOJIy4nM:

2| _99 %+62¢I

0z \oz o7

j2z = j1z +

ar = 2zrlj .

[TonHblit TOK Yepe3 MeMOpaHy paBeH:

S op ¢
=j,+Jj =C,—+—.
J=demdr=5my I
Tb_c 9 g (5ot + G (b b )P -
Tora =% =Cp 0+ G, (6= )" + Gua (¢~ dha) P + , (¢~ 4,) — Tenerpagrioe ypasner.

3I[eCI> Cm — €MKOCTb MeM6paHI>I; I - WOHHBIN TOK, KOTOpI;Iﬁ COCTOUT M3 HATpPUEBOI'0, KAJIUECBOT'O U TO-

Ka yTCYKH.

BricTpoe oOparnmoe m3MeHeHHue MEeMOpPaHHOTO TOTEHIMAaja B IPOIecce BO3OYXJICHHUS HEPBHOTO BO-
JIOKHA Ha3bIBAE€TCs MOTEHITMAIOM JieiicTBus. [lepemenienne noreHmana qeiCTBUN OCHOBAHO Ha MOTIEPEYHOMN
muddy3un HaTPUEBOTO U KAaJIMEBOTO MOHOB, MPOXOIAIIEH depe3 MeMOpaHbl HEPBHOTO BOJIOKHA. [Ipu sTOM
CO3/1aI0TCs JIOKATbHBIE TOKH, SBIISIONINECS IBUKYIIEH CHIION paclipoCTpaHEHNs TOTEHIIMaa IEHCTBUH.

AKTyaJIbHOCTh. B Hacrosiiee BpemMsi MHOTHE JIFOAHM OOJICIOT HEBPOJIOTHMUESCKUMH 3a00JICBAHUSIMU U BO
MHOTHUX CJIy4asXx OHH BBIHY)KJCHBI JISUUTHCS C TIOMOIIBIO MEAMIIMHCKUX amliaparoB. BONBIIMHCTBO U3 3THX
YCTPOUCTB OKa3bIBAIOT IMOJIOKUTEIHHOE JCHCTBHE HA HEPBHBIC BOJIOKHA JIIO/IEH C MTOMOIIBIO ONPEICICHHBIX
AMITYJIBCOB C 3aJIaHHBIMUA MEJUIUHCKUMH XapaKTEPUCTHKAMH M CITIOCOOCTBYIOT BOCCTAHOBJICHHUIO HEPBHOM
cuctemsbl monei. [ToaTomy u3ydeHue mporiecca pacnpoCTPaHEHUsT HEPBHBIX UMITYJILCOB (TIOTEHITHANIA JICH-
CTBHI) ©MeeT OOJIBIIIOE 3HAYCHUE B METUITUHCKOM MTPAKTUKE.

JI71st 5TOr0 HEOOXOAMMO OTIPECIIUTh MAapaMeTPhl YPaBHEHUSI, OMMUCHIBAIOIIETO MPOIIECC PACIPOCTPaHe-
HHS TIOTEHIIMANA IeHCTBHIT T0 HEPBHOMY BOJIOKHY, Takue Kak: C,, (X ) — €MKOCTbh Ha SIMHUILY TUTOIIAIH MEM-

Opaubl; I, (X ) — paauyc HEPBHOTO BOJIOKHA; L, (X ) up, (X ) — yIenbHbIe COMPOTUBICHUS; [ — TONIIMHA

MEMOpaHBI.
Taxue 3aaun Ha3bIBalOT 0OpaTHBIMU 3a7a4aMu. [IpeacraBieHHas padoTa MoCBsIeHa pa3padoTKe pery-
JISPU30BAHHOTO PEIICHUS] OJTHOMEPHON 00paTHO MOCTaBICHHOM 3a/1a4u.
Ilocmanoexa 3adauu. Ilporiecc pacnpoCTpaHEHNUsI HEPBHOIO HMITYJIbCA 110 HEPBHOMY BOJIOKHY B OJTHO-
MEPHOM CJIydae ONMUChIBACTCS Telerpa(HbIM ypaBHEHUEM MapadoIMIecKoro Buaa [5, 6]:
ou(x,t) r,(x) u(xt) u(xt)
C, (x) = > — , XeR ,teR,_, (1)
ot 2p,(x) ox P (X)-1

rae U (X ) l‘) — BHYTPHUKJIETOYHBIN TIOTEHIUAN IEHCTBUM; O, (X ) » Pa (X ) — YAEIbHOE CONPOTUBIICHHUE I1J1a3-

MbI 1 HEPBHOTO BOJIOKHA; I, (X ) — paauyc HepBHOTO BojtokHa; C,, (X ) — €MKOCTh Ha €IMHULY IUIOLIaan

memOpanbr; | — Tonmuna MemOpansl; @, M — WHIEKCHl aKCOHbI (HEPBHOTO BOJIOKHA) U MEMODAHBDL.
Obpamunasa  napabonuyeckas  3a0aua  3aKal04aemcs B ONPEAEIEHMH  I[apaMeTpOB
r, (X) / £, (X ) / P (X) / C, (X ) TIPH 33aHHBIX Ha9aJIbHBIX ¥ TPAHMYHBIX yCIOBHUAX BHUJA:
0,

u(x, t)|t<0 u, (X, t)|x:0 hyOy (t) + 1,0, (t) + p,6, (), teR,, ()
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tie hy, r,, p, — nonoxurensHo-moctosHEbie; O (t) — rtera-dynkims Xesucaiina, 6 (t)=t6(t),
2
6, (t) = t2 o (t ), a TaKoKe TPH 3aIaHHOW JIOTIOJHHUTEIBHON HH(OpMAIIMK B BUJIC:
u(xt)|  =g(t), tefo27], 3)

e T — NoNOKUTENBHO-IOCTOSHHOE YHCIIO.
Ucnons3yem npeobpaszosanue Jlamaca [7] k pemenuto 3aaauu (1)—(3), T. e.

©

Z')dT = IV (X, Z')Gn (t, r)dr, (4)

0

I
O3
<
—_

72

e G (t , 1) = \/7 et _ ¢byukuus ['puna.
T

Torna nns pynkuun V (X t ) u3 (1)—(3) momy4nm cireayromyro 3aiaqy:
oV (x, t) r,(x) oV (x,t) v (x,t)

Y R I R ©
V (x,1)],.0= 0, W — hos (t) + 1,0 (t) + pb, (t), teR, 6)
V(xt)]x0= T (1), te[XOOZT] (7
Inech Tg

OoHDMepHaﬂ 06pamﬂa}l Zunepﬁoﬂullecl(llﬂ 3a0alm 3aKJIH04YacTCAa B OHpeZ[eHeHI/H/I HCEU3BCCTHBIX HapaMe-
poB: C,, (X)/ry (X)/ o (X)) P (X) 1w V (X, t) w3 3amaun (5)~(7).

Hpez[nonomnM, YTO OTHOCHUTCIIbHO HCU3BCCTHBIX KOB(b(i)I/IL[I/ICHTOB BBIITOJIHEHO YCJIOBHUCE!

Co(X),7, (1) £, (x). £, (X) € . ®)
e Ay = (G, () €C°(R), (G, (X)), 1o

0<M,<C,(x)<M,, "C "C2 (R)< } M., M,, M, — nonosxurensHble HOCTOSHHBIE.
r

Beenem 0603nauenus: C2 (x)=

L d (x)= L , Torma ypasHeHue (5)
m(X)pa( ) pm(x)'Cm(X)'/
IIPUMET BHI:
V, (x,t)=C?(x)V, (x,1) -V (x,t)-d (x), (xt)eR. ©)

Memoo svinpamienus xapakmepucmuxu. BBesieM HOBYIO TIEpeMEHHY0 (MeToI DUKOHANA):

O C— %

\

o

3

N
—_
x
~—

Il

0, (10)

1 BB€IEM HOBBIC ITICPEMCHHBIC!:

C(z(x)):C_(x), d(z(x)):g(x), U(z(x),t):V(x,t).
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Beps nepByo u BTOpyIo npou3BoHble GyHkuun V (X ) t) OTHOCHUTENBHO HOBOU (yHkuun U (Z (X ) t ),

¥ [IOJICTaBIIsisl 3TH TIPOM3BO/IHBIE B ypaBHEHHUE (9), MOIYYHM HOBYIO OOPaTHYIO 3a/ady OTHOCHUTEIHHO HOBOI
dynxuun [8]:

U (1) =U. (2,t)- i((z))u (21)-d(2)U (2.t), z<R,, teR, an
V4

U(z1)]0=0, U.(z1) _ =C(0)[hd(t) +ro(t)+ b (t)], teR, (12)

U(zt)|,,=f(t), te[0,2T]. (13)

3nech o6parnas 3aaua sakmouaercs B onpenenenun dynkuun C (2)/d (z) u U (z,t).

Tax Kak JIOTONHHTebHAs HH(BOPMAIIHS 3371241 3a/1aHa Ha pomexyTke [0, 2T] U OrPaHUYEHHOCTH 3a-
JaBaeMbIX KOO (HUIMEHTOB 33124l MOKHO paCCMaTpUBaTh B 00J1aCTH:
A(2T)={(zt):ze[0,T], T-z<t<T +2z.

Memoo evidenenusn ocovennocmeii. Pemenue npsimoit 3aaaun (11)—(12) npeacraBum U3 CUHTYISPHOM
U peryisipHoii yactu 1o metonuke B.I. Pomanosa [9] :

U(zt)=U(zt)+S(2)0(t-|z))+R(2)6,(t-|). (14)
Beps nepsble U BTOphIE NPoU3BOAHbIE IO X, oT dopmynsr (14), u noacrasnsas ux B ypasuenue (11),
a TaKk)Ke COKpAIlas OMHAKOBBIE WIECHBI U COOUpast UX MPH OJUHAKOBBIX O (t ) 0 (l‘ ) 0, (t ), U NIpUPaBHUBAS

HX CYMMBI K HYJIIO, ITOJIy4YUM [8] :

U, (z.t) =Uzz(z,t)—2§((zz))uz (zt)-d(2)U (21), (zt)ea(2l), (15)
U(zt)|,_,=S(z),ze[0,T], (16)
U (zt)],,=f(t), te[02T]. (17)

OO6parnas 3agaya (15)—(17) Ha3piBaercs O6paTHOI/I 3aa4ell ¢ JaHHBIMH Ha XapaKTepHCTI/IKaX B KOTOPOH
JNOKHBI onpenensThes dynkmun S (Z / d(z) u U (zt).Onpenemus S(z / d(z) u U (zt) u3 3anaun

(15)—(17), MBI MO’XXEM ONPEAETUTH U APYTHE HEUZBECTHBIE (PYHKIIUH.
3necy S (Z) uC (Z) CBSA3aHBI COOTHOILICHUEM:

S(z)=,C(2) I/IJ'II/IC(Z)ZSz(Z), T. €. ra—(z)zsz(Z).

2C,, (2) p, (2)

W3 3Toii GOpMYITEI MOKHO ONIPEIEIUTh OJHY U3 HEU3BECTHBIX (BYHKIIN:

r,(z)=S8%(z)-2C, (2) p, (2), (18)
p.(2) = % (19)

A nns onpenenenus Gynkunu C (Z ), Prm (Z ) HYKHO ONpenenuts Gpyukimio d (Z )
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JI71s1 5TOTO UCTIONB3YEM MPOU3BOIAHBIE IO Z M 110 | Ha XapaKTepuCTHKax, T. €.

ou . ou (zt ]
2t = S, (2)+R(z), 6(2 )t_z = -SignR(z).
U3 popmymnsl (16) nmeem:
oU (zt
20} -5, 20)
Torma u3 npensiaynmx dhopmyn u u3 (20) ciaeayer, 4To
S (z2)=R(z). S'(2) =R (2). 1)

I/ISBCCTHO, YTO IMpUpaBHUBAA K HYJIIO CYMMBI YWICHOB IPU OAWMHAKOBBIX 0COOCHHOCTSIX:

5(t —|z|) 28 (z)—wS(z) =0,

C(z)
e C@ e €
o(t-|2): SE(Z)_ZRIZ (z)- ) S (z)+ ) R(z)-d(z)S(z)=0
0t-12) . () F R (-0 ()R(2) -0

[oncrasnss (21) Bo BTopoe ypaBHEHHE, UIMEEM:
C (2)

C(2)

S, (2)-25,(9)- G ()5 (0)+

d(2)= -5, (2)/S (2).

o o603naucHU0 d (Z) =

S,(z)-d(z)S(z)=0,

1
P (2)Co(2) 1
Torna U3 nocneaHuX AByX YpaBHEHUH MOJIydHM:

1 o S (2)
Prm (Z)Cm(z)'l ) S(Z) .
OTciona MOXKeM HaiiTH HEM3BECTHYIO O, (Z) :
pn(2)=-8(2)/[C,(2):1-S"(2)]. (22)
U3 popmymn (18) u (22) caenyert:
2C,(2), (2)S°(2) -1, (2) = 0.

C,(2)p,(2)-1-S (2)+S(z)=0.

IlepBoe ypaBHEHHE yMHOXKAEM HA O, (Z) 1S (Z) , @ BTOPOC — Ha L, (Z) s? (Z) , TOrJa TOJTyYHM:
2C, (2)p,(2)S?*(2)- p,(2)-1-S (2)-1,(2) pn(2)] - S (2) =0.

C.(2)p.(2)S?*(2) p,(2)-1-S (2)+ p,(2)-S*(2) =0.
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OTHHMasI U3 TIEPBOTO YPaBHEHUSI BTOPOC YPABHEHHUE, IOy UM
C,.(2)p,(2)S*(2) p,(2)1-S (2)-1,(2) p,(2)-1-S (2) - p,(2)S°(2) =0.

Pasnenus nocnemuee ypasuenne Ha p, (2)S?(2) p,,(2)IS (z), naxomum memssectuyio dyHKimio

C,(2):
r.(2) S(2)
C,(z)= : + —. 23
B @5 @ 0 (25 @) )
Koneuno-paznocmnoe pewenue oopamnoit 3aoauu (15)—(17). Jlns pemenust oOpaTHOHN 3a/1a4u KOHEY-
HO-Pa3HOCTHBIM METOJIOM, BBEJIEM CETOUHYIO 001aCTh, CIemys [1 0] :

A (T)={z =ih, t, =kh, i =0,N, k=0, 2N , ih <tk <2T —ih}, (24)
rae h — [Iar CEeTKU 1o Z, t . Pa3zHocrHas 06paTHa${ 3aJa4a UMECT BU/T:

S-S, |UfF-U/
U,=U_- hs 1{ p 1}—d,U,k, (z,t,) e, (T), (25)
U/ =S,i=0N, (26)
Ul =rf* k=0,2N . 27)

Teopema 1. [Tycts pemenue quddepennuansroii 3amaun (15)—(16) cymectsyern U (Z, t) eC’ (A (T ))

. Ilycts Beimonuens! ycnosus (8), (10). Torna koHEYHO-pa3HOCTHOE PELIEHHE Pa3HOCTHOM O0OpaTHOM 3aaaun
(25)~(27) cxomgutes k TouHOMY pemeHuro auddepeHnnanbHoi oopaTHoi 3amaun (15)—(17) co ckOpoCThIO
nopsaka O ( h), 1 UMEETCs OLIEHKA CXOIMMOCTH:

U*"' <0 (h)exp [2% + h’d } : (28)
me U, S| S, d — pepxuue u Hwknue HopMbl GyHKumii ceTounsix Gynxuuii: U, S, | .
JIOKa3aTebCTBO O CXOAMMOCTH TeopeMbl | MosxkHo Haiitu B [11].

Koneuno-paznocmnoe pezynapusosannoe pewenue oopamuoit 3aoauu (15)—(17). llycte nonomaHu-
TenpHas HH(popManus 0OpaTHO 3a1a4M 3a1aHa ¢ TIOTPEUIHOCTRIO &, T. €. 33/1aHO:

|f (t) - f (l‘)| < &, & —MaJloe YHCIIO. (29)
Torna periieHre 0OpaTHOM 331841 (§, U ,-k) HUMEET peryisipu30BaHHbIi Bi Gopmysisl Janambepa (cM.

[11]):

- k+i+l,¢ k—i—1,& i p 2 SS _S"C
uly = f tf +h Z—( “ "’1)
2 ot hS,
(Ul gl | =N S k=i2N —i, (30)
- 2i+1,¢ 0,¢ i p ~
S¢, = %_‘_ hZZd;i ,|:U/:n+2P+1,c _U;f1+2p+1,s:|’ i=1,N =1, k=i2N —i. (31)

p=1 u=1
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Taxyto xe (popMyiy MOXHO omyunts 1 uist U/, S, s pemenns pasHoctHoii oGparHoii 3axaun (15)—

(17). OtHuMast o1 pemienus Apyr ot apyra, umeem (em. [11]):

ke+i k+i+1, k—i— k—i-1,
0k+1 :Uk+1 _(jk+1’g _ f +i+1 _fc+t+1£ +f i l_f i-l,e

i i i > +
+hpi_ 1 ZZ: 2(Sﬂh ;ﬂsw) [t _yrwa]_ "1 i 2(s; thS‘ )[U:,-HZP,EL];;WZP,E] _
_ e fk””mzr fr e ’1#2":2( .~ S, )[u" S k]
—hp;;;2(8285i1)[uk"”” _yte] hi1§;2( hsfi1)[uk,,ﬁm _yren
_hpl1gz(3fh S;~S;_1)[‘Jf""’”2” g Fhei _ pheiste ; fhoict _ pheicte

S,-S..) 2(S;-S:.)
b S S,

] [Uk j—u+2P U:fj_”+2P]+

2i+2 2i+2,6 0,6
S’. 1 :SN. 1 _S, = f f +f f + +hZidr [U —u+2P+1 U;ﬁ]+2P+1:| _

I
i+ i
2 P=1

_h i Zl’:dg [U 2P +,s —U;”+2P+1’€] =
=

H u

P=1 u=
f2i+2 _ f2i:2,£ + fO _ fo,s i P eops 2Py
_ ; +hpz1ﬂ2:;dﬂ [Uu# 2P1_Uﬂi12P1j|_
_hlz id; [U;;HZPH _U;f1+21>+1:| +h i id; I:U;!¢+2P+1 _U;iz1+2P+1:| _
P=1 u=1 P=1 p=1
_hlz i d; [U;/HZPH,‘? _ U;it1+2P+1,s:| _
P=1 u=1
2i+2 2i+2,¢ 0 0,¢ i
_ 9= —f . +f - f N hzi[dﬂ _d;J *I:U;/HZPH _U/:f1+2p+1:| "

P=1 u=1

i P
£ —u+2P+1 —2u+2P+1,e —p+2P+1y | —u+2P+1,¢
Y. Y d: U, u (U570, ]

o
P=1 u=1

Ji=1N -1,

Ecnu BBecTH 0003HAUEHUS:

Z =m |UK| S =max|S)|, S, =min

"k 12N i i=0,N i=0,N

1 (33) moy4nM OLICHKH:

P
" 1= K—i—p+2P T k—i—u+2P,& K—i—u+2P T k—i—u+2P,& P
> :l [Uﬂ -U ++(U”71 -U )J,/—1,N—1.

(33)
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, L, LS,

Z.,<e+ 8Nng—Pz; + 8NgZS—Pz; : (34)
P=1 Ep P=1 2p

A LS, LS e

S.<e+ SNgZS—ZP + SNSZS—ZP : (35)
P=1 Zp P=1 Zp

Eciu BBecTH 0003HaueHust Z; = max {2[, Ai} , To 3 (34) u (35) cnenyer, 4To

Z/, <e+16NeS-> Z: i=0N -1,

i+ =
P=1

Ecnu yuTeM OIleHKHM KOHEYHO-Pa3HOCTHOTO pelleHus, a Takxke ¢popMynsl ['ponyomia—bennmana, To u3
MOCJIeAHEN OLIEHKN UMEEM OKOHYATEIbHYIO OLEHKY:

Z:0" <(e+0(h))exp (16N 2S). (36)

i+1
Teopema 2. ITycts pemenne npsmoit 3anaun (15)(16) cymecrsyer u U (Z,t) e C* (A (T )) [TycTh

BhbINIONHEHBI ycioBus (8), (10), a taxke ycnosust (29). Toraa nocTpoeHHOE KOHEYHO-Pa3HOCTHOE Peryaspu3o-
BaHHOE pelreHue o0paTHoH 3amadu (25)—~(27), yureHHoe yciaoBue (29) CXOIUTCs K TOUHOMY PEIICHHUIO TUQ-
(epennmanbHOil 06partHoii 3anaun (15)—(17) co ckopocthio nopsaka O (h) , 1 IMEET MECTO PEryJsipu30BaH-

Has orieHka (36).
Wtak, onpenensisi KOHEUHO-PA3HOCTHOE PETYIAPU30BaHHOE pelieHue obOparHoit 3amaum (15)—(17)

S/,i =0, N , MbI MOKEM ONpENENUTH KOHEUHO-PA3HOCTHOE PETYISPU30BAHHOE PENIEHUE 0OPATHOMN 3a1a491
(11)—(13), 1. e.

¢ _(qe ) . S

C, :(S, ) yum df =——=—,i =0,
D10 o3HavaeT, yro no Gopmynam (18), (19), (22), (23) MBI MOXKEM ONpPEACTUTh KOHEYHO-PA3HOCTHOE

perynsipuzoBanHoe pentenue (11)—(13), T. e. oMH U3 HEM3BECTHBIX KO3(DOUIIMEHTOB TIPH U3BECTHBIX OCTAIIb-

HBIX KO3 PHULIUEHTAX:

(ra)fs - (S"S)Z 'Z(Cm)i '(pa)i 0=
(b =),/ (s) 2(¢,) |1 =OW. .

(Pm); ==S [(Cm)/ 0 (SIE)Z’;}I =0.N. (39)

(C); =(r ),-/[(pa),- '(Sf)z} T Sf/[(pm)i y .(s,f)"z,;},i -ON . (40)

Ucnonb3ys Gpopmyssl (10) u nepexons k crapomy nepemeHHomy u3 (37)—(40), Mbl MOXKeM HATH OAMH U3
HEU3BECTHBIX PETYJISIPU30BAHHBIX KA duirenToB odparnoii 3anaqn (5)—(7).

Tak kak oOpartHas runepOoanueckas 3aaada (5)—(7) sKBUBaJIeHTHa 00paTHOH 3a/iaue MapadoIMYeCcKOro
tuna (1)—(3), To HaliieHHOEe peryisipuzoBanHoe perieHue (5)—(7) SBIseTCs U peryispu30BaHHBIM PEIICHUEM
oOparHoit mapabonnueckoit 3anauu (1)—(3).

N, 37

o
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BoiBonbl. JlokazaHa TeopemMa 0 CXOJMMOCTH PUOIMKEHHOTO KOHEYHO-Pa3HOCTHOTO Peryisipu30BaHHO-

IO pelIeHUs] K TOYHOMY PELICHHI0 0OpaTHOH 3a1aud mpolecca paclpoCTPaHEHUs] HEPBHOTO MMITYJbCa IO
HEPBHOMY BOJIOKHY.
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